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SUMMARY

Multiple lines of evidence show that modern humans interbred with archaic Denisovans. Here, we report an
account of shared demographic history between Australasians and Denisovans distinctively in Island South-
east Asia. Our analyses are based on ~2.3 million genotypes from 118 ethnic groups of the Philippines,
including 25 diverse self-identified Negrito populations, along with high-coverage genomes of Australopa-
puans and Ayta Magbukon Negritos. We show that Ayta Magbukon possess the highest level of Denisovan
ancestry in the world—~30%-40% greater than that of Australians and Papuans—consistent with an inde-
pendent admixture event into Negritos from Denisovans. Together with the recently described Homo luzo-
nensis, we suggest that there were multiple archaic species that inhabited the Philippines prior to the arrival
of modern humans and that these archaic groups may have been genetically related. Altogether, our findings
unveil a complex intertwined history of modern and archaic humans in the Asia-Pacific region, where distinct
Islander Denisovan populations differentially admixed with incoming Australasians across multiple locations
and at various points in time.

INTRODUCTION trace in the genomes of present-day populations.” All Eur-

asians possess uniform levels of Neanderthal ancestry, whereas
Since their exit out of Africa, anatomically modern humans have  Australasians uniquely have elevated levels of Denisovan
overlapped and interbred with archaic hominins across time and  ancestry relative to any other population. Denisovans were
space. Interactions with Neanderthals,” Denisovans,®* and initially thought to have a simple shared demographic history
possibly other archaic hominins®® have left an indelible genetic ~ with modern humans, through a single admixture event with
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the ancestor of Australasians (a collective term for the
shared genetic ancestry between Philippine Negritos and
Australopapuans).® %"

Later work suggested that Denisovans were likely deeply
diverging structured populations who inhabited wide-ranging
diverse environments, given that Denisovan ancestry can also
be detected, albeit at lower levels, among East Asian, South
Asian, Siberian, and Native American populations.”'?7'*
Through analysis of recovered archaic tracts from population-
level genomes, it was recently shown that modern humans
admixed with Denisovans at least twice in the past, with Deniso-
van-like populations possessing varying degrees of genetic affil-
iation to the reference Altai Denisovan.'® Subsequent work re-
vealed a third independent Denisovan introgression event that
was exclusively found among Papuan-related populations, indi-
cating an increasingly complex admixture history between Deni-
sovans and Australasians.'®

Although the intertwined demographic history between Deni-
sovans and Australasians is being uncovered, our knowledge
of their specific interactions in Island Southeast Asia (ISEA) re-
mains limited. This is especially important given that some pre-
sent-day populations of the Philippines, who self-identify as
“Negritos” and who are genetically related to Australopapuans,
display significant levels of Denisovan ancestry.*'”'® To deepen
our understanding of past Denisovan-Australasian interactions
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in the ISEA region, we comprehensively investigated the archaic
ancestry of 1,107 individuals from 118 distinct ethnic groups of
the Philippines, including 25 ethnolinguistically diverse Negrito
populations (Figures 1A and S1; see STAR Methods)."®

RESULTS AND DISCUSSION

Population structure and genetic affiliations of
Philippine Negritos

Australasian-related Negritos are regarded as the earliest mod-
ern human inhabitants of Sundaland, a contiguous biogeograph-
ical region in ISEA that was largely exposed during the last glacial
period (Figure S1; see STAR Methods)."™'"'® Following their
divergence from Papuans ~53 kya (95% confidence interval
[CI]: 41-64 kya; see STAR Methods), Negritos migrated from
Sundaland into the Philippines likely via the accessible Pala-
wan-Mindoro or Sulu-Zamboanga corridors (Figure S1) and later
diverged into the multiple and linguistically diverse Philippine
Negrito groups of today (see STAR Methods). To provide an
overview of the genetic affinities of present-day Philippine
Negritos to other ethnic groups of the Asia-Pacific region, we
performed a principal-component analysis (PCA) on a subset
of populations, including Australasians, East Asians, and West
Eurasians (Figure 1B). All Negritos lie between the population
clusters of Australopapuans and Philippine Cordillerans,
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indicating admixture between the two ancestral sources: an
Australasian-related and an East-Asian-related ancestry,
respectively. Additionally, a subset PCA restricted to Philippine
Negritos, as well as an unsupervised clustering analysis imple-
mented in ADMIXTURE,?° reveal at least five distinct population
clusters of Negritos: Central Luzon Negritos; Northeast Luzon
Negritos; Southeast Luzon Negritos; Southern Luzon Negritos;
and Southern Negritos (Figures 1C, S2B, and S2D; see STAR
Methods).

It was previously shown that Philippine Negritos form a clade
with Papuans. We then investigated further on the evidence of
recent admixture between Philippine Negritos and East Asians.
Using the test D(Mbuti;EastAsian,Australasian,X), we show that
all Negritos exhibit significant levels of gene flow from East
Asians (Figure S2E), which is attributed to recent admixture
with the Austronesian-speaking migrants from the South
China-Taiwan greater area.'’'” Applying a linkage disequilib-
rium (LD)-based admixture date inference approach in Malder,
we estimate that the Negrito-East Asian admixture event
occurred ~2,281 years ago (95% Cl: 2,083-2,523 years). We
then quantified the magnitude of admixture between the two
ancestral sources with the implementation of qpAdm,?* using
Balangao Cordillerans as the surrogate for the least admixed
East Asian source and Papuans as the surrogate for the least ad-
mixed Australasian source. Overall, Negritos exhibit varying de-
gree of admixture with East Asians (Figures 1D, S3A, and S3B),
with Central Luzon Negritos, such as the Ayta Magbukon and

derthal, and Denisovan individuals and
projected onto the plane of the first 2
PCs the present-day populations of Afri-
cans, East Asians, Philippine Negritos,
and Australopapuans (Figure S2C). PC1
is defined by the chimpanzee versus archaic human axis,
whereas PC2 is defined by the Denisovan versus Neanderthal
axis. All present-day populations lie at the center on the plot,
and an inset plot zooming in on the present-day populations
demonstrates the affiliation of Australopapuans and Philippine
Negritos toward the Denisovan axis. Interestingly, most Ayta
Magbukon individuals lie at the edge of the Denisovan axis,
even farther than that of any Papuan or Australian individuals,
indicating higher levels of Denisovan ancestry in Ayta Magbukon
Negritos than in Australopapuans.

Philippine Negritos exhibit the highest levels of
Denisovan ancestry

Although Neanderthal ancestry is uniformly detectable in all Phil-
ippine ethnic groups (Figure S3C), at levels that are comparable
to those of worldwide populations outside Africa,”'? the degree
of Denisovan ancestry is more variable (Figures 2A, 2B, and S3D;
Data S1A-S1C).>*"3'7 Denisovan ancestry is higher among
Negritos, with a clear gradient that declines in proportion to the
level of non-Negrito ancestry (Figure S4A). Thus, we find a strong
correlation between Negrito ancestry and Denisovan ancestry
(Figures 3A and S4B-S4E).

More interestingly, some Northern Negritos possess the highest
point estimate of Denisovan ancestry recorded to date (Figures
2A, 2B, and S5), with Ayta Magbukon exhibiting greater Denisovan
ancestry than Australopapuans based on the test D (Mbuti;Deni-
sovan,Australian/Papuan,AytaMagbukon) (Figures 3B and 3C).
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The higher degree of Denisovan introgression into Ayta Magbukon
can be observed despite the group’s detectable ~10%-20% East
Asian recent admixture, in contrast with the less admixed Papuan
and Australian populations (Figures 3B-3D and S5A-S5D). These
results are consistent when using alternative datasets, testing in-
dividuals instead of populations, accounting for ascertainment
bias, or correcting for Neanderthal ancestry in these populations
(Figures S5F-S50; see STAR Methods).

The difference in the degree of Denisovan admixture is clearer
when we masked out East-Asian-related admixture in Negritos
(Figures 3B, 3C, and S5E; see STAR Methods). The masking
step results in a distinctively higher point estimate of Denisovan
ancestry, with non-overlapping confidence intervals, in most
Negritos than in Papuans or Australians. Moreover, extrapolating
to “no-East-Asian-admixture” on the regression line between
Denisovan versus East-Asian-related ancestry among Negritos
indicates a substantially higher Denisovan ancestry in the “unad-
mixed” ancestral Negritos (f4-ratio = 0.0447), which is 46%
higher than that of Papuans (Figure 3D). Likewise, the ratio of De-
nisovan ancestry to Negrito or Papuan-related ancestry is signifi-
cantly higher in Negritos than in Papuan-related populations
(Figure 3E).

Analyses of sequence data confirm higher levels of
Denisovan ancestry in Ayta Magbukon Negritos than in
Papuans

We explored further our finding of high levels of Denisovan
ancestry in some Philippine Negritos; generated, at high coverage
(mean depth of ~37x), whole-genome sequences of five Ayta
Magbukon Negritos; and merged these data with the publicly
available genome sequence datasets of archaic and modern hu-
mans (see STAR Methods).'™?° Following comparative analyses
of high-coverage genomes of Australasians, we confirm that the
Ayta Magbukon possess the highest level of Denisovan ancestry
in the world (Figures 4A-4C, S6A, and S6B; Data S2A-S2C; see
STAR Methods), levels that are 34%-40% higher than that of
Australians or Papuans (based on the difference in Denisovan
ancestry estimates using f4-ratio statistics; Figure 4B).

