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The Pacific region is of majorimportance for addressing questions regarding human
dispersals, interactions with archaic hominins and natural selection processes'.
However, the demographic and adaptive history of Oceanian populations remains
largely uncharacterized. Here we report high-coverage genomes of 317 individuals
from 20 populations from the Pacific region. We find that the ancestors

of Papuan-related (‘Near Oceanian’) groups underwent a strong bottleneck before the
settlement of the region, and separated around 20,000-40,000 years ago. We infer
that the East Asian ancestors of Pacific populations may have diverged from
Taiwanese Indigenous peoples before the Neolithic expansion, which is thought to
have started from Taiwan around 5,000 years ago®*. Additionally, this dispersal was
not followed by animmediate, single admixture event with Near Oceanian
populations, butinvolved recurrent episodes of genetic interactions. Our analyses
reveal marked differences in the proportion and nature of Denisovan heritage among
Pacific groups, suggesting that independent interbreeding with highly structured
archaic populations occurred. Furthermore, whereas introgression of Neanderthal
geneticinformation facilitated the adaptation of modern humans related to multiple
phenotypes (for example, metabolism, pigmentation and neuronal development),
Denisovan introgression was primarily beneficial forimmune-related functions.
Finally, we report evidence of selective sweeps and polygenic adaptation associated
with pathogen exposure and lipid metabolism in the Pacific region, increasing our
understanding of the mechanisms of biological adaptation to island environments.

Archaeological dataindicate that Near Oceania, whichincludesNewGuinea, island environments, and whether archaic introgression facilitated this

the Bismarck archipelago and the Solomon Islands, was peopled around
45thousandyearsago (ka)’ Therest of the Pacific—known as Remote Oce-
ania, and including Micronesia, Santa Cruz, Vanuatu, New Caledonia, Fiji
and Polynesia—was not settled until around 35 thousand years later. This
dispersal, associated with the spread of Austronesian languages and the
Lapita cultural complex, is thought to have started in Taiwanaround 5Ka,
reaching Remote Oceania by about 0.8-3.2 ka®. Although genetic studies
of Oceanian populations have revealed admixture with populations of
East Asian origin”®, attributed to the Austronesian expansion, questions
regarding the peopling history of Oceania remain. It is also unknown how
the settlement of the Pacific was accompanied by genetic adaptation to

process in Oceanian individuals, who present the highest levels of com-
bined Neanderthal and Denisovan ancestry worldwide™ . Wereport here
awhole-genome-based survey that addresses a wide range of questions
relating to the demographic and adaptive history of Pacific populations.

Genomic dataset and population structure

We sequenced the genomes of 317 individuals from 20 populations
spanning a geographical transect that is thought to underlie the
peopling history of Near and Remote Oceania (Fig. 1a and Supple-
mentary Note 1). These high-coverage genomes (around 36x) were
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Fig.1|Whole-genome variationin Pacific Islanders. a, Location of studied
populations. Theindented map is a magnification of western Remote Oceania.
Circlesindicate newly generated genomes. Samplesizes areindicated in
parentheses. Squares, triangles and diamonds indicate genomes from Mallick
etal.””, Vernotetal.’ and Malaspinas et al.’®, respectively. b, The number of
SNPs (left), expressed in tens of millions, and comparison with dbSNP (right).
New variants are SNPs that are absent from available datasets'****” and dbSNP.
¢, ADMIXTURE ancestry proportions at K= 6 (lowest cross-validation error; for

analysed with the genomes of selected populations—including Papua
New Guinean Highlanders and Bismarck Islanders'**#—and archaic
hominins?* % (Supplementary Note 2 and Supplementary Table1). The
final datasetinvolves 462 unrelated individuals, including 355 individu-
als from the Pacific region, and 35,870,981 single-nucleotide poly-
morphisms (SNPs) (Fig. 1b). Using ADMIXTURE, principal component
analysis (PCA) and a measure of genetic distance (Fg;), we found that
populationvariationis explained by four components, associated with
(1) East and Southeast Asianindividuals; (2) Papua New Guinean High-
landers; (3) Bismarck Islanders, Solomon Islanders and ni-Vanuatu;
and (4) Polynesian outliers (here ‘Polynesian individuals’) (Fig. 1c, d,
Extended Data Fig.1and Supplementary Note 3). The largest differ-
ences are between East and Southeast Asian individuals and Papua
New Guinean Highlanders, the remaining populations show various
proportions of the two components, supporting the Austronesian
expansion model®*®", Strong similarities are observed between Bis-
marck Islanders and ni-Vanuatu, consistent with an expansion from
the Bismarck archipelago into Remote Oceania at the end of the Lapita
period®™°. Levels of heterozygosity differ markedly among Oceanian
populations (Kruskal-Wallis test, P=1.4 x10™?) (Fig.1e), and correlate
withindividualadmixture proportions (p=0.89, P<2.2x107). The low-
est heterozygosity and highest linkage disequilibrium were observed
inPapuaNew Guinean Highlanders and Polynesian individuals, which
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@ Santa Cruz Islanders

@ Ni-Vanuatu

@ Polynesians
all Kvalues, see Extended Data Fig.1). ADMIXTURE results for Australian
populations are discussed in Supplementary Note 3. d, PCA of PacificIslanders
and East Asianindividuals. The proportion of variance explainedisindicated in
parentheses. e, Population levels of heterozygosity (for all populations, see
Supplementary Fig. 9). Population samples were randomly down-sampled to
obtainequalsizes (n=>5). Theline, box, whiskers and pointsindicate the
median, interquartile range, 1.5x the interquartile range and outliers,
respectively. a, ¢, Maps were generated using the maps R package®'.

probably reflect low effective population sizes. Notably, F-statistics
show a higher genetic affinity of ni-Vanuatu from Emae to Polynesian
individuals, relative to other ni-Vanuatu, which suggests gene flow
from Polynesia®?®.

The settlement of Near and Remote Oceania

To explore the peopling history of Oceania, we investigated a set of
demographic models—driven by several evolutionary hypotheses—with
a composite likelihood method* (Supplementary Note 4). We first
determined the relationship between Papua New Guinean Highland-
ers and other modern and archaic hominins, and replicated previous
findings'® (Extended Data Fig. 2a and Supplementary Table 2). We
next investigated the relationship between Near Oceanian groups,
assuming a three-epoch demography with gene flow. Observed site
frequency spectra were best explained by a strong bottleneck before
the settlement of Near Oceania (effective population size (N,) =214; 95%
confidence interval, 186-276). The separation of Papua New Guinean
Highlanders from Bismarck and SolomonIslanders dated back to 39 ka
(95% confidenceinterval, 34-45ka), and that of Bismarck Islanders from
Solomonlslanders to20ka (95% confidenceinterval,16-30ka) (Fig. 2a,
Supplementary Tables 3, 4), shortly after the human settlement of the
regionaround 30-45ka*®.
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Fig.2|Demographic models of the human settlement of the Pacific.

a, Maximum-likelihood model for Near Oceanian populations. Point estimates
of parameters and 95% confidence intervals are reported in Supplementary
Table 4. The grey areaindicates the archaeological period for the settlement of
Near Oceania. b, Maximume-likelihood model for Formosan-speaking (TWN)
and Malayo-Polynesian-speaking (PHP and POL) populations. Point estimates
of parameters and 95% confidence intervals are reported in Supplementary
Table 7 (‘3-pulse model’). a, b, BKA, Bismarck Islanders; HAN, Han Chinese
individuals; NEA GST, anortheast Asian unsampled population; NOCGST, a
Near Oceanian meta-population; PHP, Philippine individuals; PNG, Papua New
Guinean Highlanders; POL, Polynesian individuals from the Solomon Islands;
SAR, Sardinianindividuals; SLI, SolomonIslanders; TWN, Taiwanese
Indigenous peoples. Rectangle width indicates the estimated effective
populationsize. Black rectanglesindicate bottlenecks. One-and

We then incorporated western Remote Oceanian populations into
the model, represented by ni-Vanuatu individuals from Malakula.
We estimated that the ancestors of ni-Vanuatu individuals received
migrants from the Bismarck that contributed more than 31% of their
gene pool (95% confidence interval, 31-48%) less than 3 ka (Extended
Data Fig. 2b and Supplementary Table 5), which is consistent with
ancient DNA results®™°. However, the best-fitted model revealed that
the Papuan-related population who entered Vanuatu less than 3 ka
was a mixture of other Near Oceanian sources®*: the Papuan-related
ancestors of ni-Vanuatu diverged from Papua New Guinean Highland-
ers and later received approximately 24% (95% confidence interval,
14-41%) of Solomon Islander-related lineages. Interestingly, we found
aminimal (<3%) direct contribution of Taiwanese Indigenous peoples
toni-Vanuatuindividuals, dating back to around 2.7 ka (95% confidence
interval, 1.1-7.5ka). This suggests that the East-Asian-related ancestry
of modern western Remote Oceanian populations has mainly been
inherited from admixed Near Oceanian individuals.

