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INTRODUCTION: Because of their different settlement histories, the
Pacific Islands have been divided into Near and Remote Oceania.
Near Oceania—the region consisting of New Guinea, the

Bismarck Archipelago, and the main Solomon Islands—was settled
~42,000 years ago and thereafter remained largely isolated at the
edge of human settlement. Not until ~5000 years ago, with the
advent of new migration pressures from Asia, were the rest of the
Pacific Islands inhabited—Remote Oceania, encompassing Vanuatu,
New Caledonia, Fiji, Polynesia, and Micronesia. Near Oceanic
populations harbor substantial cultural, phenotypic, and genetic
diversity, including the largest amounts of archaic introgression
inherited from Neanderthals and Denisovans. However, they have
been substantially underrepresented in whole-genome sequencing
and functional genomic consortia to date.

RATIONALE: We sequenced 177 high-coverage genomes from

12 diverse Near Oceanic populations and analyzed them alongside
1284 genomes from worldwide populations. We investigated the
demographic history of groups descended from early settlers of the
Pacific and the extent and distribution of Neanderthal and
Denisovan introgression in Near Oceanic genomes, including
adaptive archaic variation, and performed a massively parallel
reporter assay to identify the functional consequences of adaptive
archaic introgressed variants.

RESULTS: Near Oceanians in our study fall along a gradient of
genetic similarity from Papuan-speaking groups of New Guinea
and the Baining of New Britain to the Polynesian outlier groups
of the Solomon Islands, although we also observed signals of
long-term isolation in Papuan-speaking groups. Furthermore,
both the Baining and Polynesian outlier groups showed evidence
of major population bottlenecks, emphasizing complex popula-
tion structure and demographic history in this region. We
reconstructed archaic introgressed sequence covering 70.7% of
the callable archaic genome (1.897 billion base pairs) including
505 million base pairs (Mbp) of previously unidentified archaic
sequence and three times more Denisovan sequence than
previous studies (831.9 Mbp). We uncovered evidence for
introgression from three Denisovan-like groups into the ances-
tors of Near Oceanians, revealing a new twist on our interactions
with archaic hominins. We refined maps of archaic “deserts” and
identified a strong novel signal of adaptive Denisovan introgres-
sion at TRPS1, a skeletal development gene previously found
under selection in central African rainforest hunter-gatherers
and highland Ecuadorians. Using a massively parallel reporter
assay, we discovered 3127 high-frequency introgressed expression-
modulating variants targeting 1422 genes and found an enrich-
ment of high-frequency introgressed variants with
protein-coding, splicing, and regulatory impacts on immune
pathways. These include adaptive archaic variants affecting genes
in the interferon-y pathway, including JAKI, GBP2, and the

Science 11 JUNE 2026

Population bottlenecks

New Hanover/ Remote
7 gmﬁ _ Mussau Oceania 10°
ceana New Ireland —
New Guinea 2 1
B East New Britain S 10
+ ) ) 2 O0A
o o, B Bougainville © 108 =
177 newly generated b\ 1 A <8 %b Solomon Islands \%
high-coverage genomes from hadil "RNE oA g 107
12 Near Oceanic populations West* mA @ ° @
New Britain c‘E> 10'
! Polynesian ™ =
1,284 genomes from worldwide Outliers ! "
populations A 00w 2
i L O < O
< w w o

Introgression from three Denisovan-like groups Adaptive Introgression in Oceanians

/%? 10° Skeletal development Fertility/reproduction
= 104 TRPS1, BARX1, TNC, HFM1

5] PLK2

§10° | - Metabolism

@ -

i ) Immunity 8 4caps, bnascrs,
S FIBCD1, ANXAT, CAPSL, TBC1D4,

o 10" EGR2, FBXO15, AGA, BAGALNTS,
£ 00 TNFAIP3, GBP1/2/7/4, ADO, CUBN, SUMF1
F " AFR  EUREAS  OCN CD33

3

ﬁ " MPRA Immune Sequencing emVar identification
55 @G construction "anSfeng - — A G

£F wAw A — N o El4E

ES oy 72 K562 (airS HEE Alllic
ol I = L <52 Skew
28 fa) ,\\,/ P N 2 ) w

2o N~ >N N2 o §

© 200bp \ Jurkat (=77 \/ 9

g Y oe@ ¥

The complex evolutionary history of Near Oceanians. Map of Oceanic and other
worldwide populations included in this study, along with models showing a strong
bottleneck (narrow population bar) and three Denisovan introgression events (dashed
arrows) into Oceanians, targets of adaptive introgression in Oceanians, and a diagram
of the method used to detect functional effects of archaic variants. AFR, Africans;
0O0A, Out-of-Africa; EUR, Europeans; EAS, East Asians; OCN, Oceanians; NEA,
Neanderthals; DEN, Denisovans; ARC, archaic hominins; cCRE, candidate cis-regulatory
element; MPRA, massively parallel reporter assay; emVar, expression-modulating variant.

COVID-19-associated OASI locus, where we functionally charac-
terized a Denisovan haplotype unique to Oceanic populations.
Although some of these adaptive introgression signals, such as
TNFAIP3 and HLA-DRA, may be related to malaria susceptibility,
few are widely shared across Near Oceania, suggesting multiple
independent instances of local adaptation. Many of these
immune-related genes are also pleiotropic, including TRPSI

and TANK.