We used the S’ framework'® to identify (high confidence)
archaic regions in the genomes of Ayta Magbukon and Papuans
(see STAR Methods) and to exclude the potential biases in f4-ra-
tio statistics for estimating the levels of archaic ancestry in

4222 Current Biology 37, 4219-4230, October 11, 2021
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B Figure 2. Ayta Negritos exhibit the highest
levels of Denisovan ancestry
(A) Map showing distribution of populations with
the indicative levels of Denisovan ancestry
estimated by f4-ratio (Mbuti;Neanderthal,East-
Asian,X)/(Mbuti,Neanderthal,EastAsian, Deniso-
van) (see Data S1 for the complete list of Deniso-
van ancestry estimates among 118 ethnic groups
Ay;zf:l_':g;" : of the Philippines).
AgtaRemontage] o (B) Asia-Pacific populations, represented by five
AgtaDupenngon| least admixed individuals per group, with the
el o highest levels of Denisovan ancestry estimated by
el o f4-ratio statistics. Thick and thin error bars repre-
sent 1 and 1.96 standard error of the estimate,
respectively.
See also Figures S2-S5 and Data S1.
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populations.”® The average amount of Denisovan sequence
per individual in Ayta Magbukon is significantly higher than that
of Papuans (51.94 Mb [95% CI: 44.62.66-59.25 Mb] versus
41.96 Mb [95% Cl: 39.54-44.37 Mb]; p = 3.7 x 10~%), showing
that Ayta Magbukon have at least ~24% more Denisovan
ancestry than in Papuans (Figures 4D and S6C). Moreover,
both Ayta Magbukon and Papuans exhibit Denisovan segments
that have moderate affinity to the reference Altai Denisovan, a
match rate of ~50% (Figures 5A and 5B). This suggests that
the archaic groups introgressing into the Ayta Magbukon and
Papuans are likely to be distantly related to the Altai Denisovan
of Siberia, consistent with previous observations.'>'®

The high levels of Denisovan ancestry in Ayta may be due to a
recent Denisovan admixture event into this population. This
would make the admixture tracts longer and easier to detect,
which may conceivably account for the 24% excess Denisovan
ancestry relative to Papuans. However, we find that this is not the
case, given that the mean tract lengths are similar for the Ayta
and Papuans (260 Kb [95% ClI: 239-282 Kb] versus 262 Kb
[95% CI: 254-271 Kb]; Mann-Whitney test; p = 0.6). Likewise,
we do not find a significant difference in the cumulative distribu-
tions of Denisovan tracts in Ayta Magbukon and Papuans (Kol-
mogorov-Smirnov test; p = 0.70). Our findings imply that the
admixture is of similar age in the two populations, which lends
credence to our claim that there is more Denisovan admixture
in the Ayta than in Papuans.

Tract lengths of Denisovan ancestry have previously been
investigated in Papuans and in some Philippine Negrito groups
with varying results. Browning et al."® found no difference in De-
nisovan tract lengths attributed to the suggested two introgres-
sion events into East Asians and Papuans. Similarly, Jacobs
et al.’® found no difference in mean Denisovan tract lengths in
Papuans but reported a difference in the tract length distribution
consistent with two different Denisovan introgressions into Pap-
uans. Wall et al."® found slightly longer mean tract lengths in an
Aeta group (likely the Ayta Mag-antsi and Mag-indi in our data-
set) than in Papuans, suggesting separate Denisovan introgres-
sion events into Aeta and Papuans. Note, however, that the
mean tract lengths found by Wall et al.’® are ~15 times shorter
than those found by Jacobs et al.’® and, in our estimates, at least
partly attributed to different inference approaches, making direct
comparisons difficult.
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Figure 3. Ancestral Philippine Negritos exhibit higher levels of Denisovan ancestry than Australopapuans
(A) Correlation between Denisovan ancestry and Australasian ancestry. Philippine Negritos fall outside the slope formed by populations with Papuan-related

ancestry.

(B and C) Denisovan ancestry in Northern Negritos versus Papuans (B) or Australians (C), before and after accounting for East Asian admixture. Masked or
unmasked labels indicate removal or non-removal of East Asian ancestry following RFMix analysis (see STAR Methods).
(D) Extrapolation on the level of Denisovan ancestry in an ancestral “unadmixed” Negrito population by plotting Denisovan ancestry and East-Asian-related

ancestry.

(E) Ratio of Denisovan ancestry over Australasian-related ancestry where Philippine Negritos display significantly higher values over near Oceanians or remote
Oceanians (Mann-Whitney U test). Thick and thin error bars represent 1 and 1.96 standard error of the estimate, respectively.

See also Figures S2-S5 and Data S1.

Independent Denisovan introgression event into
Philippine Negritos
The significantly higher level of Denisovan ancestry in Ayta Mag-
bukon relative to Papuans highlights the possibility of an inde-
pendent Denisovan introgression event in the Philippines among
Negritos that is different from the Denisovan introgression event
into the ancestors of Australopapuans. This observation is
consistent with recent studies suggesting multiple pulses of De-
nisovan introgression into humans, that Denisovans were prob-
ably widespread throughout ISEA, and that Ayta Negritos were
likely to have experienced a second Denisovan introgression
event.'21516.18:27 Hence, we further examined the lines of evi-
dence for an independent Denisovan introgression event into
Negritos after the divergence between Negritos and Papuans.
First, we find that Negritos possess a Denisovan ancestry thatis
not associated with the Australasian-related ancestry in Australo-
papuans (Figure 3A; see STAR Methods). Most Negritos form a
clear outlier to the slope that correlates Denisovan ancestry and
Australasian-related ancestry in Oceanians and Indonesians (Fig-
ure 3A). Second, the substantially higher Denisovan ancestry in
Negritos (Figures 3B, 3C, 4A-4D, and S5A-S50), relative to

Papuans, is consistent with a model of an additional Denisovan
introgression event into Negritos. Alternatively, it could be caused
by a dilution of Denisovan ancestry in Papuans by admixture with
populations containing little Denisovan ancestry. However,
neither we (Figures S7TA-S7L; see STAR Methods) nor previous
studies®*?® find evidence for recent gene flow from East Asians
or Europeans into highland Papuans. On the contrary, Negritos
do display evidence for recent admixture with Cordilleran-related
East Asians (who carry very little Denisovan ancestry; Figures 1D,
S3A, and S3B). Third, an explicit population topology model using
gpGraph, based on a shared Denisovan introgression event into
Negritos, Australians, and Papuans, was rejected (Figure 6A;
see STAR Methods). This is in contrast to the models fitting a
separate Denisovan introgression event into Negritos (Figures
6B and 6C; all f-stats are within 1.18 standard error).

Simulations support two distinct Denisovan lineages
introgressing independently into Ayta Negritos and
Papuans

We performed simulations using the coalescent simulator
msprime?? (see STAR Methods) to evaluate whether a null model
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Figure 4. Analyses of high-coverage genomes confirm higher levels of Denisovan ancestry in Ayta Magbukon relative to Australopapuans
(A) Using high-coverage genomes of Ayta Magbukon, Papuans, Australians, Bougainville Islanders, and East Asians, percentage Denisovan ancestry were
estimated using the statistic f4-ratio (Mbuti;Neanderthal,Han,X)/ (Mbuti;Neanderthal,Han,Denisovan).

(B) Percentage difference in Denisovan ancestry based on f4-ratio statistics.

(C) Direct comparison of Denisovan ancestry between Australians, Papuans, and Ayta Magbukon, using the statistic D(Mbuti;Denisovan,Y1,Y2) (see Data S2C).
(D) Mean plus SEM of Denisovan sequence detected per individual using S’ approach. Inferred model of Denisovan introgression events into Philippine Negritos
and Papuans is shown (see STAR Methods).

(E) Topology of East Asians and Australasians indicating the pulses of Denisovan introgression into Papuans and East Asians as previously reported in Browning
et al.’® and Jacobs et al.'® and an independent pulse of Denisovan introgression into Philippine Negritos reported here. Time of divergence between East Asians
and Australasians was previously reported in Malaspinas et al.®* Divergence time between Philippine Negritos and Papuans was estimated using the Two-plus-
Two method (see STAR Methods; Sjédin et al.”°). Mean date of admixture between Philippine Negritos and East Asians was inferred using Malder. Values

between brackets represent 95% confidence interval. Thick and thin error bars represent 1 and 1.96 standard error of the estimate, respectively.

See also Figures S6 and S7 and Data S2.

of shared Denisovan introgression event into the common
ancestor of Ayta Negritos and Papuans (Figure 7F) or the alterna-
tive models (Alt1, Alt2, Alt3, and Alt4) of multiple Denisovan
admixture events (Figures 7K, 7P, 7U, and 7Z) produce patterns
of Denisovan ancestry that are consistent with the observed data
(Figures 7A-7E), where Ayta Negritos possess higher levels of
Denisovan ancestry than Papuans. Alt1 model (Figure 7K) de-
picts an additional admixture event into Ayta Negritos coming
from a distinct and unsampled Denisovan population, after an
admixture event in the shared ancestral population of Ayta
Negritos and Papuans. Alt2, Alt3, and Alt4 models depict
completely separate Denisovan introgression events into the
ancestral populations of Ayta Negritos and Papuans happening
at different time periods (Alt2 and Alt3; Figures 7P and 7U) or at
similar times (Alt 4; Figure 72).