Insights into the Austronesian expansion

We characterized the origin of the East Asian ancestry in Oceanian
populations by incorporating Philippine and Polynesian Austronesian
speakersinto our models (Supplementary Note 4). Assuming isolation
with migration, we estimated that Taiwanese Indigenous peoples and
Malayo-Polynesian speakers (Philippine Kankanaey and Polynesian

Present

two-directional arrows indicate asymmetricand symmetric gene flow,
respectively; grey and black arrows indicate continuous and single-pulse gene
flow, respectively. The 95% confidenceintervals areindicated in parentheses.
We assumed amutationrate of 1.25x 10" mutations per generation per site and
agenerationtime of 29 years. We limited the number of parameter estimations
by making simplifying assumptions concerning the recent demography of
East-Asian-related and Near Oceanian populationsinaandb, respectively
(Supplementary Note 4). Sample sizes are reported in Supplementary Note 4.
c, Posterior (coloured lines) and prior (grey areas) distributions for the times of
admixture between Near Oceanian and East-Asian-related populations, under
the double-pulse most-probable model, obtained by ABC (Supplementary
Notes5, 6). Point estimates and 95% credible intervals areindicated by
horizontal lines and rectangles, respectively. The grey rectangle indicates the
archaeological period of the Lapita cultural complex in Near Oceania?.

individuals fromthe SolomonIslands) diverged around 7.3 ka (95% con-
fidenceinterval, 6.4-11ka) (Extended DataFig.2c),in agreement with a
recent genetic study of Philippine populations®. Similar estimates were
obtained when modelling other Austronesian-speaking groups (>8 ka)
(Supplementary Table 6). These dates are at odds with the out-of-Taiwan
model—that is, a dispersal event starting from Taiwan around 4.8 ka
that brought agriculture and Austronesian languages to Oceania®™*.
However, unmodelled gene flow from northeast Asian populations
into Austronesian-speaking groups® could bias parameter estima-
tion. When accounting for such gene flow, we obtained consistently
older divergence times than expected under the out-of-Taiwan model*,
but with overlapping confidence intervals (approximately 8.2 ka; 95%
confidenceinterval,4.8-12ka) (Fig.2b and Supplementary Tables 7-9).
Although this suggests that the ancestors of Austronesian speakers
separated before the Taiwanese Neolithic?, given the uncertainty in
parameter estimation, further investigation is needed using ancient
genomes.

We next estimated the time of admixture between Near Oceanian
individuals and populations of East Asian origin under various admix-
ture models, using an approximate Bayesian computation (ABC)
approach (Supplementary Notes 5, 6 and Supplementary Table 10).
We found thata two-pulse model best matched the summary statistics
for Bismarck and Solomon Islanders. The oldest pulse occurred after
the Lapitaemergencein the regionaround 3.5ka% (2.2ka (95% credible
interval,1.7-3.0) and 2.5ka (95% credible interval, 2.2-3.4) for Bismarck
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Fig.3|Neanderthal and Denisovanintrogression across the Pacific.

a, b, Estimates of Neanderthal (a) and Denisovan (b) ancestry on the basis of
fi-ratio statistics. Maps were generated using the maps R package®.

¢, Correlation between Papuan ancestry and Denisovan ancestry (asa
percentage of Papuan ancestry; n=20 populations). Theblacklineis the
identity line. Bars denote 2s.e. of the estimate. d, Cumulative length of the
high-confidence archaic haplotypesretrieved in Pacific, East Asian and west
Eurasian populations. e, Match rate to the Vindija Neanderthal (left) and Altai

and Solomon Islanders, respectively) (Fig. 2c). This reveals that the
separation of Malayo-Polynesian peoples from Taiwanese Indigenous
peoples was not followed by animmediate, single admixture episode
with Near Oceanian populations, suggesting that Austronesian speak-
ers went through a maturation phase during their dispersal.

Neanderthal and Denisovan heritage

Pacific Islanders have substantial Neanderthal and Denisovan ances-
try, as indicated by PCA, D-statistics and f,-ratio statistics (Supple-
mentary Note 7). Whereas Neanderthal ancestry is homogeneously
distributed (around 2.2-2.9%), Denisovan ancestry differs markedly
betweengroups (approximately 0-3.2%) and is highly correlated with
Papuan-related ancestry™" (R*=0.77, P<2.1x107) (Fig.3a-c). Anotable
exception is the Philippine Agta (who self-identify as ‘Negritos’) and,
to alesser extent, the Cebuano, who have high Denisovan but little
Papuan-related ancestry (R*=0.99, P<2.2 x107%, after excluding Agta
and Cebuano).

To explore the sources of archaic ancestry, we inferred high-
confidence introgressed haplotypes (Fig. 3d and Supplementary
Note 8) and estimated haplotype match rates to the Vindija Nean-
derthal and Altai Denisovan genomes. Neanderthal match rates were
unimodalin all groups (Fig. 3e) and Neanderthal segments signifi-
cantly overlapped between population pairs (permutation-based
P=1x10"*) (Supplementary Notes 9-11), which is consistent with a
uniqueintrogression event inthe ancestors of non-African populations
fromasingle Neanderthal population. Conversely, different peaks were
apparent for Denisovan-introgressed segments (Fig.3e and Extended
DataFig.3). Atwo-peak signal was not only detected in East Asian indi-
viduals (around 98.6% and about 99.4% match rate to the Denisovan
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Denisovan (right) genomes, based onlong (>2,000 sites), high-confidence
archaic haplotypes, to remove false-positive values attributable toincomplete
lineage sorting. Fitted density curves for populations with significant bimodal
matchratedistributions are shown. AGT, Philippine Agta; ASN, East Asian
individuals (Simons Genome Diversity Project samples only”); EUR, western
Eurasianindividuals; SCI, Santa Cruzlslanders; VAN, ni-Vanuatu. The remaining
acronymsareasinFig.2. Populationsamplesizesarereportedin
Supplementary Table1.

genome) as previously reported®, but was also found in Taiwanese
Indigenous peoples, Philippine Cebuano and Polynesian individuals.
Haplotypes with a match of approximately 99.4% were significantly
longer than those with a match of approximately 98.6% (one-tailed
Mann-Whitney U-test; P=5.14 x10™*), suggesting that—in East Asian
populations—introgression from a population closely related to the
Altai Denisovan occurred more recently than introgression from the
more-distant archaic group.