CONCLUSION: We characterized the evolutionary, phenotypic, and
functional consequences of archaic introgressed variants in Near
Oceanians and identified putatively causal archaic variants contrib-
uting to parallel local adaptation of both the immune system and
skeletal development. []

*Corresponding author. Email: serena.tucci@yale.edu Cite this article as P. F. Reilly et al.,
Science 392, eadr6749 (2026). DOI: 10.1126/science.adr6749
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Near Oceanic populations harbor substantial cultural,
phenotypic, and genetic diversity yet are drastically
underrepresented in human genomics. We generated

177 high-coverage Near Oceanian whole genomes and analyzed
them alongside 1284 worldwide genomes, revealing major
distinctions among and within islands, including long-term
isolation and strong population bottlenecks. We reconstructed
1.897 billion base pairs of the archaic genome, including

831.9 million base pairs of Denisovan sequence, and found
evidence for introgression from three Denisovan-like groups in
Near Oceanians and adaptive Denisovan introgression at TRPSI1,
a skeletal development gene also under selection in central
African rainforest hunter-gatherers and highland Ecuadorians.
We then performed a massively parallel reporter assay

and discovered 3127 high-frequency introgressed expression-
modulating variants, finding an enrichment of functional
impacts on genes in the interferon-y signaling pathway
including JAK1, GBP2, and OASI.

Near Oceania—the region consisting of New Guinea, the Bismarck
Archipelago, and the main Solomon Islands (7)—was inhabited by at
least 42,000 years ago (2), and present-day humans in this region har-
bor substantial genetic and phenotypic diversity (3, 4), including the
largest amounts of archaic hominin introgression (5). However, Near
Oceanic populations are substantially underrepresented in modern
whole-genome sequencing and functional genomic consortia (6-9). To
fill one of the largest gaps in representation, we sequenced and analyzed
alarge, geographically and linguistically diverse sample of Near Oceanic
individuals and leveraged these data to understand the evolutionary,
functional, and phenotypic consequences of underrepresented human
genetic variation.

Long-term isolation and bottlenecks strongly structure genetic
variation in Near Oceania

We sequenced the genomes of 177 individuals from 12 geographically
and linguistically diverse populations across Near Oceania to a median
depth of 31.6x. These genomes were jointly called and analyzed along
with published genomes, for a total of 1221 unrelated individuals from
79 worldwide populations (Fig. 1A) (5, 6, 10-12). Across this dataset, we
identified 61,471,552 single nucleotide variants (SNVs) and 4,792,088
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short insertion-deletion variants (indels) (figs. S1 to S11 and tables S1
to S3) (13). By comparing the proportion of shared, known, and novel
region-private SNVs among major geographic regions, we found that
Oceanic groups harbor the largest proportion of region-private SNVs
outside of Africa (~44.1%), of which ~48.2% were previously unidenti-
fied (Fig. 1B and figs. S12 and S13).

Genetic drift leads to the accumulation of differences in allele fre-
quencies between groups, which can be exacerbated by long-term iso-
lation and bottleneck events. Applying principal components analysis
(PCA) and ADMIXTURE, we observed a gradient of genetic similarity
in worldwide groups from Africans to Near Oceanic individuals as well
as substantial genetic drift of the Baining-Kagat and Baining-Mali, two
inland groups of East New Britain (figs. S14- to S17). Focusing on a
regional level, Oceanic populations fall along another gradient of ge-
netic similarity from the Polynesian outlier groups of the Solomons
(Bellona, Rennell, and Tikopia) at one extreme to Papuan-speaking
groups of New Guinea (Sepik and Goroka) and the Bismarck Archi-
pelago (Baining-Kagat, Baining-Mali) at the other (Fig. 1C). Signals of
genetic drift were observed in these Papuan-speaking groups [includ-
ing Ata and Mamusi (14)] as well as the Polynesian outlier groups
(Fig. 1, C and D, and figs. S14 to S21). These patterns of population
structure are further supported by fixation index (Fsr) and outgroup
f3 analyses (figs. S18, S19, and S22). Other groups along this admixture
gradient appear equally divergent from New Guinean and Baining
groups, suggesting symmetric divergence from an ancestral Near
Oceanic population (figs. S23 to S26 and table S4). These results are
broadly consistent with the scenario of an extended period of isolation
of >15,000 years following the initial Pleistocene settlement of Near
Oceania, as well as a much later population movement ultimately
linked to Taiwan (15) associated with the expansion of Austronesian-
speaking peoples as early as ~3300 years ago (16). The interplay between
this admixture gradient and structure within the inland/Papuan-
speaking and Polynesian outlier clusters leads to five main ancestry
components corresponding to the New Guinean groups, the Baining
groups, the Ata and Mamusi, Bougainvilleans, and the Polynesian out-
lier groups (Fig. 1D and fig. S21), suggesting potential bottlenecks in
the historical population sizes of these groups (17).