In contrast to a null model of shared Denisovan admixture
event, simulations based on a model with a separate Denisovan
introgression event into Negritos (Alt1, Alt2, Alt3, and Alt4) pro-
duce patterns of Denisovan ancestry that are consistent with
the observed data (Figure 7). All alternative models consistently
replicate three pieces of empirical evidence: (1) higher level of
Denisovan ancestry in Ayta Negritos than in Papuans; (2) higher
ratio of Denisovan over Australasian ancestry in Ayta Negritos
than in Papuans; and (3) Ayta Negritos falls outside the slope
formed by Papuan-related groups when plotting the correlation

4224 Current Biology 37, 4219-4230, October 11, 2021

between Denisovan ancestry and Australasian ancestry (Fig-
ure 7). Only Alt4 model, where the timing of the separate Deniso-
van introgression events into Ayta Negritos and Papuans
occurred around the same time, produced similar levels of
mean Denisovan tract length in Ayta Negritos and Papuans, a
pattern consistent with the empirical data (Figures 7C and
7Ab). Consequently, only the Alt4 model produced qualitative
patterns that are consistent with all of the empirical data.

Altogether, our simulations provide support for the presence
of two separate Denisovan lineages that independently intro-
gressed into the ancestors of Ayta Negritos and Papuans, likely
occurring around the same time after the Negrito-Papuan diver-
gence 53 kya (95% Cl: 41-64 kya). Upon entry of the first modern
human migrants into Sunda and Sahul (ancestors of Negritos
and Australopapuans), these ancestral Australasian groups likely
experienced admixture with deeply divergent Denisovan-related
populations scattered all throughout the ISEA and the Oceania
region.'>'®

Despite the fact that the populations with the highest levels of
Denisovan ancestry are found in the regions of ISEA and Near
Oceania, no Denisovan fossils have yet been discovered in the
area. This may, in part, be limited by the lack of information on
the definitive phenotypic characteristics of Denisovans. Most
of the available knowledge on Denisovans is based on genomic
data from the Altai Denisovans of Siberia.>'® The only other
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Figure 5. Contour density plots showing the
affiliation of S’-detected introgressed seg-

ments to the reference archaic genomes
Contour density plots of match rate to the refer-
ence Vindija Neanderthal and Altai Denisovan
genomes, using the S’-detected introgressed
\ segments in Ayta Magbukon Negritos (A) and
Papuans (B). The numbers within the plots corre-
spond to the height of the density for each contour
line, and contour lines are shown for multiples of 1
(solid lines) and multiples of 0.1 between 0.3 and
0.9 (dashed lines). See also Figure S6.

A Ayta Magbukon B

c 1.0 c 1.0

g g L

3 3084253

3 o =

[a) 0 0.6 -

IS IS

< < 0.4 1

ie] \ e

5 o \\\\‘ 5 0.2

I f,f-;:\ ( \\:Q\ I 2

s .nj\l ~-D 2\ > 0.0 ]
0.4 0 6 1.0 0.0

Match to Vindija Neanderthal

direct evidence of Denisovans outside of Siberia is from the
Baishiya Karst Cave site of the Tibetan Plateau,**>' where an
ancient proteome and an ancient mitochondrial DNA analysis re-
vealed the Xiahe hominin to be phylogenetically affiliated with the
Altai Denisovan. This led to the proposition that the other previ-
ously discovered archaic humans in the region may in fact be De-
nisovans, such as, among others, the Xujiayao and Penghu-1 in-
dividuals (Figure $1).53233 Additionally, the physical evidence
for a previously undescribed hominin in Luzon 67 kya, where pre-
sent-day Negritos reside,®**° combined with the genetic evi-
dence presented here, raises the possibility that the suggested
Homo luzonensis and Denisovans were likely genetically related,
either as distinct forms or possibly belonging to the same group
residing on the islands.*®*” Furthermore, it is not entirely impos-
sible that the recently identified new species of archaic hominins
in the Indonesian island of Flores, the Homo floresiensis,*® may
also be related to Denisovans. Hence, the presence of multiple
archaic human remains in the region, together with the genomic
evidence presented here and elsewhere, 16313739 raises the
possibility that the Denisovans comprised deeply structured
populations with considerable genetic and phenotypic diversity,
enabling them to adapt into a wide variety of environments and
thus inhabit a broad geographic range across the Asia-Pacific
region.*®74%41 This is supported by the genomic data showing

c

Northern
Negrito

Northern
Negrito

81%19%

60 _
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worst f score: -1.181

Null model

worst f score: -3.625

1.0
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that Papuans experienced a distinct Denisovan introgression
event as recent as ~25-30 kya, '®*” which is several millennia af-
ter the divergence between Ayta Negritos and Papuans ~53 kya.
Though our interpretation provides a parsimonious explanation
for the overlapping presence of archaic human remains and pre-
sent-day populations with high levels of Denisovan ancestry in
ISEA, this is not in line with the current palaeoanthropological an-
alyses of the available fossil data. The definitive phylogenetic re-
lationships between Denisovans, Homo luzonensis, Homo flore-
siensis, and other archaic hominins in the region still remain to be
determined and will likely be resolved with the availability of
ancient DNA or ancient proteomic data in the future.

Conclusions

While we await the discovery and successful extraction of
ancient DNA from Denisovans in challenging tropical environ-
ments of the ISEA region, a computational genetic approach ap-
pears to be the only viable alternative at this stage.”'>*? This
approach was previously shown to be successful in advancing
our understanding on how archaic hominins shaped our past
and our biology.”®“%*! Moreover, as we take full advantage of
the available computational tools, we underscore the impor-
tance of including underrepresented populations in genomic in-
vestigations, such as the Philippine Negritos. Our genomic

Figure 6. Admixture graph models of Deni-
sovan introgression into Philippine Negritos
and Papuans

Admixture graphs for the null, alternative 1, and
alternative 2 models indicating the number of
archaic introgression events into Ayta Negritos
and Papuans.

(A) Null model depicts a single Denisovan intro-
gression event into the ancestral populations of
Ayta Negritos and Papuans.

(B) Alternative 1 model depicts an additional
admixture event into Ayta Negritos coming from a
distinct and unsampled Denisovan population,
3 after an admixture event in the shared ancestral

population of Ayta Negritos and Papuans.
Alternative 2 model (C) Alternative 2 model depicts two completely
worst f score: -1.181

separate Denisovan introgression events into the
ancestral populations of Ayta Negritos and Pap-
uans. Only alternative 1 and 2 models are not re-
jected (Z score = —1.181).

See also STAR Methods.
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analysis on Philippine Negritos shed light on an important sec- O Admixture Analysis
tion of human evolutionary history: the previously unappreciated O East Asian-related Admixture in Negritos
complex interactions between modern humans and Denisovans O Divergence Time between Negritos and Papuans
in the ISEA region. O D and f4-ratio statistics on genotyped data
Here, we have presented evidence for the possible presence O RFMix-based masking of East Asian ancestry
of diverse Islander Denisovan populations, who differentially ad- O Correlation analysis
mixed with incoming Australasians across multiple locations and O Sequencing Analyses of Ayta Magbukon Negritos
at various points in time. Consequently, this led to variable levels O D and f4-ratio statistics on sequenced data
of Denisovan ancestry in the genomes of Philippine Negritos and O S’ method
Papuans. In ISEA, Philippine Negritos later admixed with East O Correlation Between Denisovan and Australasian
Asian migrants who possess little Denisovan ancestry, which ancestry
subsequently diluted their archaic ancestry. Some groups O Evaluating Recent Admixture in Philippine Negritos
though, such as the Ayta Magbukon, minimally admixed with versus Papuans
the more recent incoming migrants. For this reason, the Ayta O Admixture Graph Analysis
Magbukon retained most of their inherited archaic tracts and O Simulation of Demographic Scenarios
left them with the highest level of Denisovan ancestry in the
world. SUPPLEMENTAL INFORMATION
STARxMETHODS Supplemental information can be found online at https://doi.org/10.1016/].

cub.2021.07.022.

Detailed methods are provided in the online version of this paper
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Figure 7. Evidence for independent Denisovan introgression event into Philippine Negritos

(A and B) Empirical evidence for higher Denisovan ancestry in Ayta relative to Papuans estimated by f4-ratio statistics on genotyped data (A) and S’ method on
sequence data (B).

(C) Mean Denisovan tracts lengths in Ayta Magbukon versus Papuans.

(D) Ratio of Denisovan ancestry over Australasian ancestry in Ayta-related and Papuan-related populations.

(E) Correlation between Denisovan ancestry and Australasian ancestry, where Negritos (red line) fall outside the slope of the Papuan cline (blue line).

(F-Ad) Diagram for the null (F), alternative models 1-4 (K, P, U, and Z) indicating the number and the time of archaic introgression events into Ayta Negritos and
Papuans, simulated using msprime (see STAR Methods), with the respective estimated levels of Denisovan ancestry (G, L, Q, V, and Aa), mean Denisovan tract
length (H, M, R, W, and Ab), ratio of Denisovan ancestry over Australasian ancestry (I, N, S, X, and Ac), and correlation between Denisovan ancestry and
Australasian ancestry (J, O, T, Y, and Ad). Australasian ancestry was estimated using gpAdm. All pairwise comparisons were tested for significance using the
Mann-Whitney U test with Holm-Bonferroni correction. Error bars represent standard error of the mean.

See also Tables S1 and S2.
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Mattias Jakobsson
(mattias.jakobsson@ebc.uu.se).

Materials availability
This study did not generate new unique reagents.