We also observed two Denisovan peaks in Papuan-related popu-
lations?® (Gaussian mixture model P<1.68 x 10™) (Supplementary
Table 11), with match rates of around 98.2% and 98.6% (Fig. 3e). Con-
sistently, we confirmed using ABC that Papua New Guinean Highlanders
received two distinct pulses (posterior probability = 99%) (Supplemen-
tary Note 12). Haplotypes with an approximately 98.6% match were of
similar length in all populations (Kruskal-Wallis test, P> 0.05), whereas
haplotypes with a match of around 98.2% were significantly longer in
Papuan-related populations than those with amatch of about 98.6%in
other populations (Supplementary Note 10). ABC parameter inference
supported afirst pulse around 46 ka (95% credible interval, 39-56 ka),
fromalineage that diverged 222 ka from the Altai Denisovan (95% cred-
ibleinterval,174-263 ka) (Supplementary Note 12 and Supplementary
Table12) and asecond pulse into Papuan-related populations around
25ka (95% confidenceinterval,15-35ka) from alineage that separated
409 ka from the Altai Denisovan (95% credible interval, 335-497 ka).
This model was more-supported than a previously reported modelin
which the pulse from distantly related Denisovans occurred around
46 ka” (ABC posterior probability = 99%) (Supplementary Note 12).
Our results document multiple interactions of Denisovans with the
ancestors of Papuan-related groups and adeep structure of introgress-
ing archaic humans.
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Fig.4|Mechanisms of genetic adaptation to Pacific environments.

a, Genomicregions showing the strongest evidence of adaptive introgression
fromNeanderthals (red) and Denisovans (purple). Eachrowis a40-kb window,
each columnisaPacific population group, and each cell is coloured according
towhether the windowisinthetop 0.5%,1%, 5%, >5% of the empirical
distributions of the adaptiveintrogression Q95 and U-statistics (Supplementary
Note 14). The starting position and genes of eachgenomic window areindicated.
Only the five most extreme windows are shown for each population group. All
resultsare reportedin Supplementary Note 14 and Supplementary Tables 14, 15.

For the Philippine Agta, we also observed two Denisovan-related
peaks, with matchrates of around 98.6% and 99.4% (Fig. 3e). We found
that the 99.4% peak is probably due to gene flow from East Asian popu-
lations (Supplementary Note 10). Introgressed haplotypesinthe Agta
overlap significantly with those in Papuan-related populations (Sup-
plementary Note 11), but their high Papuan-independent Denisovan
ancestry (Fig. 3c) suggests additional interbreeding. This, together
with the discovery of Homo luzonensis in the Philippines®’, prompted
us to search for introgression from other archaic hominins. Using the
S’ method®, and filtering Neanderthal and Denisovan haplotypes, we
retained 59 archaic haplotypes spanning a total of 4.99 megabases
(Mb), around 50% of which were common to most groups (Extended
Data Fig. 4 and Supplementary Note 13). Focusing on the Agta and
Cebuano, weretained only around1Mb of introgressed haplotypes that
were private to these groups. This suggests that Homo luzonensis made
little or no contribution to the genetic make-up of modern humansor
that this hominin was closely related to Neanderthals or Denisovans.

The adaptive nature of archaic introgression

Although evidence of archaic adaptive introgression exists®*?*, few
studies have evaluateditsrole in Oceanian populations. We first tested
5,603 biological pathways for enrichment in adaptive introgression
signals (Supplementary Notes 14, 15). For Neanderthal and Denisovan
segments, a significant enrichment was observed for 24 and 15 path-
ways, respectively, of which 9 were related to metabolic and immune
functions (Supplementary Tables 13-18). Focusing on Neanderthal
adaptiveintrogression, wereplicated genes such as OCA2, CHMPIA or
LYPD6B** (Fig. 4a). We also identified previously unreported signals
ingenes relating toimmunity (CNTNS, ILIORA, TIAM1 and PRSS57), neu-
ronal development (TENM3, UNCI3C, SEMA3F and MCPHI), metabolism
(LIPI, ZNF444, TBCIDI1, GPBP1, PASK, SVEP1, OSBPL10 and HDLBP) and
dermatological or pigmentation phenotypes (LAMB3, TMEM132D,
PTCHI1,SLC36A1, KRT80, FANCA and DBNDDI) (Extended Data Fig. 5),
further supporting the notion that Neanderthal variants, beneficial or
not, have influenced numerous human phenotypes® >,

For Denisovans, we replicated signals forimmune-related (TNFAIP3,
SAMSNI, ROBO2 and PELI2)*** and metabolism-related (DLEUI, WARS2
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and SUMF1)*** genes. Our most-extreme candidates comprise 14 previ-
ously unreported signals in genes relating to the regulation of innate
and adaptive immunity, including ARHGEF28, BANK1, CCR10, CD33,
DCC, DDX60, EPHB2, EVI5, IGLONS, IRF4, JAK1, LRRC8C and LRRCSD,
and VSIGI0L (Fig.4aand Supplementary Table 15). For example, CD33—
which mediates cell-cellinteractions and keepsimmune cellsinarest-
ing state**—contains an approximately 30-kb-long haplotype with seven
high-frequency, introgressed variants, including an Oceanian-specific
nonsynonymous variant (rs367689451-A; derived allele frequency
(DAF) > 66%) (Extended Data Fig. 5) predicted to be deleterious (SIFT
score=0).Similarly, IRF4—which regulates Toll-like receptor signalling
andinterferon responses to viral infections®*—has anaround 29-kb-long
haplotype containing 13 high-frequency (DAF > 64%) variants in the
Agta. These results suggest that Denisovan introgression has facili-
tated human adaptation by serving as areservoir of resistance alleles
against pathogens.

Genetic adaptation toisland environments

Finally, we searched for signals of classic sweeps and polygenic adap-
tation in Pacific populations (Supplementary Notes 16-18 and Sup-
plementary Tables 19-25). We found 44 sweep signals common to all
Papuan-related groups (empirical P< 0.01) (Extended Data Fig. 6),
including the TNFAIP3 gene, which was identified as adaptively intro-
gressed from Denisovans® (Extended Data Fig. 7). The strongest hit
(empirical P<0.001) included GABRP, which mediates the anticon-
vulsive effects of endogenous pregnanolone during pregnancy?, and
RANBP17, which is associated with body mass index and high-density
lipoprotein cholesterol® (Extended Data Fig. 8a, b). The highest score
identified anonsynonymous, probably damaging variant (rs79997355)
in GABRP at more than 70% frequency in Papua New Guinean High-
landers and ni-Vanuatu, and low frequency (less than 5%) in East and
Southeast Asian populations. Among population-specific signals, ATG7,
which regulates cellular responses to nutrient deprivation® and is
associated with blood pressure®, presented high selection scores in
Solomon Islanders.

Among populations with high East Asian ancestry, we identified 29
shared sweep signals (P < 0.01) (Extended Data Fig. 9). The highest
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scores (P<0.001) overlapped with an approximately 1-Mb haplotype
containing multiple genes, including ALDH2. ALDH2 deficiency results
inadverse reactions toalcohol andis associated with increased survival
inJapanese individuals*®. The ALDH2rs3809276 variant occursin more
than 60% and less than 15% in East-Asian-related and Papuan-related
groups, respectively. We also detected a strong signal around OSBPL10,
associated with dyslipidaemia and triglyceride levels* and protection
against dengue*?, which we found to have been adaptively introgressed
from Neanderthals (Extended DataFig. 7). Population-specific signals
included LHFPL2in Polynesian individuals (Extended Data Fig. 8c, d),
variation in which is associated with eye macula thickness—a highly
variabletraitinvolvedinsharp vision®*. LHFPL2 variants reach around
80% frequency in Polynesianindividuals, but are absent from databases,
highlighting the need to characterize genomic variationin understud-
ied populations.

Because most adaptive traits are expected to be polygenic**, we
tested for directional selection of 25 complex traits with awell-studied
geneticarchitecture®, by comparing the integrated haplotype scores
(iHS) of trait-associated alleles to those of matched, random SNPs*,
Focusing on European individuals as a control, we found signals of
polygenic adaptation for lighter skin and hair pigmentation but not for
increased height (Fig. 4b), as previously reported*®*. In Pacific popula-
tions, we detected a strong signal for lower levels of high-density lipo-
protein cholesterol in Solomon Islanders and ni-Vanuatu (P=1x107).