‘We next examined patterns of long runs of homozygosity (ROH) and
inferred effective population size histories using SMC++ (18). Large
amounts of long ROH may arise from a recent strong bottleneck, a
prolonged bottleneck, or both. Accordingly, the Baining-Mali, Baining-
Kagat, and Bellona/Rennell had the largest genome-wide proportion
of ROH in Oceania (Frox = 9.9, 8.3, and 12.5%, respectively; Fig. 1E
and figs. S27 to S29) and an excess of long [4 to 16 million base pairs
(Mbp)] and very long (>16 Mbp) ROH relative to other Oceanic groups
in our sample (figs. S30 and S31). Inferred effective population size
curves indicate two main patterns that could explain these ROH results:
A strong bottleneck between 10 and 20 thousand years ago (kya), and
a distinct signal of blunted population growth around 30 kya (Fig. 1F
and figs. S32 to S34). The latter signal was identified exclusively in the
Baining-Mali and Bellona/Rennell, whereas the former was strongest
in the Baining-Kagat and Tikopia (~85 to 90% reductions in effective
population size), and weaker in the Ata, Mamusi, Kove, Goroka, and
Taiwanese Atayal. In concert with a previous demographic reconstruc-
tion of a small Baining sample (19), these results provide strong evi-
dence for long-term isolation and a geographically restricted deep
bottleneck in an ancestral Near Oceanic population preceding the
Austronesian expansion.

Archaic hominin introgression in Near Oceania

Although DNA introgressed from Neanderthals can be found in all
modern humans outside of Africa, Denisovan introgression is primarily
found in Oceanic individuals (figs. S35 to S44)) (20). To detect genomic
regions introgressed from archaic hominins, we applied the reference-
free approach implemented in Sprime (21) to 1120 geographically diverse
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Fig. 1. Sampling locations, novel variants, and population structure in Oceania. (A) Locations of 79 worldwide populations studied. Inset shows populations in Taiwan,
Island Southeast Asia, and Oceania, including 177 newly sequenced Near Oceanic individuals from 12 diverse populations across New Britain, New Hanover, New Ireland, and
Bougainville. (B) Proportion of shared, known, and novel region-private SNVs among populations in major geographic regions. Novel variants are SNVs absent from dbSNP
build 154 and published genomic datasets (the 1000 Genomes Project phase 3 call set, and gnomAD release 2.1.1 exomes and genomes) (13). For abbreviations, see table S1.
(C) PCA of Oceanic, Taiwanese, and Island Southeast Asian individuals. (D) ADMIXTURE analysis. The proportion of each component in each pie chart is calculated as the mean
across individuals for each ancestral cluster per population for K = 7. (E) Per-sample genome-wide proportion of runs of homozygosity (Fron) in Oceanic populations.

(F) Historical effective population sizes for selected worldwide and Oceanic populations inferred with SMC++. The x axis is scaled from generations into years on the basis of
29 years per generation. Diploid sample size used for each population is indicated by the n value in parentheses.

human genomes from outside of Africa, including 146 unrelated, newly
generated Near Oceanic genomes (13). We determined the archaic ori-
gin of each tract on the basis of its match rate to the published Altai
Denisovan and three Neanderthal genomes (figs. S45 to S47). We found
that Oceanic genomes carry ~2.5-fold more archaic introgressed se-
quence from all origins per individual than European genomes (me-
dian 141.2 versus 56.2 Mbp; Fig. 2A, fig. S48, and table S5) and 14-fold
more Denisovan sequence per individual than East Asian genomes
(median 36.1 versus 2.5 Mbp; Fig. 2A and table S6).

Introgressed sequence can be combined across individuals to recon-
struct archaic genomes; the amount of the archaic genome recon-
structed in this manner is called “archaic coverage.” The introgressed
sequence we recovered from all origins spanned 70.7% of the callable
genome [1.897 billion base pairs (Gbp)], more than a quarter of which
is previously undocumented (505.2 Mbp; Fig. 2B) (5, 13, 22). This
includes almost threefold more Denisovan sequence than previously
identified (831.9 Mbp) (5, 23), most of which was found in Oceanic
samples (591.1 Mbp; table S7), highlighting the importance of Oceanic
genomes to expanding the catalog of introgressed archaic hominin vari-
ants. Large gaps in these genomic maps of archaic introgression (called
“archaic deserts”) may provide evidence for strong purifying selection
against archaic variants (5, 22, 23). We identified 166 archaic deserts
(gaps > 1 Mbp) spanning ~11% of the callable genome (292.7 Mbp;
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table S8). These regions showed strong signals of background selection
compared with the rest of the genome (Cliff’s delta: 0.288 to 0.369;
fig. S49) and were significantly enriched in constrained genes compared
with archaic introgressed regions [odds ratio (OR) = 1.59, 95% confidence
interval = [1.27, 1.98], P = 3.2 x 107, fitness reduction for heterozygous
loss-of-function (LoF) carriers (shet) top versus bottom 10%], consis-
tent with purifying selection on archaic introgression, although hybrid
incompatibilities may also have contributed (23). Among five previ-
ously identified deserts (>10 Mbp) (5, 23), four were more finely
resolved by archaic introgressed tracts in our dataset (fig. S50). Of the
155 genes previously thought to reside in these large archaic deserts,
15 overlap newly defined archaic introgressed regions (table S9). The
remaining 140 included salivary and pancreatic amylase genes thought
to have undergone a selective sweep in the modern human lineage after
divergence from Neanderthals and Denisovans (24, 25).