Data and code availability

All requests to access the genotype and sequence data presented in this work are managed through the Data Access Committee of
the official data repositories at the European Genome-phenome Archive (https://ega-archive.org/ega/home; Database:
EGAS00001005408 and EGAS00001005407). The data generated in this study can be obtained for the purposes of academic
research on genetic origins and diversity following approval by the Data Access Committee. All simulation scripts used in this study
are available at https://github.com/jammc313/Philippine_Denisovan_Ancestry.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human Subjects

All 1,186 samples were obtained from human subjects who are at least 18 years old. Consent was obtained from each participant,
and whenever necessary, from the participant’s respective Indigenous Cultural Community Council. Community preparation and
consultation, consent process, sampling, and presentation of results back to the community was implemented in partnership with
the National Commission for Culture and the Arts (NCCA) and/or other local partners listed in S| Appendix 10 of related publication'".
Saliva samples were collected from participants with the use of Oragen Saliva Collection Kit (DNA Genotek Inc, Ottawa, ON, Canada).
Individuals were asked to report their degree of relationship to other participants, their ethnicity, as well as the ethnicity of their par-
ents and grandparents. Only unrelated individuals (at least 3™ degree) and participants who have all of their four grandparents
belonging to the same self-identified ethnic group were included in the study.

Ethical Considerations

With the aim of establishing baseline scientific data for the genetic diversity, interrelatedness, and migration history of Philippine
ethnic groups, this project was implemented in partnership with the NCCA of the Philippines, pursuant to the provisions of Philippine
Republic Act 7356, or the Law Creating the NCCA. In some regional areas, the project was also implemented in coordination with
Local Government Units, local non-governmental and cultural organizations, local educational institutions, Indigenous Cultural Com-
munity Councils, and/or National Commission on Indigenous Peoples regional offices (see S| Appendix 10 of related publication'"). In
addition, the processing and analysis of samples aimed at investigating Philippine Genetic Variation was approved by the Regional
Ethical Review Board in Uppsala, Sweden (Dnr 2016/103). The research project was implemented in accordance with the regulations
of UNESCO International Declaration on Human Genetic Data. The ethical aspect of this research work has also been reviewed and
validated by the Uppsala University Board for Investigation of Deviations from Good Research Practice, the Ethics Review Appeals
Board of Sweden, and following consultation with independent bioethicists specializing in the region, the editors of Nature,®” and the
editors of Proceedings of the National Academy of Sciences of the United States of America ."".

Ethnolinguistic Background of Philippine Negritos

All Philippine Negritos speak a language that is classified under the Malayo-Polynesian (MP) branch of the Austronesian language
family. To date, there are ~30 self-identified Negrito groups who speak a distinct MP language. Many of these languages are clas-
sified as severely endangered, while some, such as those of Iraya Agta, Dicamay Agta, and Villa Viciosa Agta, have already been
declared extinct. In addition, the majority of these languages are classified as a first order branch within their respective subfamilies,
indicating long periods of isolation among Negrito groups. This isolation likely brought about wide-ranging innovations into their lan-
guages, thereby distinguishing it from the other languages of neighboring non-Negritos.

In this study, we have included a total of 25 MP-speaking Negrito populations (Figure 1A), who following direct consultation with the
respective cultural communities, are labeled in accordance with the group’s own preference to be called themselves. Most of the
group names are based on the retention of a reflex of the proto-MP word *?a(R)ta, which refers to ‘Negrito person’'®. The variations
in their group names are alterations in the reflex of the medial consonant proto-MP *R, for instance the group names of Arta, Agta,
Ayta, Alta, and Atta. Other group names are based on locations, such as Dupaningan and Dumagat, where both words retain the initial
du as an old locative specifier. Dupaningan comes from the word dupaneng ‘other side or opposite side of the mountain’ and the
locative nominalizing suffix -an. Dumagat is an endonym for the Negrito group that lives along the Umiray River, such as the Dumagat
Agta of General Nakar in this study. The word Dumagat is derived from the locative specifier du ‘from’ and the place called magat
‘Magat River’, hence Dumagat would refer to the people ‘from Magat river’, indicating local historical migrations which may pertain
to the origins of Dumagats from the Magat River basin.
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The subsistence patterns of Philippine Negritos that we visited have increasingly shifted toward a mixed foraging and farming and/
or urbanized lifestyle. Some engage in local trades and/or in seasonal contractual labor. Of all the Negrito groups we visited, only
some individuals from the Agta Maddela and Agta Casiguran cultural communities retained a predominant hunting and gathering
way of subsistence. This is consistent with previous observations, where in a span of four decades®, the combination of forest
degradation, expansion of agricultural lands, increased accessibility brought about by rapidly expanding infrastructure development,
and the inroads of modernized lifestyle have significantly affected the cultural practices of Negritos away from their traditional
nomadic hunter-gathering mode of living.

Aside from the change in subsistence patterns, the religious practices of Philippine Negritos have also largely shifted in the advent
of increasing development and urbanization, where Christian missionaries gradually extended their reach into the formerly inacces-
sible areas of Negrito cultural communities. Despite being Christianized, most Negritos still retain some traditional or animistic fea-
tures in their belief system.

In this study, we grouped the Negrito populations based on their geographic location and the genetic clusters observed following
PCA and Admixture analysis (see STAR Methods). The Philippine Negritos are classified into Northern Negritos of Luzon and South-
ern Negritos outside of Luzon. Additionally, Northern Negritos are classified into Northeast Luzon Negritos, Central Luzon Negritos,
Southern Luzon Negritos, and Southeast Luzon Negritos.

Northeast Luzon Negritos

The Northeast Luzon Negritos include Negrito populations found in Cagayan, Isabela, and Quirino provinces of the Cagayan Valley
region and the northeast section of Aurora province. The Northeast Luzon Negritos in this study are represented by the cultural com-
munities of Agta Labin of Lal-lo, Cagayan; Agta Dupaningan of Palaui Island, Cagayan; Atta Rizal (also known as Agta Rizal or Atta
Faire) of Rizal, Cagayan; Agta Casiguran of Casiguran, Aurora and Nagtipunan, Quirino; Agta Maddela of Maddela, Quirino; and Arta
of Nagtipunan, Quirino. Northern Alta cultural communities, who found in Baler, Diteki and San Luis, Aurora, are not included in this
study.

Central Luzon Negritos

The Central Luzon Negritos are the Negrito cultural communities of Bataan, Zambales, Pampanga and Tarlac provinces of the Central
Luzon region. They are collectively referred to as the Ayta (or Aeta) Negritos, and speak a MP language that is classified under the
Sambalic group. The five Ayta cultural communities included this study are the Ayta Ambala, Ayta Magbukon, Ayta Sambal, Ayta
Mag-antsi, and Ayta Mag-indi. Ayta Ambala and Ayta Magbukon cultural communities are found in the province of Bataan. Outside
of Bataan are the Ayta Sambal cultural communities in Botolan and Cabagan, Zambales; Ayta Mag-indi cultural communities in Flor-
idablanca and Porac, Pampanga and in San Marcelino, Zambales; and Ayta Mag-antsi cultural communities in various towns of Tar-
lac, Zambales, and Pampanga. The Ayta group included in a recent genomic study'® likely involved the Ayta Mag-antsi and Ayta
Mag-indi cultural communities of Pampanga and Tarlac provinces. To our knowledge, this is the first comprehensive genome-
wide investigation of the Ayta Magbukon and Ayta Ambala ethnic groups.

Southern Luzon Negritos

The Southern Luzon Negritos include the Negrito populations residing in the Quezon and Rizal provinces of the Southern Luzon re-
gion. The Dumagat Agta of General Nakar, Quezon, Remontado Agta of Tanay, Rizal, and the Southern Alta of General Tinio, Nueva
Ecija comprise the Southern Luzon Negritos represented in this study.

Southeast Luzon Negritos
The Southeast Luzon Negritos include the Negrito populations of the Bicol region and the Lopez municipality of Quezon province. In
this study, the Southeast Luzon Negritos are represented by the cultural communities of Agta Lopez from Lopez, Quezon; Agta Man-
ide from Jose Panganiban, Camarines Norte; Agta Isarog from Ocampo, Camarines Sur; Agta Iriga from Iriga City, Camarines Sur;
Agta Iraya from Buhi, Camarines Sur; Agta Matnog from Matnog, Sorsogon; and Agta Bulusan from Bulusan, Sorsogon.
Phenotypically, Agta Bulusan and Agta Matnog appear more similar to the neighboring non-Negrito populations. These observa-
tions are supported by our f statistical, gpAdm, and Admixture analyses, where both groups display minimal Negrito and Denisovan
ancestry. The levels of Negrito ancestry in both Agta Matnog and Agta Bulusan are similar to the levels found in neighboring non-
Negrito Waray and Bicolano ethnic groups.

Southern Negritos

Southern Negritos are self-identified Negrito groups who inhabit the islands south of Luzon, such as the Batak of Palawan, the Ati of
Panay and Negros Islands, and the Mamanwa of Mindanao. The Ati group in this study are represented by the cultural communities of
Nagpana, lloilo and Marikudo, Negros Occidental; while the Mamanwa and Batak are represented by the cultural communities of
Lake Mainit, Surigao del Norte and Puerto Princesa City, Palawan, respectively.

Geologic Context of the Philippines and the rest of ISEA
The Philippines is an archipelago of 7,641 islands situated in the region of Island Southeast Asia (ISEA). Most of the Philippine Islands lie
within the Philippine mobile plate, a complex section that is positioned between the tectonic boundaries of the Eurasian plate and the
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Philippine Sea plate. In contrast to the presence of dynamic seismic activity and volcanism at the plate margins of the Philippine mobile
belt, the southwest section of the Philippines is more stable. This section includes the island of Palawan and those of the Sulu Archi-
pelago. The Palawan micro-block and the Sulu micro-block form part of the northeast protrusions of the largely aseismic Sunda block.