Implications for human history and health

The peopling of Oceaniaraises questions about the ability of our species
toinhabitand adapttoinsular environments. Using current estimates
of the human mutation rate and generation time'® (Supplementary
Note 4 and Supplementary Tables 2-7), we find that the settlement
of Near Oceania 30-45 ka*® was rapidly followed by genetic isolation
between archipelagos, suggesting that navigation during the Pleisto-
cene epoch was possible but limited. Furthermore, our study reveals
thatgeneticinteractions between East Asian and Oceanian populations
may have been more complex than predicted by the strict out-of-Taiwan
model*, and suggests that at least two different episodes of admixture
occurred in Near Oceania after the emergence of the Lapita culture™?.
Our analyses also provide insights into the settlement of Remote Oce-
ania. Ancient DNA studies have proposed that Papuan-related peoples
expanded to Vanuatushortly after the initial settlement, replacing local
Lapitagroups®®%. We suggest that most East-Asian-related ancestryin
modern ni-Vanuatu individuals results from gene flow from admixed
Near Oceanian populations, rather than fromthe early Lapita settlers.
These results, combined with evidence of back migrations from Poly-
nesia®'%?, support a scenario of repeated population movements in
the Vanuaturegion. Given that we explored arelatively limited number
of models, archaeological, morphometric and palaecogenomic studies
arerequired to elucidate the complex peopling history of the region.

Therecovery of diverse Denisovan-introgressed material in our data-
set, together with previous studies®®?, shows that modern humans
received multiple pulses from different Denisovan-related groups
(Extended DataFig.10). First, we estimate that the East-Asian-specific
pulse?, derived from a clade closely related to the Altai Denisovan,
occurred around 21 ka. The geographical distribution of haplotypes
from this clade indicates that it probably occurred in mainland East
Asia. Second, another clade distantly related to Altai Denisovans®*?
contributed haplotypes of similar length to Near Oceanian populations,
East Asian populations and Philippine Agta. Because our models do
not support arecent common origin of Near Oceanian and East Asian
populations, we suggest that East Asian populations inherited these
archaic segmentsindirectly, viagene flow froma population ancestral
to the Agta and/or Near Oceanian populations. Assuming a pulse into
the ancestors of Near Oceanian individuals, we date this introgres-
sionto around 46 ka, possibly in Southeast Asia, before migrations to

588 | Nature | Vol592 | 22 April 2021

Sahul. Third, another pulse?®**—which was specific to Papuan-related
groups—is derived from a clade more distantly related to Altai Deniso-
vans. We date this introgression to approximately 25 ka, suggesting it
occurred in Sundaland or further east. Archaic hominins found east
of the Wallace lineinclude Homo floresiensis and Homo luzonensis®®*%,
suggesting that either these lineages were related to Altai Denisovans,
or Denisovan-related hominins were also present in the region. The
recent dates of Denisovan introgression that we detect in East Asian
and Papuan populationsindicate that these archaichumans may have
persisted as late as around 21-25ka. Finally, the high Denisovan-related
ancestry in the Agta'*" suggests that they experienced a different,
independent pulse. Collectively, our analyses show that interbreed-
ing between modern humans and highly structured groups of archaic
hominins was acommon phenomenon in the Asia-Pacific region.

This study reports more than100,000 undescribed genetic variants
in Pacific Islanders at a frequency of more than 1%, some of which are
expected to affect phenotype variation. Candidate variants for positive
selection are observedin genes relating toimmunity and metabolism,
which suggests genetic adaptation to pathogens and food sources that
are characteristic of Pacific islands. The finding that some of these
variants were inherited from Denisovans highlights the importance
of archaic introgression as a source of adaptive variation in modern
humans?***2%°_Finally, the signal of polygenic adaptation related to
levels of high-density lipoprotein cholesterol suggests that there are
populationdifferences in lipid metabolism, potentially accounting for
the contrasting responses to recent dietary changes in the region®.
Large genomic studiesin the Pacific region are required to understand
the causallinks between past genetic adaptation and present-day dis-
easerisk, and to promote the translation of medical genomicresearch
inunderstudied populations.
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Methods

Datareporting

No statistical methods were used to predetermine sample size. The
experiments were not randomized and the investigators were not
blinded to allocation during experiments and outcome assessment.

Sample collection and approvals

Samples were obtained from 317 adult volunteersin Taiwan, the Philip-
pines, the Solomon Islands and Vanuatu from 1998 to 2018. DNA was
extracted from blood, saliva or cheek swabs (Supplementary Note 1).
Informed consent was obtained from each participant, including con-
sent for genetics research, after the nature and scope of the research
was explained in detail. The study received approval from the Institu-
tional Review Board of Institut Pasteur (2016-02/IRB/5), the Ethics Com-
mission of the University of Leipzig Medical Faculty (286-10-04102010),
the Ethics Committee of Uppsala University ‘Regionala Etikprévn-
ingsnimnden Uppsala’ (Dnr 2016/103) and from the local authori-
ties, including the China Medical University Hospital Ethics Review
Board, the National Commission for Culture and the Arts (NCCA) of the
Philippines, the Solomon Islands Ministry of Education and Training
and the Vanuatu Ministry of Health (Supplementary Note 1). The con-
sent process, sampling and/or subsequent validation in the Philippines
were performed in coordination with the NCCA and, in Cagayan val-
ley region, with local partners or agencies, including Cagayan State
University, Quirino State University, Indigenous Cultural Community
Councils, Local Government Units and/or regional office of National
CommissiononIndigenous Peoples. More details about the sampling
in the Philippines can be found in ref. %, Research was conducted in
accordance with: (i) ethical principles set forth in the Declaration
of Helsinki (version: Fortaleza October 2013), (ii) European direc-
tives 2001/20/CE and 2005/28/CE, (iii) principles promulgated in
the UNESCO International Declaration on Human Genetic Data and
(iv) principles promulgated in the Universal Declaration on the Human
Genome and Human Rights.

Whole-genome sequencing data

Whole-genome sequencing was performed on the 317 individual sam-
ples (Supplementary Table 1), with the TruSeq DNA PCR-Free or Nano
Library Preparation kits (Illumina). After quality control, qualified
libraries were sequenced on a HiSeq X5 Illumina platform to obtain
paired-end 150-bp reads with an average sequencing depth of 30x per
sample. FASTQ files were converted to unmapped BAM files (UBAM),
read groups were added and lllumina adapters were tagged with
Picard Tools version 2.8.1 (http://broadinstitute.github.io/picard/).
Read pairs were mapped onto the human reference genome
(hs37d5), with the ‘mem’” algorithm from Burrows-Wheeler Aligner
v.0.7.13%2 and duplicates were marked with Picard Tools. Base quality
scores were recalibrated with the Genomic Analysis ToolKit (GATK)
software v.3.8%.

Whole-genome data for Bismarck Islanders' were processed in the
same manner as the newly generated genomes, while for Papua New
Guinean Highlanders™ and other populations of interest'®, raw BAM
fileswere convertedintouBAMfiles, and processed as described above.
Variant calling was performed following the GATK best-practice recom-
mendations®. All samples were genotyped individually with ‘Haplo-
typeCaller’ ingvcfmode. The raw multisample VCF was then generated
withthe ‘GenotypeGVCFs’ tool. Using BCFtools v.1.8 (http://www.htslib.
org/), we applied different hard quality filters oninvariant and variant
sites, based on coverage depth, genotype quality, Hardy-Weinberg
equilibrium and genotype missingness (Supplementary Note 2). The
sequencing quality was assessed by several statistics (that is, breadth
of coverage 10x, transition/transversion ratio and per-sample miss-
ingness) computed with GATK>* and BCFtools. Heterozygosity was
assessed with PLINK v.1.90%°¢ and cryptically related samples were

detected with KING v.2.1¥. Previously unknown SNPs were identified
by comparison with available datasets'*®'” and dbSNP%,

Genetic structure analyses

PCAs were performed with the ‘SmartPCA’ algorithm implemented
in EIGENSOFT v.6.1.4%. The genetic structure was determined with
the unsupervised model-based clustering algorithm implemented in
ADMIXTURE®®, which was run—assuming K=1to K=12—100 times with
different randomseeds. Linkage disequilibrium (r*) between SNP pairs
was estimated with Haploview®, which was averaged per bin of genetic
distance using the 1000 Genomes Project phase 3 genetic map®.
Fs; values were estimated by analysis of molecular variance (AMOVA)
as previously described®® (Supplementary Note 3).