Within Oceania, levels of introgression were highly heterogeneous,
varying by almost twofold from the New Guinean Sepik and Goroka
groups (median 180.8 and 176.9 Mbp) to New Britain’s Nakanai and
the Polynesian outlier groups of Bellona and Rennell (median 98.2 and
99.7 Mbp; Fig. 2A and table S5). We found that Sepik individuals har-
bored the most Denisovan introgression, 25 times more than East
Asians (median 60.0 versus. 2.5 Mbp, ~1.1% versus ~0.05%; Fig. 2A and
table S6). In line with prior work (11, 12, 19, 26, 27), we found that the
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Fig. 2. Archaic hominin introgression in present-day Oceanic genomes. (A) Median amounts of Neanderthal, Denisovan, and ambiguous introgressed sequence in millions
of base pairs (Mbp) per individual in each major geographic region (top) and each Oceanic population (bottom). (B) Genomic distribution of archaic introgressed regions
identified in this study (blue), Skov et al. (22) (red), and Vernot et al. (5) (yellow). Masked genomic regions are shown in gray. Euler diagrams show the amount of overlap in total
archaic sequence (in Mbp) identified in the three studies, where the largest circle represents the callable modern human genome (autosomes minus masked regions).

(C) Per-population average proportion of Denisovan introgression identified using Sprime (y axis) compared with average proportion of New Guinean ancestry inferred by RFMix
(x axis). Bars indicate +1 standard deviation about the mean. The regression (gray dashed line) for groups outside the Bismarck Archipelago is shown for reference. Asterisks

in the legend denote populations omitted owing to being used in the local ancestry inference reference panel for calculating New Guinean ancestry. (D) Per-population average
percentage of sites in archaic introgressed tracts that are homozygous for the putative archaic allele (y axis) as compared with per-population average Fron as a percentage

(x axis). (E) Beta mixture model fits (black curves) of the match rates to the Altai Denisovan genome of Denisovan introgressed tracts identified in Oceanic populations.

genomic proportion of Denisovan introgression in Island Southeast
Asian and Near Oceanic groups increased with greater shared ancestry
with New Guineans, with the Philippine Agta as the sole exception (f =
0.70%, P < 2.2 x 1076, Fig. 2C and figs. S51 and S52).

Comparing per-individual levels of introgression with archaic cov-
erage can provide insights into differences in admixture and demo-
graphic history between populations (28). We found that despite
harboring 41% more Neanderthal introgression per individual and
having ~45% larger sample size in our dataset, Oceanic genomes had
28% less Neanderthal coverage than Central and South Asian genomes
(tables S6 and S7). One possible explanation for reduced archaic cov-
erage is a population bottleneck after admixture, which would also
lead to increased homozygosity of archaic tracts. In support of
this, we found both elevated homozygosity of archaic tracts and 2.3 to
3.4% less archaic coverage than expected given per-individual levels of
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introgression in five Oceanic groups with bottleneck signals (Baining-
Kagat, Baining-Mali, Ata, Mamusi, and Bellona/Rennell) (Fig. 2D and
figs. S53 to S55).

In addition to being more geographically restricted relative to
Neanderthal introgression, Denisovan introgression likely occurred
in multiple pulses from multiple distinct Denisovan-like groups
(12,19, 21). To analyze the number of putative introgression pulses
from Denisovan-like lineages into populations in our dataset, we fit
mixture models of between one and six beta-distributed components
to the Denisovan match rates of tracts from each population. We re-
capitulated previous findings of introgression from two Denisovan-
like groups in East Asians (figs. S56 to S60 and table S10) and found
evidence for introgression from three distinct Denisovan-like groups
with differing genetic affinity to the Altai Denisovan into almost all sam-
pled Oceanic populations (Fig. 2E, figs. S61 and S62, and table S10).
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Although further work is needed to elucidate the mode, tempo, and
landscape of Denisovan introgression, we show that these signals are
more widespread than previously thought (12, 19), highlighting the
complex dynamics of Denisovan admixture with modern humans.

Natural selection and archaic introgression
Although much of the sequence introgressed from archaic hominins
into modern humans is thought to be deleterious or selectively neutral,
some genomic regions underwent positive selection after introgression
(29), a phenomenon known as adaptive introgression. We combined
genome-wide scans for positive selection with high-frequency intro-
gressed haplotypes to identify putative adaptive introgressed loci in
Oceanic populations (figs. S63 to S67) (13). These include previously
unidentified candidates linked to skeletal development (TRPSI, BARX1,
TNC, PLK2), metabolism (ACAD9, DNAJCI19, CAPSL, TBC1D4, AGA,
B4GALNT3, ADO), fertility and reproduction (HFMI), and immunity
(FIBCDI1, ANXA1, EGR2, FBX015), as well as known strong Oceanic
adaptive introgression candidates at TNFAIP3 (12, 28, 29), the GBP
cluster (5, 30, 31), CD33 (12), CUBN (12, 23), and SUMFI (12, 19, 31, 32)
(figs. S68 to S75 and tables S11 to S14) (13).