In the course of past glacial cycles, the geography of the Philippines and the rest of ISEA has been modified by regional and global
processes. Tectonic changes at the active plate margins, where the Philippine Islands lie, play some role in regional modifications. On
a global scale, climate fluctuations influenced the magnitude of glaciation at the extreme latitudes, serving as the main factor deter-
mining the rise and fall of sea levels and the associated submergence or exposure of low-lying sections of landmasses’®’". The
changes in sea levels, with a magnitude of up to 100-150 m, have their greatest impact on shallow continental shelves such as
the large landmass of Sundaland’. These dramatic changes can influence the migration and settlement patterns of human popu-
lations, causing isolation and differentiation, bottleneck, or expansion.

The location of past shorelines and the area extent of exposed landmasses was reconstructed using the information from earth
rheology parameters that are appropriate for ISEA region, ocean-floor bathymetry using the GEBCO 30 global gridded data
(https://www.gebco.net/data_and_products/), and inferred models of glaciation from 140 kya to the present’®. For instance, the
lower sea levels throughout the last glacial period have left the shallow continental shelves of the Sunda Block largely exposed'" (Fig-
ure S1): the Malay peninsula is interconnected with the present-day major islands of Sumatra, Java, and Borneo, forming one large
biogeographical region of Sundaland. Gaining access to the Philippines from Sundaland only requires minimal water crossings, as
narrow as ~3 km during the last glacial maximum ~21 kya. From northeast Borneo, the accessible pathways are either via the Pal-
awan-Mindoro corridor or the Sulu Archipelago-Zamboanga Peninsula corridor. Given the recent period of deglaciation and the
concomitant rise in sea levels, the more tractable pathway starting ~14.5 kya is via the southern passage of the Sibutu-Basilan Ridge.

Paleolithic Archeology of the Philippines and the Surrounds

The earliest evidence of hominin activity in the Philippines is currently located in the province of in northern Luzon’*. The site was
dated to ~700 kya, and is characterized by an assemblage of in situ megafaunal fossils and lithic artifacts. A disarticulated skeleton
of alocal Rhinoceros species was shown to have evident cutmarks, which were attributed to anthropogenic butchery. Other archeo-
logical sites, though with limited stratigraphic information, occur throughout the Philippines; these include rockshelters, caves, and
open sites containing stone artifacts (Figure S1). Likely Paleolithic sites include Arubo, Cabarruyan Island, Novaliches, llle Cave, Bu-
bog rockshelter, and Huluga”""®.

The only Upper Paleolithic fossilized remains of Homo sapiens that have been recovered so far in the Philippines are the osteolog-
ical materials from the Tabon cave site complex of Palawan Island’’. Using Uranium-series (U-series) dating, three sets of human
remains were directly dated to 16.5 kya, 31 kya, and 47 kya’®. More recently, a third metatarsal hominin bone was recovered
from the Callao Cave of Cagayan province, and was U-series dated to 67 kya®*. A more comprehensive analysis of the twelve addi-
tional hominin elements from the same site revealed a combination of ancestral and derived morphological characteristics. The com-
bination of these traits were not found in any known species of Homo, and hence was designated as a new species of Homo
luzonensis®®.

Outside of the Philippines, the Deep Skull from Niah Cave, Sarawak, Borneo is the oldest fossil of an anatomically modern humanin
ISEA”®. The Deep Skull was dated to 45-39 kya based on direct U-series dating of the cranial bone and radiocarbon dating of char-
coal from nearby sediments. The majority of other Paleolithic human remains discovered in the ISEA region are classified as archaic
hominins. In the island of Java, several excavations from the 1890’s to the earlier part of the 20™ century put forward the early dis-
coveries of the Java Man, Ngandong Man, Mojorkerto child, and Sangiran 2 individual; all of which were recently characterized as
having features belonging to the Homo erectus species®*® and dated to as recent as 108 kya®*. In 2003, a 1.1 m-tall individual
was discovered at Liang Bua on the island of Flores, Indonesia®®, which was also defined as a new species of archaic hominins,
coined as the Homo floresiensis. The skeletal remains of Homo floresiensis are dated to 50-100 kya, while the artifacts accompanying
the skeletal remains are dated to 50-190 kya®>®".

No fossilized remains of Denisovans was as of yet found in ISEA and Near Oceania. This is despite the fact that the region are in-
habited by ethnic groups possessing the highest levels of Denisovan ancestry. Aside from the Altai Denisovan of Siberia, the only
other direct evidence on the presence of Denisovans is the Xiahe individual from the Tibetan Plateau®®*'. Our current knowledge
on Denisovans is largely based on the high-coverage genomic data of Altai Denisovan from Siberia. Given the scant material that
were established as definitively Denisovans, we presently carry limited information on the general physical features and phenotypic
variability of Denisovans. We are not certain though whether some previously discovered archaic humans in the Asia-Pacific region
may in fact be Denisovans or Denisovan-related. These fossilized remains contain some features that were either characterized as
archaic or a combination of archaic and modern, which include, among others, the Dali, Maba, Xujiayao and Penghu-1 individ-
uals®*323%88 (Figure S1). Moreover, it is not entirely impossible that the recently identified new species of archaic hominins in the
ISEA region such as the Homo floresiensis of western Indonesia®® and Homo luzonensis of northern PhiIippinesS5, may also be De-
nisovans or Denisovan-related. To date, no ancient autosomal DNA material has been successfully extracted from any of these
archaic fossils discovered outside of Siberia.
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METHOD DETAILS

Sample Processing and Genotyping

In addition to the 1,090 Philippine samples genotyped and analyzed in a related study'", we generated additional data from 96 sam-
ples, which includes 75 previously unreported, self-identified Negrito individuals. DNA extraction from samples was performed using
the preplT DNA isolation kit (DNA Genotek Inc., Ottawa, ON, Canada). The DNA samples were sent for genotyping, using Infinium
Omni2-5Exome-8v1-3 Bead Chip (2,612,357 SNPs), at the SNP&SEQ Technology Platform at Uppsala University. The genotyped
samples had an average call rate of 99.85% and reproducibility of 99.99% (54 conflicts in 2,612,141 duplicate tests).

Filtering and Merging of Genotyped Datasets
The newly genotyped data were filtered by removing SNPs with > 10% missingness, indels, duplicates, unmapped and non-auto-
somal SNPs, and SNPs that were not in Hardy-Weinberg equilibrium. The dataset was then merged with the 1,090-individual Phil-
ippine dataset, and family relationships were inferred using the KING v2.2 software, where related individuals are defined by having a
kinship coefficient of at least 0.0844 (3 degree relationship). Only a single individual from each set of related pairs was retained,
resulting in the exclusion of 79 individuals, and generating a final Phil_2.35M dataset with 1,107 individuals and 2,352,547 SNPs.
The Phil_2.35M dataset was merged with previously published datasets to generate four additional datasets: i)
Phil_1KGP_SGDP_1.92M dataset with 1,691 individuals and 1,924,387 SNPs after merging with a worldwide panel of populations
from 1000 Genomes Project’® and Simon’s Genome Diversity Project®®; i) Phil_AsiaPacific_315K dataset with 5,132 individuals
and 315k SNPs after merging with the panel 1 above plus lllumina-based Malaysian®, Indonesian*®~*°, and other Asian®® panels;
iii) Phil_HO_201K dataset with 5402 individuals and 201k SNPs after merging with the Affymetrix Human Origins-based world-
wide®'*?, East Asian®®, MSEA®*, Indian®’, and Oceanian®®°® panels; and iv) Phil_EGVP dataset after merging with the Estonian
Genome Diversity Variation panel**.

Whole Genome Sequencing

Sample library preparation and sequencing were performed at the SNP&SEQ Technology Platform facility in Uppsala. Sequencing
libraries were prepared from 100 ng DNA using the TruSeq Nano DNA sample preparation kit (lllumina Inc.), in accordance with the
manufacturer’s instructions. Libraries were sequenced on the NovaSeq6000 platform, using the S4 flowcell and v1 sequencing
chemistry, to obtain paired end reads of 150 bp length, and an average sequencing depth of at least 30X for each sample. The work-
flow for data pre-processing and variant calling was implemented following the best-practices recommendations of the Genome
Analysis Toolkit (GATK) pipeline®®®"°°_ In addition to the five newly generated Ayta Magbukon genome sequences, we processed
in parallel the publicly available SGDP genome sequences of Papuans, Australians, Bougainville Islander, Kankanaey, Amis, Atayal,
Han, Japanese, French, Spanish, Mbuti, Juhoansi, Biaka, Khomani San, and Yoruba.

Reads were mapped onto the human reference genome hs37d5, using the ‘bwa mem’ algorithm of the Burrows-Wheeler Aligner
v0.7.17%°. Subsequently, duplicates were marked with PicardTools, and base quality scores recalibrated using the BaseRecalibrator
tool of GATK v3.8. Variant calling per sample was implemented using HaplotypeCaller®® in GVCF mode, and the per-sample GVCFs
were consolidated using the joint genotyping tool, GenotypeGVCFs. Variant filtering was implemented with Variant Quality Score Re-
calibration using the VariantRecalibrator and ApplyRecalibration tools of GATK v3.8, which generated the multi-sample VCF file con-
taining 24,349,659 variants. The mean sequencing depth per sample for the five newly generated Ayta Magbukon genomes is 37.92x
(29.12 - 56.90).