Demographicinference

Demographic parameters were estimated with the simulation-based
framework implemented in fastsimcoal v.2.6**. We filtered out sites
(1) within CpG islands®; (2) within genes; and (3) outside of Vindija
Neanderthal and Altai Denisovan accessibility masks. These masks
exclude sites (1) at which at least 18 out of 35 overlapping 35-mers
are mapped elsewhere in the genome with zero or one mismatch;
(2) with coverage of less than 10; (3) with mapping quality less than 25;
(4) withintandem repeats; (5) within small insertions or deletions; and
(6) within coverage filters stratified by GC content. For each demo-
graphic model, we performed 600,000 simulations, 65 conditional
maximization cycles and 100 replicate runs starting from different
random initial values. We limited overfitting by considering only
site frequency spectrum (SFS) entries with more than five counts for
parameter estimation. We optimized the fit between expected and
observed SFS values following a previously described approach'®436¢,
Specifically, we first calculated and optimized the likelihood with all of
the SFSentries for the first 25 cycles. We then used only polymorphic
sites for the remaining 40 cycles. We obtained maximum-likelihood
estimates of demographic parameters, by first selecting the 10 runs
with the highest likelihoods from the 100 replicate runs. To account
for the stochasticity thatisinherent to the approximation of the like-
lihood using coalescent simulations, we re-estimated the likelihood
of each of the 10 best runs, using 100 expected SFS obtained using
600,000 simulations. Finally, we re-estimated again the likelihood
of the three runs with the highest average, this time using 10” simu-
lations, and considered the run with the highest likelihood as the
maximume-likelihood run. We corrected for the different numbers
of SNPs in the expected and observed SFS, by rescaling parameters
by arescaling factor defined as S,,s/S.,: the N, and generation times
were multiplied by the rescaling factor, whereas migration rates were
divided by the rescaling factor. For all inferences, we considered a
mutation rate of 1.25 x 10" mutations per generation per site’** and
a generation time of 29 years®. We also provide estimates of diver-
gence and admixture times assuming a mutation rate of 1.4 x 1078
mutations per generation per site®® (Supplementary Tables 3-7).
Model assumptions and parameter search ranges can be found in
Supplementary Note 4.

We checked the fit of each best-fit model, by comparing all entries
of the observed SFS against simulated entries, averaged over 100
expected SFS obtained with fastsimcoal2?* (Supplementary Note 4).
We also compared observed and simulated F¢; values, computed with
vcftools v.0.1.137, for all population pairs. We checked that parameter
estimates were not affected by background selection and biased gene
conversion (Supplementary Note 4). We calculated confidence inter-
valswithanonparametric block bootstrap approach; we generated 100
bootstrapped datasets by randomly sampling with replacement the same
number of 1-Mb blocks of concatenated genomic regions as were present
in the observed data. For each bootstrapped dataset, we obtained
multi-SFS with Arlequin v.3.5.2.2” and re-estimated parameters with
the same settings as for the observed dataset, with 20 replicate runs.
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Finally, to obtain the 95% confidence intervals, we calculated the 2.5%
and 97.5% percentile of the estimate distribution obtained by nonpara-
metric bootstrapping.

For model selection, classical model choice procedures, such as
the likelihood ratio tests, could not be used because the likelihood
function used in fastsimcoal2* is a composite likelihood (owing to
the presence of linked SNPs in the data). Instead, we compared the
likelihoods of the most likely runs between the alternative models,
estimated from 600,000 simulations. We also compared the distribu-
tion of the log,,(likelihood) of the observed SFS based on 100 expected
SFS computed with 10 coalescent simulations, using parameters maxi-
mizing the likelihood under each scenario. A model was considered
the most likely if its mean log(likelihood) was 50 units larger than
that of the second most likely model®®. We estimated by simulations
that this criterionresultsinan 81% probability to select the true model
(Supplementary Note 4).

We evaluated the accuracy of demographic parameter estimation,
using a parametric bootstrap approach. We simulated, with fastsim-
coal2*, x 1-Mb DNA loci, with x chosen to obtain the same numbers
of segregating SNPs and monomorphic sites as in the observed data,
assuming parameters maximizing the likelihood under each model. We
then generated 20 simulated SFS by random sampling and used boot-
strapped SFStore-estimate parameters under the same settings as for
the original dataset (65 expectation conditional maximization cycles,
600,000 simulations and 100 runs per simulated SFS). We calculated
the mean, median and the 2.5% and 97.5% percentiles of the distribu-
tion of parameter estimates obtained by parametric bootstrapping,
and checked that they included the true (simulated) parameter value.

Admixture models

We applied two ABC approaches’to test for different admixture models
for Near Oceanian populations and estimated parameters under the
most probable model. Model choice and posterior parameter estima-
tion by ABC are based on summary statistics”. The first approach,
developed in the MetHis method™, is based on the moments of the
distribution of admixture proportions and explicit forward-in-time
simulations that follow a general mechanistic admixture model”.
The second approach uses—as summary statistics—the moments of
the distribution of the length of admixture tracts’®””. We assumed
three competing models of admixture: a single-pulse, a two-pulse or
a constant-recurring model (Supplementary Notes 5, 6). We checked
a priori the goodness-of-fit of simulated and observed statistics with
the gfit function implemented in the abc R package”®. Method perfor-
mance was assessed by estimating the error rates by cross-validation,
and by checking a posteriori that the statistics simulated under the
most probable model closely fitted the observed statistics.

For the MetHis approach, we simulated 100,000 independent
SNPs segregating in the two source populations with fastsimcoal2*,
under the refined demographic model for Near Oceanian populations
(Fig.2a). From the foundation of the admixed population to the present
generation, the forward-in-time evolution of the 100,000 SNPs in the
admixed population was simulated with MetHis™, under the classical
Wright-Fisher model. For model choice, we conducted 10,000 inde-
pendent simulations under each of the three competing models. Onthe
basis 0f 30,000 simulations, we used the random-forest ABC approach”
implemented in the abcrf R package. For the best scenario identified,
we conducted an additional 20,000 simulations with MetHis. We then
used all 30,000 simulations computed under the winning scenario for
joint posterior parameter estimation, with the neural-network ABC
approach implemented in the abc R package’. The performance of
the method is described in Supplementary Note 5.

For the approach based on admixture tract length, we performed—
under each alternative admixture model—5,000 simulations of 100 5-Mb
linked DNA loci with fastsimcoal2?, assuming a variable recombination
rate sampled from the 1000 Genomes Project phase 3 genetic map®2.

We performed 10,000 additional simulations for parameter estimation
under the winning model. As summary statistics, we used the mean and
variance, across the100 5-Mb regions, of the mean, minimum and maxi-
mum of the distribution of the length of admixture tracts across Near
Oceanian populations. The six resulting summary statistics were com-
putedbased onlocal ancestry inference, with RFMix v.1.5.4%°, which was
run with three expectation-maximization steps, awindow of 0.03 cM,
and Taiwanese Indigenous peoples and Papua New Guinean Highlanders
assource populations. The performance of the methodis describedin
Supplementary Note 6. We used the logistic multinomial regressionand
the neural-network ABC methodsimplementedin the abc R package”®
for model choice and parameter estimation, respectively.