One of these putatively adaptive introgressed loci was downstream
of the TRPSI gene (Fig. 3A and figs. S68 and S69) found exclusively in
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Oceania and Island Southeast Asia, with frequencies approaching 75% in
the Baining groups and Bellona/Rennell (Fig. 3B). TRPSI is a transcrip-
tional repressor involved in bone development, craniofacial morphology
(33, 34), skeletal defects, hair loss, and the eponymous tricho-rhino-
phalangeal syndrome (35). To our knowledge, this is the first evidence
for adaptive introgression of TRPSI into Oceanic populations. While
the Neanderthal and Denisovan haplotypes show substantial similarity
at this locus, haplotype network analysis indicated that the pre-
dominant Oceanic haplogroup is of Denisovan origin (Fig. 3C and
figs. S76 and S77). Previous work has identified selection on TRPSI in
both central African rainforest hunter-gatherer groups and highland
Ecuadorians (36, 37) as well as introgression from a superarchaic group
into present-day Africans (38), suggesting parallel local adaptations
at TRPSI in response to environmental pressures at the Equator.

Functional characterization of archaic introgressed variants

To understand the phenotypic impacts of archaic introgressed vari-
ants, we first annotated archaic introgressed SNVs identified by Sprime
for protein-coding and splicing consequences. Among the 713,740
unique introgressed SNVs found in Oceanic groups (table S15), 33,355
were found on high-frequency haplotypes, referred to hereafter as
“high frequency archaic SNVs” (hfaSNVs). Of these, 998 (3.0%) hfaSNVs
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Fig. 3. Novel adaptive introgressed region at the TRPSI1 locus. (A) Local Manhattan plot of the TRPSI locus showing the —logjo of the Fisher's combined score P value (prcs) in
the Baining-Mali population. The Baining-Mali Sprime tract and high-frequency archaic core haplotype are annotated as orange and black bars, respectively. The archaic SNV
nearest the peak adaptive introgression signal (rs375757234) is shown as an orange triangle. (B) Allele frequencies at rs375757234 in worldwide regions (top) and Oceanic
populations (bottom). “A” is the ancestral (shown in yellow), and “G" is the derived archaic allele (shown in orange). (C) A minimum spanning network of haplotypes along the
Baining-Mali Sprime tract at the TRPSI locus (chr8:116292869-116440667). Haplotypes from the Altai Denisovan (yellow), all three Neanderthals (red), and modern humans from
Oceania, Island Southeast Asia, East Asia, Europe, and Africa are included. The subgraph containing archaic haplotypes is highlighted in gray. Node area is proportional to the
number of chromosomes with that haplotype, and pie charts represent nodes found in multiple geographic regions. Ticks on edges represent mutations between haplotypes.
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localized to exonic and splicing regions, including 167 missense, 10 LoF
mutations (Fig. 4A), and 60 additional SNVs predicted to be splice-
disrupting (table S16) (13). These affect 129, 10, and 54 genes respec-
tively (179 total unique genes). Overall, we found an enrichment of
hfaSNVs in exonic/splicing regions relative to all introgressed SNVs
(OR =1.26, P=1.9 x 10", Fisher’s exact test; fig. $78) but a depletion
of missense, LoF, and splice-disrupting hfaSNVs relative to synony-
mous mutations (OR = 0.73, P = 0.0012). This suggests that although
adaptive introgression is enriched near genes, it may be driven by
mutations that do not affect protein coding or transcript splicing.

‘We then considered potential noncoding regulatory effects of hfaSNVs,
as the vast majority (97%) are intronic or intergenic. We annotated
introgressed SNVs overlapping candidate cis-regulatory elements
(cCREs), DNasel hypersensitive sites (DHSs), and enhancer catalogs
(13). We found an enrichment of hfaSNVs in ¢cCREs relative to all in-
trogressed SNVs (OR = 1.30, P = 6.5 x 10~°*), with 66% of hfaSNVs falling
in distal enhancers, 10% in proximal enhancers, and 2% in promoters
(Fig. 4A). Furthermore, we found significant enrichments of hfaSNVs
in immune-related DHSs and enhancers (lymphoid: OR = 1.19, P =
8.37 x 107% T cell: OR = 1.24, P = 5.77 x 102, B cell: OR = 119, P =
3.51 x 107'%; thymus: OR = 1.22, P = 1.44 x 1075; Fig. 4B) that were
consistent across Oceanic populations and archaic origins (figs. S79
and S80), underscoring the major role of adaptive introgression in
immune response (29, 39). Conversely, we observed a significant deple-
tion of hfaSNVs in neural DHSs (OR = 0.91, P = 0.0012; Fig. 4B), sug-
gesting that purifying selection has occurred against brain-related
introgressed variation (29, 39).

We then interrogated potential trait and clinical phenotype associa-
tions of hfaSNVs on the basis of overlap with variants from multiple
biobanks (13). Only 406 (1.2%) hfaSNVs were found in ClinVar, all of
which were Benign/Likely Benign or Variants of Uncertain Significance,
while 51 (0.15%) hfaSNVs matched fine-mapped variants (posterior
inclusion probability > 0.1) from the UK Biobank (UKBB) and BioBank
Japan (BBJ) (tables S17 and S18). Of these, far fewer Denisovan
hfaSNVs (65 ClinVar, 2 UKBB+BBJ) were found than Neanderthal
hfaSNVs (289 ClinVar, 47 UKBB+BBJ), underscoring the large amount
of population-specific variation found in Oceania absent from existing
biobanks (40). Overlaps included Denisovan hfaSNVs associated with
glomerular filtration rate and balding and Neanderthal hfaSNVs as-
sociated with white blood cell count, albumin/globulin ratio, and adult
height (table S18).