QUANTIFICATION AND STATISTICAL ANALYSIS

Principal Component Analysis
To determine the genetic relationships of Philippine Negritos to other populations outside of Africa, we performed a Principal compo-
nent analysis (PCA) using EIGENSOFT on a subset of populations from the Phil_1KGP_SGDP_1.92M dataset with a sample size limit
per population of 20 individuals and without outlier removal. The subset includes all Philippine Negritos; Cordillerans, Amis, and
Atayal to represent East Asians; Australians, Papuans, and Bougainville Islanders to represent other Australasians, and all West Eur-
asians from the SGDP dataset (Figure 1B). PC1 is defined by the West Eurasian versus the East Asian clusters, while PC2 is defined
by the Australasian versus the East Asian cluster. All Philippine Negritos form a cline between the East Asian and Australasian clus-
ters, indicating admixture between the two sources. We then performed a subset PCA restricted to Philippine Negritos and other
populations in the ISEA and Oceania region (Figure S2A). PC1 is defined by the Australopapuan versus the East Asian clusters, while
PC2 is defined by the Negrito versus the Australasian cluster. Evidently, Philippine Negritos lie again on the cline between East Asians
(represented by Cordillerans) and the least admixed Negrito, Ayta Magbukon, indicating variable magnitude of historical admixture
between Negritos and East Asian-related populations. Moreover, Bougainville Islanders lie between the East Asian and Papuan clus-
ters, reflecting the impact of recent admixture between the resident Papuan-related population and the migrating Austronesian-
speaking populations in the past 3000 years®>°°.

A subset PCA performed on Negrito ethnic groups revealed Ayta Negrito versus Alta/Agta/Arta/Atta/Dumagat Negrito clustering on
PC1, and a Northern Negrito versus Southern Negrito clustering on PC2 (Figure 1C). Another subset PCA restricted to Northern
Negritos revealed at least three distinct clusters of Luzon Island Negritos; the Central Luzon Negritos (Ayta Ambala, Ayta Magbukon,
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Ayta Mag-antsi, Ayta Mag-indi and Ayta Sambal), Southeastern Luzon Negritos (Agta Manide, Agta Lopez, Agta Iraya, Agta Iriga and
Agta Isarog), and Northeast Luzon Negritos (Agta Dupaningan, Agta Labin, Atta Rizal, Agta Casiguran, Agta Maddela and Arta) (Fig-
ure S2B). The Southern Luzon Negritos (Southern Alta, Agta Dumagat and Agta Remontado) form a small cluster right next to the
Northeast Luzon Negrito cluster.

Using the Isq project function of EIGENSOFT v7.1°%%" a subset PCA was also performed on Africans, East Asians, Philippine
Negritos, Australopapuans, Denisovan, Neanderthal, and chimpanzee to identify the genetic affiliation of modern humans to archaic
hominins (Figure S2C). The present-day populations was projected onto the plane of first 2 components generated by performing
PCA on chimpanzee, Neanderthal, and Denisovan individuals. Among the present-day populations, Australopapuans and Philippine
Negritos lie toward the Denisovan axis; where most Ayta Magbukon individuals lie at the extreme edge, which is even farther than that
of any Papuan or Australian individuals.

Admixture Analysis

To determine the overall population structure of Philippine Negritos, we performed an unsupervised clustering method implemented
in ADMIXTURE?® (Figure S2D). We included in the analysis all Philippine Negrito ethnic groups, and limited the number of individuals
to 10 per population. In addition, we included 15 Cordillerans and 15 Papuans to serve as the least admixed reference for East Asians
and Australasians, respectively. We ran a total of 50 iterations for each of the 8 clusters using the default settings. Common modes of
replicates were identified using CLUMPP®?, and the major mode for each K cluster was plotted using Pong v1.4%.

Assuming two clusters (K2), the populations are split into black and green components, representing the Australasian and East
Asian clusters, where the Papuans represent the least admixed Australasian and the Cordillerans represent the least admixed
East Asian (Figure S2D). The Philippine Negritos acquire their own cluster at K3, which is represented by the red component. The
Ayta of Central Luzon represent the least admixed Philippine Negritos. From K4 to K8, the Philippine Negritos are further split into
the geographic clusters, with the appearance of Central Luzon Negrito cluster at K4 ((light red component, best represented by
Ayta Magbukon and Ayta Ambala), the Southern Negrito cluster at K5 (blue component, best represented by the Mamanwa), the
Southeast Luzon Negrito cluster at K6 (red component, best represented by the Agta Manide and Agta Lopez), the Southern Luzon
Negrito cluster at K7 (yellow component, best represented by the Alta, Agta Dumagat, and Agta Remontado), and the Northeast Lu-
zon Negrito clusters at K8 (red component represented by the Agta Maddela, Agta Casiguran and Arta and light blue component
represented by Agta Labin and Atta Rizal). Our analysis reveal at least five distinct population of Philippine Negritos, based on the
high support at K = 8 where we find 47 consistent results out of 50 iterations. At K = 8, the Northeast Luzon Negritos are even further
subdivided into two clusters, making the total number of distinct Negrito clusters up to six.

East Asian-related Admixture in Negritos

To determine the presence of East Asian admixture among Philippine Negritos, we implemented the test D(Mbuti;EastAsian,Pa-
puan,X); with Balangao Cordilleran utilized as a surrogate for the least admixed East Asian source (Figure S2E). We find that all Phil-
ippine Negritos display varied levels of gene flow from East Asians, with Ayta Magbukon presenting as the least admixed. To estimate
the levels of East Asian and Australasian-related ancestries in Negritos, we implemented the gpAdm?? tool of Admixtools v5.0 soft-
ware package. We first prepared a new dataset with reference ancient samples, by merging Phil_1KGP_SGDP_1.92M dataset with
published ancient DNA data to produce the Phil_1KGP_SGDP_Ancient_1.92M dataset, which was then haploidized and filtered to
keep transversion sites only, producing the Phil_1KGP_SGDP_Ancient_Transv_317K dataset with 317,220 SNPs. The ‘left’ popula-
tions include Balangao Cordilleran of the Philippines as the surrogate for the least admixed East Asian source and Papuan as the
surrogate for the least admixed Australasian source. The outgroup or ‘right’ populations include Juhoansi, Mbuti, Mota, Loschbour,
Anzick1, Ust’lshim, Sumiduouro8, and Karitiana. Overall, there is a wide variation in the magnitude of admixture with East Asians. For
instance, Ayta Magbukon and Ayta Ambala presented as the least admixed Negrito populations, with an East Asian-related ancestry
of only ~10%-30% (Figure 1D). On the other hand, both Agta Bulusan and Agta Matnog have the highest levels of admixture, pos-
sessing ~79%-85% East Asian-related ancestry. To estimate the date of admixture, we utilized MALDER®', which applies a
weighted linkage disequilibrium (LD) statistic-based method and allows detection of multiple admixture events. Philippine non-
Negritos, Amis, Atayal, mainland East Asians, and Australopapuans were set as putative source populations, while all Philippine
Negrito groups were set as target populations. The mean date of admixture between Negritos and East Asians among all ethnic
groups within the Philippines was estimated to ~2,281 years (95% CI: 2,083 - 2,523 years).

Divergence Time between Negritos and Papuans

To estimate the divergence time between Philippine Negritos versus Papuans, we utilized the ‘TT’ method, which is based on
computing sample configurations in a population divergence model**°?. This approach estimates the number of generations since
a population divergence for a pair of individuals (or populations), and the method produces direct estimates in generations that are
unaffected by the effective population size of the population of each of the individuals in the comparison. We utilized the publicly
available genome sequence data on Papuans®® and our newly generated sequence data on Ayta Magbukon. The estimated diver-
gence time between Ayta Magbukon Negrito and Papuans is ~85 kya (95% CI: 76 — 95 kya). This unusually old divergence time may
be attributed to the deeply diverging Denisovan ancestries found in both Papuans and Ayta Magbukon. To correct the effect of
archaic introgression, we filtered out all the archaic sequences (that were identified using the S’ method) in both Ayta Magbukon
and Papuans. The estimated divergence time between Ayta Magbukon Negritos and Papuans, using the filtered data, is 53 kya
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(95% CI: 41-64 kya). This estimated date falls shortly after the divergence between Australasians and East Asians/West Eurasians,
which was previously estimated to ~58 kya (95% Cl: 51 — 72 kya)**.

D and f4-ratio statistics on genotyped data

All Philippine ethnic groups carry Neanderthal ancestry that is similar to the levels found in all worldwide populations outside of Africa
(Figure S3C). This was determined using the test f4-ratio (Chimp;AltaiNeanderthal,Mbuti,X) / (Chimp;AltaiNeanderthal,Mbuti, Vindi-
jaNeanderthal). The analysis was restricted to the sites that are non-polymorphic or homozygous ancestral in the Denisovan genome
(to correct for inflation of the estimate due to the presence of Denisovan ancestry in some populations). The comparable levels of
Neanderthal ancestry in all populations are in line with previous findings indicating that Neanderthal introgression is likely to have
been a single event that occurred when anatomically modern humans migrated out of Africa®. However, an alternative model of
multiple episodes of Neanderthal gene flow into European and East Asians has been suggested®®, which may explain the asymmetric
pattern of Neanderthal allele frequencies among these populations.

We performed the test D(Mbuti;Denisovan,Han,X) or D(Mbuti;Denisovan,Dai,X) (Figures S5A and S5B) to investigate whether any X
population received any gene flow from Denisovans, using East Asians as the reference population for comparison (East Asians are
known to have some minimal amount of Denisovan ancestry, but which is not significant by standard D tests)'®'°. Aimost all ethnic
groups of the Philippines exhibited significant levels of Denisovan ancestry with the highest levels found among Negritos. The results
are consistent when we use the tests D(Mbuti;Denisovan,French/Norwegian,X), where we use Europeans, who are known to lack
Denisovan ancestry, as the alternative reference populations for comparison (Figures S5C and S5D).