Archaicintrogression

Before performing archaic introgression analyses, we masked our
whole-genome sequencing dataset for regions non-accessible inarchaic
genomes. We merged the masked dataset with the high-coverage
genomes of Vindijaand Altai Neanderthals and the Altai Denisovan®* 22,
We assessed introgression between archaic hominins and modern
humans with D-statistics®. We computed a D-statistic of the form
D(X, West Eurasians/East Asians/Africans; Neanderthal Vindija, chim-
panzee) and D(X, West Eurasians/East Asians/Africans; Neanderthal
Vindija, Denisova Altai) to test for introgression from Neanderthal;
and D-statistics of the form D(X, West Eurasians/East Asians; Denisova
Altai, chimpanzee) and D(X, West Eurasians/East Asians; Denisova Altai,
Neanderthal Vindija) to test introgression from Denisovans. The last
two D-statistics were used to account for the more-recent common
ancestor between Neanderthals and Denisovans. We computedf,-ratios
to estimate the proportion of genome-wide Neanderthal and Den-
isovanintrogressioninamodern human population (Supplementary
Note 7). All D- and f,-ratio statistics were computed with ‘qpDstat’ and
‘qpF4ratio’ implemented in ADMIXTOOLS v.5.1.1%". A weighted-block
jackknife procedure dropping 5-cM blocks of the genome in each run
was used to compute standard errors.

We used two statistical methods to identify archaic sequences in
modern humangenomes. Thefirst, S-prime (S’), identifiesintrogressed
sequences without the use of an archaic reference genome®, For the
identification of S’ introgressed segmentsin Pacific genomes, we only
considered variants with a frequency less than 1% in African individu-
als from the Simons Genome Diversity Project (SGDP) dataset', and
segments were detected in each population separately. Genetic dis-
tances between sites were estimated from the 1000 Genomes Project
phase 3 genetic map®. After retrieving empirical S’ scores, we estimated
anull distribution of S’ scores by simulating—with fastsimcoal2?*—2,500
10-Mb genomic regions under the best-fitted demographic model
for western Remote Oceanian populations (Supplementary Note 4).
We fixed all parameters to maximum-likelihood estimates, but
removed the simulated introgression pulses from Neanderthals
and Denisovans. On the basis of these null distributions of S’ scores,
we estimated the threshold giving a false-positive rate of less than
0.01, to retain significantly introgressed S” haplotypes (Supplemen-
tary Note 8).

The second method, based on conditional random fields (CRF),
identifies introgressed archaic haplotypes in phased genomic data,
using a reference archaic genome'”®2, We phased the data with SHA-
PEIT2%#*, using 200 conditioning states, 10 burn-in steps and 50
Markov chain Monte Carlo main steps, for a window length of 0.5 cM
and an effective population size of 15,000. For the detection of
Neanderthal-introgressed haplotypes, we used as reference panels
the VindijaNeanderthal genome and SGDP African individuals' merged
with the Altai Denisovan genome. To detect Denisovan-introgressed
haplotypes, we used as reference panel the Altai Denisovan genome
and SGDP African individuals®” merged with the Vindija Neanderthal
genome. Results from the two independent runs were analysed jointly
to keep those containing alleles with amarginal posterior probability
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Pyeanderthar = 0.9 and Ppisova < 0.5 as Neanderthal-introgressed haplotypes
and those containing alleles with Ppepisova = 0.9 and Pyeangerena < 0.5 as
Denisovan-introgressed haplotypes.

We computed a match rate between each detected S’ or CRF seg-
ment and the Vindija Neanderthal and Altai Denisovan genomes
as previously described® (Supplementary Note 9). We considered
that a site matches if the putative introgressed allele is observed in
the archaic genome. The match rate was calculated as the number
of matches divided by the total number of compared sites. Because
longer S” haplotypes carry more information on the archaic ori-
gin of introgressed segments, we computed only match rates for
S’ haplotypes with more than 40 unmasked sites. For the statisti-
cal assessment and assignment of introgressed haplotypes to dif*-
ferent Denisovan components, we fitted single Gaussian versus
two-component Gaussian mixtures to the Denisovan match rate
distributions (Supplementary Note 10).

We estimated the sharing of introgressed haplotypes between
populations by first retaining S’ introgressed haplotypes with a score
>190,000 and a length of at least 40 kb (Supplementary Note 11). We
then classified each haplotype as of either Neanderthal or Denisovan
origin, as previously described”. For each haplotype presentinagiven
population, we then estimated the fraction of base-pair overlap with
the haplotypes present in a second population, with respect to the
length of the segmentsin thefirst. As a test statistic, we computed the
proportion of segments with a fraction of base-pair overlap greater
than 0.5. We assessed significance by performing 10,000 bootstrap
iterations, in which we randomly placed introgressed segments with
the same number and of the same length as observed along the callable
genome (around 2.1Gb). For each population pairwise comparison, we
reported the highest Pvalue of the two. All Pvalues were adjusted for
multiple testing with the Benjamini-Hochberg method.

We formally tested for the presence of two distinct Denisovan
lineages in Papuan-related populations with an ABC approach”, by
performing 50,000 independent simulations of 64 DNA sequences
of 10 Mb each with fastsimcoal2?*. We simulated the demographic
model for Near Oceanian populations (Fig. 2a), introducing one or two
Denisovan pulses into the Papua New Guinean branch, and a popula-
tion resize in Papua New Guinea to capture the demographic effect
of the agricultural transition? (Supplementary Note 12). As summary
statistics, we used the moments of the distribution of the S’ scores,
S’ haplotype length and S’ match rate to the Altai Denisovan genome.
We determined which of the single- and double-pulse introgression
models was the most probable, using alogistic multinomial regression
algorithmwith atolerance rate set to 5%. We estimated the performance
of our ABC model choice by cross-validation. Parameter estimation
under the double-pulse winning model was performed on the basis
of an additional 150,000 independent simulations, using the neural
network algorithm with a tolerance rate set to 5%. We used the same
procedure to test whether our two-pulse model, in which the pulse
from a more-distant Denisovan lineage occurs later than the other
pulse, fits the data better than a previous model in which the pulse
from a more-distant Denisovan lineage occurs earlier than the other
pulse®. Introgression parameter values were sampled from uniform
priors limited by the previously obtained 95% confidence intervals
(Supplementary Note 12).

We investigated whether Pacific populations had received gene
flow from an unknown archaic hominin, by retaining S” haplotypes
unlikely to be of Neanderthal or Denisovan origin, through the removal
of Neanderthal and Denisovan haplotypesinferred by the CRF approach
(Supplementary Note 13). We characterized these S” haplotypes fur-
ther by estimating their match rates to the Vindija Neanderthal and
Altai Denisovan genomes and retaining only those with a match rate
of less than 1% to either of these archaic hominins. The remaining S’
haplotypes represent putatively introgressed material from outside
the Neanderthal and Denisovan branch.

Adaptive introgression

Candidate regions for adaptive introgression were detected on the
basis of the number and derived allele frequency of sites common to
modern and archaic humans (Supplementary Note 14), with Q95 and
U-statistics®. We computed these statistics in 40-kb non-overlapping
windows along the genome of all target populations, using SGDP Afti-
canindividuals® as the outgroup. We used the chimpanzee reference
genometo determine the ancestral or derived states of alleles, removed
sites with any missing genotypes, and discarded genomic windows
with fewer than five sites. Candidate genomic windows were defined as
those withboth Uand Q95 statisticsin the top 0.5% of their respective
genome-wide distributions.