While these clinical and biobank-based annotations revealed some
putative phenotypically and clinically relevant variants, the functional
consequences of the vast majority of Oceania-specific archaic variants
remain uncertain. To identify functional, putatively causal adaptive
alleles underlying the enrichment of immune-related regulatory ele-
ments in adaptive introgressed loci (Fig. 4B), we deployed a massively
parallel reporter assay (MPRA) in relevant immune cell lines (41). In
brief, an MPRA consists of integrating genetic variants of interest,
their flanking sequence, and a variant-specific barcode into a vector
containing a reporter gene, then transfecting the resulting library of
vectors into a cell line. Variants whose alleles alter expression of the
reporter gene can then be detected with bulk RNA sequencing of these
cells. We tested a pilot dataset of 22,313 hfaSNVs for their effects on
gene expression in K562 (lymphoblast) and Jurkat (T lymphocyte)
cells (Fig. 4C and tables S19 and S20) (13). These MPRAs were highly
consistent across replicates (correlation coefficient > 0.95; figs. S81
and S82), recapitulated regulatory effects at known loci (fig. S83, A and
B), and displayed biologically relevant CRE activity in tested immune
cell types (figs. S83, C and D, and S84A). Overall, we identified 3127
significant expression-modulating variants (emVars) in any cell type
(fig. S83, E to G, and table S21). These emVars recapitulated orthogonal
measures of CRE activity such as enrichment in DHSs, transcription
factor (TF) motif disruption, TF chromatin immunoprecipitation se-
quencing (ChIP-seq) peaks, and DNase TF footprints (fig. S84, B to E)
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and preferentially disrupted immune-related TF motifs (P = 4.2 X 1075,
t test; figs. S85 and S86).

As most high-frequency introgressed emVars were found in distal
enhancers (66.4%, 2077), we next sought to link emVars to their target
genes using gene-enhancer linkage maps (13). We linked 1551 high-
frequency introgressed emVars to 1422 candidate target genes (“gene-
linked emVars”), with some having as many as 10 gene-linked emVars
(fig. S87A and table S22). Among these was TNFAIP3, a known candi-
date of Denisovan introgression in Oceania (figs. S88 and S89) that
serves as an important negative regulator of innate and adaptive im-
munity (5, 12, 13, 19, 23, 30-32). The Denisovan TNFAIP3 haplotype
carries two missense variants conferring greater immunity without
increased autoimmune risk (42), and we identified an additional six
gene-linked emVars, three of which are predicted to disrupt immune-
related TF motifs (STAT4, EGR2, and PPARA; Fig. 4D).

One group of emVar targets included three known adaptive intro-
gression candidates involved in the interferon gamma (IFN-y) and
alpha/beta (IFN-a/p) signaling pathways: OASI (12, 43, 44), GBP2
(5, 80), and JAKI (12, 45). Although much work has focused on the
COVID-19 protective Neanderthal OAST haplotype found in Europeans
and East Asians (29, 46, 47), we found a Denisovan haplotype in Oceania
with three missense variants and an intronic variant, all of which were
gene-linked emVars (Fig. 4E and figs. S90 and S91), including two
previously identified emVars (rs146859513 and rs143462183) (44). In
GBP2, we identified six gene-linked emVars, four of which overlapped
T and B cell enhancers, including one synonymous variant predicted
to disrupt binding of the lymphoid TF ELF1 (Fig. 4F), highlighting the
importance of noncoding regulatory function even for exonic regions
(48). The GBP haplotype presents a curious evolutionary case, as the
two major haplogroups in present-day humans also segregated in
Neanderthals, and the introgressed haplotype is also found in the Altai
Denisovan (figs. S92 and S93), suggesting the possibility of long-term
balancing selection. In JAK1, we identified seven gene-linked emVars
on a Denisovan haplotype, including a cluster of three expression-
increasing emVars overlapping a single T/B cell enhancer ~44: thou-
sand base pairs upstream of JAK7 (Fig. 4G and fig. S94) that the nearest
gene approach incorrectly associates with the nearby LINC01359, high-
lighting the importance of integrating gene-enhancer maps.

Finally, we looked for gene set enrichment of all genes linked to
putatively functional hfaSNVs (coding, splice-disrupting, and noncod-
ing emVars) (fig. S87B and table S16). We found significant enrichment
[false discovery rate (FDR) < 0.01, Fisher’s exact test] of genes with
functional variants (especially noncoding) involved in IFN-y signaling,
immune system signaling, and development (Fig. 5A and table S23).
For IFN-y signaling, there were signals of adaptive introgression at 8
of 11 genes with functional variants, spanning Oceanic populations and
all three archaic origins, further supporting the role of the IFN-y signal-
ing pathway in local adaptation in Oceania (Fig. 5B). These genes en-
compassed a variety of functions, including core IFN-y genes (/FNGRI
and JAKI), regulation of the signaling cascade (CAMK2A and PIASI),
and downstream antiviral and immunoregulatory genes (OASI,
GBP2/7/4/6, HLA-DRA, and TRIM10). Additional known and novel sig-
nals of adaptive introgression were found in the IFN-a/f pathway
(STAT2, MX2) (Fig. 5C) (49).