Among Negritos, Ayta Magbukon displayed the highest estimated levels of Denisovan ancestry in a worldwide panel of popula-
tions, with Ayta Magbukon exhibiting higher estimates than Papuans, Australians, or any Oceanian populations (Figures 2A, 2B,
and S5A-S5D; Data S1A). These findings are consistent when we ran the D tests with different outgroups (Chimp, Juhoansi, or
YRI), when we ran with Phil_HO or Phil_AsiaPacific_315K datasets, or with our Philippine dataset merged with the Estonian Genome
Diversity Project dataset, or when we correct for Neanderthal ancestry in target populations with f4-ratio (Mbuti;Neanderthal,East-
Asian,X:Mbuti; Neanderthal,EastAsian,Denisova) (Figures S5F-S5L; Data S1B and S1C). The findings are also consistent when we
restrict the Phil_1KGP_SGDP_1.92M dataset to a panel of SNPs that are polymorphic only or ascertained for Europeans or Africans
or to the H3frica SNP panel (Figures SSM-S50). Moreover, when we test individuals instead of populations, we find that most Ayta
Magbukon Negritos possess the highest level of Denisovan ancestry in the world (Figure S5L). Some Ayta Ambala, Agta Lopez and
Agta Manide individuals also exhibit higher Denisovan ancestry than any other Papuan individual (Figure S5L).

RFMix-based masking of East Asian ancestry

Considering that Philippine Negritos are admixed with Cordilleran-related ancestry (Figure 1D), we implemented RFMix to produce a
new dataset where we removed the Cordilleran-related alleles (and hence retain only the Negrito-related genome-regions) among
Philippine Negritos. RFMix®* was implemented on a shapeit-phased”"°° subset of the Phil_1KGP_SGDP_1.92M dataset using
theflag-fb 1-e1-n10-u 1, with 15 Cordillerans as a reference for least admixed East Asian and 15 Papuans as a reference for least
admixed Australasian. We find that Northern Negritos of the Philippines consistently exhibit higher Denisovan ancestry, with non-
overlapping confidence intervals, relative to Australians or Papuans or to a southern Negrito, Mamanwa (Figure S5E). There is no
change in the levels of Denisovan ancestry in Papuans and Australians before and after masking (the data points are overlapping),
which indicates that the increase in Denisovan ancestry among Philippine Negritos is solely related to removal of confounding East
Asian admixture.

We also performed the test D(Mbuti;Denisovan,Negrito,Papuan/Australian), both in the unmasked and masked versions of the da-
taset, with matched sample size between populations and inclusion of least admixed individuals (Figures 3B and 3C). We consistently
find that Ayta Magbukon exhibit higher Denisovan ancestry relative to Papuans or Australians, and is more pronounced when we
mask away East Asian-related ancestry.

Correlation analysis

A significant negative correlation is observed when we plot the proportion of East Asian ancestry versus Denisovan ancestry (R2:
0.8796, p value: < 0.0001) (Figure S4A). Likewise, a positive correlation between Negrito ancestry and Denisovan ancestry is
observed when we plot the proportion of Australasian ancestry using D(Mbuti;Papuan,EastAsian,X) versus D(Mbuti;Denisovan,East-
Asian,X) or D(Mbuti; Australian,EastAsian,X) versus D(Mbuti;Denisovan,EastAsian,X) (Figures S4B-S4E). Separate from the slope of
Papuan-related ancestry, two additional slopes can be observed for Northern Negritos and Southern Negritos (Figures S4B and S4E).
The linear clusters of Northern Negritos and Southern Negritos (together with Manobo-related populations with high Southern Negrito
ancestry) form their distinct respective slopes that are also positively correlated with Denisovan ancestry.

All populations with Papuan-related ancestry (that is distinctively post the Australopapuan divergence), such as Indonesians and
Oceanians, form a distinct and separate slope, separate from the slopes formed by Negritos (Figures S4B-S4E). As expected, among
the Philippine ethnic groups, Sangil is a distinct outlier from the slope formed by Northern Negritos or Southern Negritos (Figures
S4B-S4E). Sangil aligns more with the slope for eastern Indonesians, Bougainville islander, and Papuans. This suggests that pop-
ulations with more Papuan-like ancestry exhibit a Denisovan ancestry that is distinct from the Denisovan ancestry found in Northern
or Southern Negritos. Altogether, these findings, that Denisovan ancestry in Negritos is not associated with Papuan-related ancestry,
indicates that the Denisovan introgression event in Negritos is independent from that of Papuans.
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Sequencing Analyses of Ayta Magbukon Negritos

We have sequenced and analyzed the genomes of five Ayta Magbukon individuals and present the results in Figure 4. In order to omit
potential genome-sequence-processing biases, we started from the raw sequence data (FASTQs) for all individuals (including the
comparative human sequence data), and processed all the sequence data in one batch, using standard mapping and filtering criteria
(see Method details section for a full description).

D and f4-ratio statistics on sequenced data

Denisovan ancestry was estimated using the test D(Outgroup;Denisovan,EastAsian,X) or the f4-ratio statistic f4(Outgroup; Neander-
thal,EastAsian,X) / f4(Outgroup;Neanderthal, EastAsian,Denisovan), with Altai and Vindija individuals representing the Neanderthals,
and Kankanaey Cordilleran representing East Asians. Ayta Magbukon consistently demonstrate to have the highest level of Deniso-
van ancestry (Figure 4A; Data S2A and S2B). To assess whether Ayta Magbukon possess higher Denisovan ancestry than highland
Papuans or Australians, we implemented the test D(Outgroup;Denisovan,Papuan/Australian,AytaMagbukon), with Chimp, Juhoansi,
Biaka, Khomani San, or Yoruba used as outgroups. We confirm that the Ayta Magbukon possess higher levels of Denisovan ancestry
relative to that of Australians or Papuans, with D values of 0.0168 - 0.0256 and all Z score of > 3 ((Figures S6A and S6B; Data S2C). To
assess the percentage difference of Denisovan ancestry in Ayta Magbukon versus Australians or Papuans, we utilized the statistic
D(Mbuti,Denisovan,EastAsian,AytaMagbukon) / D(Mbuti,Denisovan,East Asian,Papuan/Australian). We find that the Ayta Magbukon
possess 29%-39% more Denisovan ancestry than do Australians and Papuans (Figure 4B; Data S2A).

S’ method

For identifying archaic introgressed sequences without the use of reference archaic genomes, we utilized the recently developed S-
prime (S’) method'°. The method is designed to detect divergent haplotypes that are in strong LD and that are of very low frequency
or absent in outgroup African population (who are known not to harbor archaic ancestry). The S’ method was demonstrated to have
better power relative to other archaic reference-free methods, and is appropriate for large-scale genomic data'®. For our analysis, we
utilized 15 SGDP Sub-Saharan African individuals as the outgroup population (which includes the Juhoansi, Mbuti, Khomani, Yoruba,
and Biaka individuals), and 5 newly sequenced Ayta Magbukon and 15 SGDP Papuan individuals as the test populations.

Following retrieval of archaic sequences using S’, we leveraged the sequences to the reference Altai Denisovan and Vindija Nean-
derthal genomes. First, using the masks downloaded from http://cdna.eva.mpg.de/neandertal/, we filtered out the following sites
from the archaic genomes: indels, sites within tandem repeats, sites with poor mapability, depth of coverage of < 10x, or mapping
quality of < 25. For each filtered site, we compared the genomes of the test individuals to the reference Denisovan and Neanderthal
genomes, and report if they match or mismatch. The match rate per archaic segment was then estimated by dividing the total number
of matches over the total number of sites compared. Contour densities of the Denisovan versus Neanderthal match rates were
plotted using the kde2d function of the R v3.3.1 MASS package. We find that both Ayta Magbukon and Papuans display similar pat-
terns of affinity to the reference Denisovan and Neanderthal genomes, moderate affinity or match rate of ~50% to the Altai Denisovan
and high affinity or match rate of ~80% to the Vindija Neanderthal (Figures 5A and 5B).

Following a previous approach'®, we identify the segments as putatively Denisovan with the following criteria: presence of at least
30 introgressed alleles that can be compared with the reference archaic genomes; less than 30% match rate to the Vindija/Altai
Neanderthal genome, and greater than 30% match rate to the Denisovan genome. Based on this criteria, we find that the Ayta Mag-
bukon exhibit significantly higher magnitude of Denisovan ancestry relative to that of Papuans. The average amount of Denisovan
sequence detected in Ayta Magbukon and Papuans are 100.38 Mb (95% CI: 89.66 — 111.11 Mb) and 79.35 Mb (95% ClI: 76.89 -
81.79 Mb), respectively (p = 3.0x10-4); a difference of ~27%.

To classify the introgressed haplotypes into Denisovan versus Neanderthal source, we applied the criteria used in a previous
work'®. We classified segments as putatively Neanderthal with the following conditions: presence of at least at least 30 introgressed
alleles that can be compared with the reference archaic genomes; greater than 60% match rate to the Vindija Neanderthal genome;
and less than 40% match rate to the Denisovan genome. We then identified segments as putatively Denisovan with the following
conditions: presence of at least at least 30 introgressed alleles that can be compared with the reference archaic genomes; greater
than 40% match rate to the Denisovan genome; and less than 30% match rate to the Vindija Neanderthal genome. Any segment that
indistinguishable from Neanderthal or Denisovan are categorized as ambiguous.