We assessed the enrichment of introgressed genesin various biologi-
cal pathways, including the Kyoto Encyclopedia of Genes and Genomes
(KEGG)®, Wikipathways®®, the genome-wide association studies
(GWAS) catalogue®, Gene Ontology®, and manually curated lists of
innate immunity genes® and virus-interacting proteins®®. We merged
Pacific populations into three population groups (Supplementary
Note15). We assessed statistical significance using aresampling-based
enrichment test that compares the number of introgressed genesina
givengene set to that observedin randomly sampled sets of genes that
are matched for different genomic features (that is, recombination
rate, PhastCons®, combined annotation-dependent depletion (CADD)
scores®, density of DNase I segments® and number of SNPs). We also
determined whether a given gene set was enriched in adaptively intro-
gressed genes, by comparing the number of genes overlapping an
adaptively introgressed segment in the gene set with that observed
inrandomly sampled sets of matched genes. Adaptively introgressed
segments were defined as those intersecting with genomic windows
with Q95 and U-statistics inthe top 5% of their respective genome-wide
distributions.

Classic sweeps

For the detection of classic sweep signals, we combined the inter-
population locus-specific branch lengths (LSBL)** and cross-population
extended haplotype homozygosity (XP-EHH)* statistics into a Fisher’s
score (Fcs). We estimated the F as the sum of the —log,,(percentile
rank of the statistic for agiven SNP) of all statistics, and defined ‘outlier
SNPs’ as those with a F.samong the 1% highest genome-wide. Putatively
selected regions were defined as genomic windows with a proportion
of outlier SNPs within the 1% highest genome-wide, after partition-
ing all windows into five bins based on the number of SNPs. The test,
reference and outgroup populations used are described in Supple-
mentary Note 16. LSBL and XP-EHH statistics were computed with the
optimized, window-based algorithms implemented in selink (https://
github.com/h-e-g/selink).

Polygenic adaptation

We ssearched for evidence of polygenic adaptation, using an approach
testing whether the mean integrated haplotype score (iHS) of
trait-increasing alleles differed significantly from that of random
SNPs with asimilar allele frequency*®®. We obtained GWAS summary
statistics for 25 candidate complex traits from the UK Biobank data-
base®, including traits relating to morphology, metabolism and immu-
nity, as these phenotypic traits are strong candidates for responses,
through natural selection, to changes in climatic, nutritional and
pathogenic environments. We classified SNPs as ‘trait-increasing’ or
‘trait-decreasing’ based on UK Biobank effect size (f5) estimates. We
computed iHS with selink, for each SNP and population, and standard-
ized scoresin100 bins of DAF. We then polarized the iHS, such that posi-
tive iHS values indicated directional selection of the trait-decreasing
allele, whereas negative iHS values indicated directional selection of
the trait-increasing allele. We called the resulting statistic the polar-
ized trait iHS (tiHS).
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For each trait, we assessed significance keeping only unlinked
trait-associated variants (Supplementary Note 18). We then compared
the mean tiHS of the x independent, trait-associated alleles with the
mean tiHS of 100,000 random samples of x SNPs with similar DAF,
genomic evolutionary rate profiling (GERP) score and surrounding
recombination rate, to account for the effects of background selection.
We considered that directional selection hasincreased (or decreased)
agiventraitifless than2.5% (or 0.5%) of the resampled sets had amean
tiHS that is lower (or higher) than that observed. We adjusted P val-
ues for multiple testing with the Benjamini-Hochberg method. The
false-positive rate of the approach at a P value of 2.5% (or 0.5%) was
estimated by resampling (Supplementary Note 18).

Because this approach assumes that alleles affecting traits are the
samein Oceanian and European populations and that they affect traits
in the same direction, we used another approach, which tests for the
co-localization of selection signals and trait-associated genomic
regions. We partitioned the genome into 100-kb non-overlapping
contiguous windows and considered a window to be associated with
atraitifatleast one SNP within the window was genome-wide significant
(P<5x107®). For each window, we estimated the mean tiHS for each
population. We then tested whether the mean tiHS of trait-associated
windows was greater than that for a null distribution, obtained from
100,000 sets of randomly sampled windows, each set being matched to
trait-associated windows in terms of mean GERP score, recombination
rate, DAF and number of SNPs.

Reporting summary
Further information on research design is available in the Nature
Research Reporting Summary linked to this paper.

Data availability

The whole-genome sequencing dataset generated and analysed
in this study is available from the European Genome-Phenome
Archive (EGA; https://www.ebi.ac.uk/ega/), under accession code
EGAS00001004540. Data access and use is restricted to academic
research in population genetics, including research on population
origins, ancestry and history. The SGDP genome data were retrieved
from the EBI European Nucleotide Archive (accession codes PRIEB9586
and ERP010710). The genome data from Malaspinas et al.’® were
retrieved from the EGA (accession code EGAS00001001247). The
genome data from Vernot et al.’® were retrieved from dbGAP (acces-
sion code phs001085.v1.pl).

Code availability

Neutrality statistics were computed with the optimized, window-based
algorithms implemented in selink (https://github.com/h-e-g/selink).
Allother custom-generated computer codes or algorithms used in this
study are available on GitHub (https://github.com/h-e-g/evoceania).
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Extended DataFig.1|Geneticstructure of Pacific populations. was obtained at K=6 (Supplementary Fig.5). Populations are delimited by
ADMIXTURE ancestry components are shown from K=2 (top) to K=10 black borders. Population widthis not proportional to population sample size,

(bottom) forthe 462 unrelated individuals. The lowest cross-validation error whichisindicatedin parentheses.
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Extended DataFig.2|See next page for caption.
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Extended DataFig. 2| Demographic models for Pacific populations.

a, Maximume-likelihood demographic model for baseline populations. Point
estimates of parameters and 95% confidenceintervalsare shownin
Supplementary Table 2. b, Maximum-likelihood demographic models for
western Remote Oceanianindividuals (VAN). The likelihoods of the two models
arenot considered to be different. Point estimates of parameters and 95%
confidenceintervals are shownin Supplementary Table 5. The (VAN, PNG)
model (left) assumes that the ni-Vanuatu diverged from Papua New Guinean
Highlanders and thenreceived gene flow from Solomon Islanders, Bismarck
Islanders and Austronesian-speaking Taiwanese Indigenous peoples. The
(VAN, SLI) (right) model assumes that the ni-Vanuatu diverged from the
SolomonlIslanders and thenreceived gene flow from the other three groups.
For thesake of clarity, only Taiwanese Indigenous, Near Oceanian and western
Remote Oceanian populations are shown. ¢, Maximum-likelihood model for
Austronesian-speaking populations, represented by Taiwanese Indigenous,
Philippine Kankanaey and Tikopia Polynesianindividuals. BKA, Bismarck
Islanders; HAN, Han Chinese individuals (China); NOC GST, ameta-population

of Near Oceanianindividuals; 00oA GST, anunsampled population to represent
the Out-of-Africaexodus; PHP, Philippine individuals; PNG, Papua New Guinean
Highlanders; POL, Polynesianindividuals from the SolomonIslands; SAR,
Sardinianindividuals (Italy); SLI, SolomonIslanders; TWN, Taiwanese
Indigenous peoples; VAN, ni-Vanuatu; YRB, Yorubaindividuals (Nigeria). We
assumed amutationrate of 1.25x10"® mutations per generation per siteand a
generation time of 29 years. Single-pulseintrogression rates are reported asa
percentage. The 95% confidence intervals are showninsquare brackets. The
larger therectangle width, the larger the estimated effective population size
(N.), except for b. Bottlenecks areindicated by black rectangles. Grey and black
arrows represent continuous and single pulse gene flow, respectively. One-and
two-directional arrows indicate asymmetricand symmetric gene flow,
respectively. We limited the number of parameter estimations by making
simplifying assumptions regarding the recent demography of East-Asian-
related and Near Oceanian populationsinaandc, respectively (Supplementary
Note4).Samplesizes are described in Supplementary Note 4.
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Extended DataFig.3|Matchrate ofintrogressed S” haplotypesin Pacific more than 40 ssites outside archaic genome masks wereincluded in the analysis.
populations to the VindijaNeanderthal and Altai Denisovangenomes. The The numbersindicate the height of the density corresponding to each contour
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archaicgenome, excluding sites at masked positions. Only S” haplotypes with between 0.3and 0.9 (dashed lines).
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Extended DataFig. 9| Classic sweep signals detected in East-Asian-related individuals (d). a-d, The y axis shows the —log,,(Pvalue) for the number of outlier

populations. Manhattan plots of classic sweep signals in East Asian individuals (@), = SNPs per window. Each pointis a100-kb window. The names of genes associated
Taiwanese Indigenous peoples (b), Philippine Cebuano (c) and Polynesian with windows with significant sweep signals are shown.
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Extended DataFig.10|Schematic model of the history of archaic
introgressioninmodern humans. The phylogenetic tree depicts
relationships among archaic and modern humans. Estimates for the splits
betweenarchaic, introgressing populations and for introgression episodes are
shown. Fiveintrogression events are consistent with our data: aNeanderthal
introgression eventinto the common ancestors of non-African individuals
around 61ka; aDenisovanintrogression eventinto the ancestors of Papuan
individuals approximately 46 ka, whichis shared with the ancestral Indigenous