Malaria has long been present in Near Oceania, and an argument
has been made that malaria was the “most important determinant of
pre-colonial population distribution in [Papua New Guinea]” (50).
Incidentally, Plasmodium falciparum, the most common cause of ma-
laria in Papua New Guinea, is known to trigger IFN-y secretion at
multiple stages of infection (57). Of the 97 loci associated with malaria
susceptibility in a recent study (52), two (rs9268560 and rs572459786)
overlapped adaptive introgression candidate regions at genes in the
IFN-y signaling pathway (HLA-DRA and TNFAIP3). Our analyses in-
dicate that selection acted on archaic introgressed variants at multiple
distinct members of the IFN-y signaling pathway in different Oceanic
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Fig. 4. Functional annotations, enrichments, and MPRAs of hfaSNVs. (A) Distribution of exonic and splicing consequences of Near Oceanic hfaSNVs based on Ensembl VEP and
overlap with ENCODE CRE annotations. Start/stop, start codon lost or stop codon gained or lost; splice site, acceptor and donor variants; splice other, other splicing effects; UTR,
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accessible. (B) Enrichments of DNase | hypersensitive site (DHS) vocabulary terms from DHS Index and enhancer region catalogs from Roadmap Epigenomics for hfaSNVs relative
to allintrogressed SNVs, highlighted if FDR < 0.1 (black circles, P values from Fisher's exact test). (C) Overview of MPRA of high-frequency introgressed SNVs in immune cell lines to
assess regulatory activity and identify emVars with allelic differences in RNA/DNA ratios. (D to G) Discovered emVars overlapping ENCODE CRE annotations, DHS Index vocabulary
terms, Roadmap Epigenomics enhancer catalogs, and predicted gene-enhancer links from ABC, EpiMap, and Roadmap Epigenomics for immune genes TNFAIP3, 0AS1, GBP2, and
JAKI. Bar plots show MPRA activity of reference and alternate alleles [logs fold change (FC)]. Motifs show predicted immune-related TF motif disruptions.

Science 11 JUNE 2026

60of9

9202 ‘T aung uo 610°80us 105" MMM//:SANY LWOJ) pepeojumod



A Reactome (2024)
Interferon Gamma Signaling - o— A
Interferon Signaling 4 —————A
Signal Transduction | —_—
Cytokine Signaling in Immune System 4 o—A

Immune System A

Developmental Biology 4

Disease A

Downregulation of ERBB2 ERBB3 Signaling
Gene Expression (Transcription)
Downregulation of ERBB2 Signaling 4
NFE2L2 Regulating Tumorigenic Genes 1
Vitamins A

ATF6 (ATF6-alpha) Activates Chaperone Genes
ERBB2 Activates PTK6 Signaling 4

Cellular Responses to Stress A

-log,, FDR

® coding + splicing A coding + splicing + emVars

12:113348875-113357216
12:113387557-113400818
12:113439766-113449714
12:113465641-113476361

RESEARCH ARTICLE

B Adaptive introgression regions in the IFNy pathway

1:65187288-65480174
1:65500029-65514203
1:65519919-65520698
1:65542150-65543134
6:29725103-29726062 |
6:29736763-29831706

RAVER2,JAK1
JAK1

OAS2
OAS2,DTX1

H:
]

6:32298170-32431970 |

] TSBP1,BTNL2,HLA-DRA

GBP1,GBP2,GBP7,GBP4
GBP5,GBP6

IFNGR1

IFNGR1

IFNGR1

IFNGR1

IFNGR1

1:89519592-89679550 [ ]| 1 [ 1
1:89783485. |

6:137518543-137519247
6:137520205-137539245
6:137565781-137602950
6:137609135-137611805
6:137641897-137671968

T Q0D SO Rg=3X T8 T=NG
- © 2==20
%55=<“’U’§$ggwmm:31& Pr
5¥2 5 EST2r 8833592 =
9 5= g,l,,vg’;qgw J,Erxlgi— <0.01
cc._-3B ©
5 = 582 3 =3 <0.001
(=% ] £ oZ [ [%2] .
@ T O 27 > k=l
o g o §x 3 <0.0001
= & T o
] 4z
=z

=1 Denisovan = Neanderthal =1 Ambiguous

c
hfaSNV IFNy signalling pathway ) )
A Missense IFN-a/B signalling pathway
. IFNy IFNGR1 * A o Signaling molecule/TF
V SpliceAl  Neanderthal Receptor STAT2 A in IFN-a/B response
A emVar Ambiguous subunit that Antiviral protein that inhibits
. . . binds IFNy MX2 A replication of many viruses
Selection signal IFNGR2
SRFTRITY B SRS
RSOSSN I SH SIS
Genes requlatin Cytosol Genes stimulated by
IFNy signalingg e IFNy signaling
Antiviral enzyme that degrades
PIAST A l *A *AVA
Downregulates IFNy Associates with GBP2 * A
response by inhibiting IFNGR1 and activates :
hosphorylated STATH JAK/STAT signaling GBP7 *A A i Antiviral effects and various
phosp éT ATT pathway i roles in regulating host-immune
/' . v i response
CAMK2A A GBP4 :
Upregulates [} Y e Y ] e} cn Y s am)
IFNy response by Nucleus GBP6 * A
hosphorylat
phose Oré%{;% HLA-DRA * A Antigen presentation
A Negative regulator of IFN signaling
NNNNNNNNy