Australian individuals and Philippine Agta populations''*; a Denisovan
introgression eventthatoccurred only inthe ancestors of Papuanindividuals
around 25ka; aDenisovanintrogression eventin the ancestors of East Asian
individualsaround 21ka, the legacy of whichis also observed in Philippine Agta
and western Eurasian individuals due to subsequent gene flow (solid purple
arrows); and a Denisovan introgression eventinto the ancestors of the
Philippine Agtaatanunknown date.
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Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.
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The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes
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Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Picard Tools v.2.8.1, BWA v.0.7.13, GATK v.3.8, vcftools 0.1.13, BCFtools v.1.8, PLINK v.1.9, KING v.2.1

Data analysis EIGENSOFT v.7.2.1, ADMIXTURE v.1.22, PONG v.1.4, Haploview v.4.2, SHAPEIT2, fastsimcoal v.2.6, R v.3.4 or later, abc R package v.2.1, MetHis
v.1.0, ADMIXTOOLS v.5.1.1, S-prime v.07Dec18.5e2, CRF (Sankararaman et al., Nature 2014), selink v.2 (www.github.com/h-e-g/selink),
Arlequin v.3.5.2.2, other custom-generated scripts are deposited on GitHub (www.github.com/h-e-g/evoceania)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:
- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

The whole genome dataset generated and analysed in this study is available from the European Genome-Phenome Archive (EGA), under accession code
EGAS00001004540. The SGDP genome data were retrieved from the EBI European Nucleotide Archive (accession numbers: PRIEB9586 and ERP010710). The
genome data from Malaspinas et al., Nature 2016 were retrieved from EGA (accession number: EGADO0001001634). The genome data from Vernot et al., Science
2016 were retrieved from dbGAP (accession number: phs001085.v1.p1).
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Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description We sequenced the genome of >300 Pacific Islanders at high coverage (>30x), to describe the genetic diversity of human populations
from this understudied region. Population genetics analyses were used to infer (i) the genetic structure, (ii) demographic history, (iii)
the levels of archaic introgression and (iv) candidate loci and traits under positive selection in Near and Remote Oceanians.
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Research sample We sequenced the genome of 317 individuals from 20 human populations that were chosen to cover a geographic transect thought
to underlie the peopling history of Near and Remote Oceania. This includes Taiwan, the Philippines, the Solomon Islands, Santa Cruz
and the Vanuatu Archipelago. These newly sampled populations were analysed in combination with other populations from the Asia-
Pacific region for which genomes are available, including Papua New Guinea, the Bismarck Archipelago and East Asia. Sampled
individuals are meant to represent Near Oceanians (Papua New Guineans, Bismarck and Solomon islanders), western Remote
Oceanians (ni-Vanuatu), Austronesian-speaking groups (Taiwanese aborigines, Philippine Cebuano), Polynesian-speaking populations
(Polynesian outliers from the Solomon Islands), and Philippine 'Negritos' (Philippine Agta). The study sample was also chosen to
characterize in great detail the genomic diversity of human populations that are understudied in human genomics.

Sampling strategy Populations were sampled to cover a geographic transect thought to underlie the peopling history of Near and Remote Oceania.
Sampling of related individuals was avoided, because relatedness can confound population genetics analyses. The ethno-linguistic
group of sampled individuals was defined based on the self-declared group of their parents and grand-parents. An average of n = 16
unrelated individuals were sampled per population. Sample size for demographic inference with fastsimcoal2 is usually n =5
(Malaspinas et al., Nature 2016). For archaic introgression and positive selection analyses, power mainly depends on other factors
than sample size, but it is commonly accepted that n = 20 provides high power (Pickrell et al., Genome Res 2009). We thus merged
closely-related populations into population groups for these analyses.

Data collection All demographic information was collected through a structured questionnaire and/or ethnographic interviews. DNA was obtained
from peripheral whole blood by venepuncture, or saliva by Oragene kits and cheek swabs. The sampling survey of Taiwanese
aborigines was conducted by Albert Ko (Institute of Vertebrate Paleontology and Paleoanthropology, China). The sampling survey of
Solomon Islanders was conducted by Mark Stoneking (Max Planck Institute for Evolutionary Anthropology, Germany). The sampling
survey of Ni-Vanuatu was conducted by Olivier Cassar and Antoine Gessain (Institut Pasteur, Paris). The sampling survey of Philippine
Negritos was conducted by Maximilian Larena (Human Evolution, Department of Organismal Biology, Uppsala University, Sweden).

Timing and spatial scale The sampling survey of Taiwanese aborigines was conducted between 1998 and 2001. The sampling survey of Solomon islanders was
conducted in August and September 2004. The sampling survey of ni-Vanuatu was conducted between April 2003 and August 2005.
The sampling survey of Philippine Negritos was conducted between 2015 and 2018. The timing of sampling surveys was determined

based on logistic requirements that depended on the accessibility of sampling sites and financial resources.

Data exclusions Samples were excluded if they showed evidence of (i) DNA contamination, (ii) parental relatedness, (iii) relatedness to other samples,
or (iv) genetic ancestry from populations outside of Oceania and East/Southeast Asia. All exclusion criteria were pre-established.

Reproducibility We compared genotype calls obtained by next-generation sequencing to SNP genotyping arrays for the same individuals
(unpublished data) and found very high concordance rates (>99.99%). No other experimental data were collected.

Randomization To avoid batch effects, individuals were randomized according to their population of origin, across library preparation batches.

Blinding Blinding was not relevant in this study because no condition or status was compared across sampled individuals.

Did the study involve field work?  [_|Yes  [x]No

Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Policy information about studies involving human research participants

Population characteristics Age, gender, ethno-linguistic group and genotypic information were collected for all human research participants.
Participants include 173 males and 44 females, and were from 18 to 76 years of age. Ethno-linguistic groups are described in
Supplementary Table 1. Genotyping rate was >95% for all participants, except one.

Recruitment In each population, only unrelated volunteers with a self-reported ethno-llinguistic group were recruited from local villages.
Sampling of related individuals was avoided because relatedness can confound population genetics analyses. The ethno-
linguistic group of sampled individuals was defined based on the self-declared group of their parents and grand-parents. We
do not anticipate any bias in our results that could be due to this recruitment strategy.

Ethics oversight The study received approval from the Institutional Review Board of Institut Pasteur (n°2016-02/IRB/5), the Ethics Commission
of the University of Leipzig Medical Faculty (n°286-10-04102010), the Ethics Committee of Uppsala University "Regionala
Etikprévningsnamnden Uppsala” (Dnr 2016/103), as well as from local authorities including the Vanuatu Ministry of Health,
the China Medical University Hospital Ethics Review Board, the National Commission for Culture and the Arts of the
Philippines (in accordance with the provisions of Philippine Republic Act 7356, or the Law Creating the NCCA), and the
Solomon Islands Ministry of Education and Training.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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