GAS

Fig. 5. Adaptive introgressed regions related to the IFN-y pathway. (A) Enriched Reactome pathways (top 15) from Enrichr based on hfaSNVs linked to genes by protein-
coding and splice disruption annotations (coding + splicing, red) or also including gene-linked emVars (coding + splicing + emVars, teal). Only gene sets with at least two
queried genes are shown. (B) Heatmap of adaptive introgression candidate regions of Denisovan, Neanderthal, and ambiguous origin in the IFN-y signaling pathway. Cells are
colored according to the maximum —logio Fisher's combined score P value (prcs) of windows in the region. Genes overlapping or proximal to each adaptive introgression
candidate region involved in the IFN-y pathway are shown on the right, with background color indicating archaic origin (Denisovan, blue; Neanderthal, red; ambiguous, purple).
(C) Adaptive introgression candidates in the IFN-y signaling pathway. Immune genes in the IFN-y signaling pathway linked to hfaSNVs annotated as missense (green triangle),
splice disrupting (orange triangle, SpliceAl > 0.2), or emVars (blue triangle), and classified as Neanderthal (red), Denisovan (blue), or ambiguous (purple) origin. Asterisks
indicate loci overlapping adaptive introgression candidate regions. GAS, IFN-y activation site; red blunt arrow, inhibition; blue sharp arrow, stimulation.

populations (Fig. 5B) rather than on the same pathway members across
populations. This is consistent with multiple independent instances of
local adaptation in response to novel immune environments and patho-
gens during human dispersal into the Pacific. Many immune-related
genes including novel and known adaptive introgression candidates iden-
tified in this study are also pleiotropic (13). For example, TRPSI plays
arole in the differentiation of CD4" T cells into T helper 17 cells (53) in
addition to aforementioned roles in bone development and craniofacial
morphology (33, 34). We identified three adaptive introgressed emVars
downstream of TRPSI, including an expression-increasing emVar
(rs370787388, T>C) overlapping an active enhancer in hematopoietic
stem cells and B cells that is predicted to increase STAT1::STAT2 binding,
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and a pair of expression-increasing (rs369973466, G>A) and expression-
decreasing (rs377623526, G>T) emVars overlapping active enhancers
in brain, digestive, epithelial, embryonic stem cell, and heart tissues (figs.
S77 and S95A). In addition, the known Neanderthal adaptive introgres-
sion candidate TANK (12, 45) both suppresses constitutive inflammatory
signals from commensal microflora in the intestine (54) and is involved
in osteoclastogenesis (55). We identified three gene-linked emVars,
including two intronic expression-increasing emVars, one of which
(rs62575578, C>G) overlapped a lymphoid DHS region, and the other
(rs28365919, G>A) overlapped an ubiquitous enhancer and is pre-
dicted to disrupt binding of the osteogenesis-related TF RUNX2 (fig.
S95B). While selective pressures on the immune system were pervasive
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throughout human evolutionary history (56), the early settlers of Near
Oceania were likely small groups that faced resource-poor island en-
vironments (16), introducing additional selective pressures. Thus, the
adaptations we observed at pleiotropic immune-related genes may
have arisen as a consequence of these other selective pressures or even
antagonistic pleiotropy between immune and other constraints. To
tease apart the environmental drivers of these adaptations and better
understand the consequences to present-day Near Oceanians, further
work will be necessary, including precision genome engineering of
archaic introgressed variants and haplotypes, culturing of organoids
with these gene edits, and assays exploring responses to factors such
as immune stimuli and nutrient limitations.

These islands, at the edge of human habitation for tens of thousands
of years, are home to populations with remarkable genetic variation
shaped by their isolation, resultant bottlenecks, local adaptations, and
selection on archaic introgressed variants. The latter was greatly fa-
cilitated by the substantial amounts of archaic introgressed sequence
uniquely harbored by Near Oceanic populations, including the largest
amount of Denisovan sequence worldwide. In the largest study of
Denisovan introgressed variation to date, we characterized the func-
tional consequences of archaic introgressed variants found at high
frequency in Near Oceanians and identified putatively causal archaic
variants contributing to parallel local adaptation of both the immune
system and skeletal development.

Materials and methods are available in the supplementary materials.
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Editor’'s summary

Between 2 and 5% of modern Eurasian genomes are derived from admixture with Neanderthals and Denisovans,
with Papua New Guineans bearing the largest fractions. However, Oceanian populations remain underrepresented
in genetic studies, resulting in questions about the landscape of archaic introgression, including difficult-to-identify
features such as structural variants. Hsieh et al. used long-read sequencing to identify archaic-derived structural
variants in two Papua New Guinean individuals, finding many unique insertions and deletions, as well as 11
centromeres potentially inherited from archaic hominins. Reilly et al. examined whole-genome sequences from 177
Near Oceanian individuals, revealing many potentially adaptively introgressed regions. The authors tested some of
these for their gene-regulatory potential using massively parallel reporter assays. Together, these studies give us
greater insight into how archaic introgression has shaped these historically underrepresented populations. —Corinne
Simonti
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