The summary of archaic sequences per individual is presented in Figure S6C. Using the aforementioned criteria that distinguishes
between different archaic sources, Ayta Magbukon and Papuans display similar amounts of Neanderthal sequences [(45.35 Mb (95%
Cl: 41.71 — 48.99 Mb) versus 46.47 Mb (95%ClI: 44.96 — 47.97 Mb)] and ambiguous sequences [(7.52 Mb (95% Cl: 5.47 — 9.57 Mb)
versus 6.92 Mb (95%Cl: 6.25 - 7.60 Mb)]. Consistently, we find Ayta Magbukon to present with significantly higher levels of Deniso-
van ancestry relative to Papuans (Figure 4D). The average amount of Denisovan sequences detected in Ayta Magbukon and Papuans
are 51.94 Mb (95% ClI: 44.62.66 — 59.25 Mb) and 41.96 Mb (95% CI: 39.54 - 44.37 Mb), respectively (p = 3.7x10-3); a difference of
~24%.

Correlation Between Denisovan and Australasian ancestry

We plotted the correlation between Denisovan and Australasian-related ancestry among Negrito and Papuan-related groups. Deni-
sovan ancestry was estimated using f4-ratio statistics, while Australasian-related ancestry was estimated using gpAdm. Consistent
with the correlation analysis presented earlier, Negritos fall outside the slope formed by the Papuan-related populations.
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Furthermore, an important aspect of this study is the availability of Negritos with varying levels of admixture with East Asian-related
populations. This allowed us for the first time to plot and extrapolate the level of Denisovan ancestry in an ‘unadmixed’ ancestral
Negrito population (D = 4.47), which demonstrably have at least 46% more Denisovan ancestry than the highlander Papuans (Fig-
ure 3D). In addition, our analysis also demonstrated for the first time that Negritos have significantly higher levels of ‘Denisovan rich-
ness’ in their Australasian ancestry than Oceanians, which we define as the ratio of Denisovan ancestry over Australasian ancestry
(Figure 3E).

Altogether, the evidence presented here, that Denisovan ancestry in Negritos is not associated with Papuan-related ancestry and
that Negritos have higher levels of Denisovan richness, provide support to a demographic model where Negritos receive an additional
and/or an independent Denisovan introgression event.

Evaluating Recent Admixture in Philippine Negritos versus Papuans

The lower levels of Denisovan ancestry in Papuans could be explained by dilution via recent admixture with non-Papuan populations
with no detectable or low levels of Denisovan ancestry. To determine the presence of gene flow from populations with little or no
Denisovan ancestry into Papuans or Philippine Negritos, we implemented the test D(Outgroup;X,Papuan, Philippine Negrito); with
Balangao, Han, or Dai as a surrogate for East Asian; Even and Yakut as a surrogate for Siberian or North Asian; Karitiana or Mixe
as a surrogate for Native American; Irula as a surrogate for South Asian; French or Sardinian as a surrogate for European; and Luhya
or Mbuti as a surrogate for African (Figures S7A-S7L). Based on the various combination of D tests listed above, we do not find any
population that shares more alleles with Papuans relative to Negritos (Figures S7A-S7L). In fact, it is the Negritos that consistently
displayed evidence for recent admixture, given the high levels of allele sharing between Negritos and East Asians, relative to
Papuans.

Admixture Graph Analysis

We constructed admixture graphs using the gpGraph tool of the AdmixTools v5.0 software package to determine which population-
history model best fits the data that accounts for the number of Denisovan introgression events into Philippine Negritos and Papuans.
Using the Phil_1KGP_SGDP_Ancient_Transv_317K dataset, we incorporarted in the model the chimpanzee as an outgroup, French
to represent West Eurasians, Balangao Cordilleran and Liangdao 2 to represent East Asians, and Australian, Papuan, and Ayta Mag-
bukon to represent Australasians (Figures 6A-6C). The gpGraph tool was ran with the following parameters: outpop (NULL), bigsize
(0.05), diag (0.0001), hires (YES), and Isgmode (YES). A model is rejected when the worst fitting f statistical test has a significant Z
score of > | 3 |. A model with a single Denisovan introgression event shared between Philippine Negritos and Australopapuans is re-
jected (worst-fitting f score Z = —3.6). Models that allow independent Denisovan introgression events into Negritos and Papuans are
not rejected (worst-fitting f score of Z = —1.18 for both models), providing support that Philippine Negritos likely admixed with De-
nisovans independently from the Denisovan introgression event that occurred in Australopapuans.

Simulation of Demographic Scenarios

The coalescent simulator msprime?® was utilized to evaluate whether a null model (Figure 7F) of single Denisovan introgression event
into the common ancestor of Ayta Negritos and Papuans or alternative models (Figures 7K, 7P, 7U, and 7Z) of multiple Denisovan
admixture events are consistent with our empirical data: higher levels of Denisovan ancestry in Ayta Negritos than Papuans (Figures
7A and 7B), similar Denisovan tract lengths between Ayta Negritos and Papuans (Figure 7C), higher ratio of Denisovan over Austral-
asian ancestry in Ayta Negritos relative to Papuans (Figure 7D), and Ayta Negritos is an outlier to the Papuan-Denisovan slope formed
after correlating Denisovan and Australasian ancestry (Figure 7E). For each of the models shown in Figures 7F, 7K, 7P, 7U, and 7Z,
500 replicate simulations were performed, with 10 samples of 100M sequence taken from each of 8 populations. The parameters
fixed across all models are shown in Table S1, and parameters that differed between models are shown in Table S2. All scripts
used to generate data are available at https://github.com/jammc313/Philippine_Denisovan_Ancestry.

The null model (Figure 7F) includes an admixture event coming from an unsampled Denisovan population that diverged from the
‘Altai’ Denisovan 300 kya, into the shared ancestral population of Papuan and Ayta (4%, 48 kya). An alternative model (Alt1) follows an
identical setup (Figure 7K), plus an additional admixture event (2%) coming from a distinct and unsampled Denisovan population,
(also diverged from the Altai Denisovan 300 kya), into the (ancestors of) an Ayta population (40 kya), resulting in a total of 4% +
2% = 6% Denisovan admixture in the (ancestral) Ayta population. A second alternative model (Alt2) includes Denisovan admixture
events private to both Papuans (4%, 45kya) and Ayta (6%, 35 kya) (Figure 7P). Again, the sources of Denisovan admixture are distinct
Denisovan populations both diverged from the ‘Altai’ Denisovan 300 kya. A third alternative model (alt3) is similar to alt2, but with the
Denisovan introgression event into Papuans occurring more recently at 25 kya (Figure 7U). The last alternative model (alt4) is similar to
alt2, but with the independent Denisovan introgression events into Ayta and Papuans occurring around the same at 25 kya (Figure 72).
The parameters of all models were kept as general as possible, with population sizes, admixture dates, and admixture proportions all
chosen in accordance with the general consensus from previous studies®*?"+?%,

For all the simulations, we plotted the levels of Denisovan ancestry based on f4-ratio (Africa;Neanderthal,EastAsian,X)/(Africa;-
Neanderthal,EastAsian,Denisovan), mean tract lengths of Denisovan ancestry, and the ratio of Denisovan ancestry over Australasian
ancestry. All pairwise comparisons were tested for significance using the Mann-Whitney U test with Holm-Bonferroni correction. The
correlation between Denisovan and Australasian ancestry were also plotted following additional simulations with incremental 10%
East Asian admixture into Ayta and Papuans.
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The simulated models were leveraged against the empirical data using the following four parameters: level of Denisovan ancestry,
mean Denisovan tract length, ratio of Denisovan ancestry over Australasian ancestry, and correlation between Denisovan ancestry
and Australasian ancestry. Except for mean Denisovan tract length, the null model produced patterns of Denisovan ancestry that are
not consistent with the observed data (Figures S7F-S7J). On the other hand, all the alternative models consistently replicate three
pieces of empirical evidence: i) higher level of Denisovan ancestry in Ayta Negritos than Papuans, ii) higher ratio of Denisovan
over Australasian ancestry in Ayta Negritos than Papuans, and iii) Ayta Negritos falls outside the slope formed by Papuan-related
groups when plotting the correlation between Denisovan ancestry and Australasian ancestry (Figures S7TK-S7Ad). Among the alter-
native models, only Alt4 model produced patterns of mean Denisovan tract length that is approximating similar levels in Ayta Negritos
and Papuans, supporting a demographic scenario where the timing of the separate Denisovan introgression event into Ayta Negritos
and Papuans happened around the same time, (Figures 7C and 7Ab).
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Figure S1. Paleolithic archeological sites in the Philippines and the ISEA region, Related to Figure 1.
Reconstructed map of Sundaland 21 kya and the location and chronology of paleolithic human remains
discovered in the region (light red circular marker). Location of archeological sites within the Philippines
associated with the presence of paleolithic artefacts (small grey circular marker), and location of present-day
Negrito ethnic groups included in this study (small bright red circular marker). The arrows indicate the
accessible corridors for the migration of populations during the period of maximum glaciation: the northern
Palawan-Mindoro corridor and the southern Sulu-Zamboanga corridor.
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Figure S2. Genetic affinities and clusters of Philippine Negrito ethnic groups, Related to Figure 1. Principal
Component analysis (PCA) restricted to Australasians and East Asians (A), and to Northern Negritos of the Philippines
(B). PCA applying the least square equations projection (C); modern humans are projected onto the first two principal
components defined by the Altai Denisovan, Altai Neandertal, and chimpanzee. All modern humans lie at the center of
the plot, and an inset panel to the right shows Ayta Magbukon to lie at the edge defined by Denisovan ancestry.
Admixture analysis of Philippine Negritos (D) together with the reference populations representing the least admixed East
Asian or Australasian, Cordillerans and Papuans, respectively. The analysis was ran for 50 iterations, and for each K,
the common modes of replicates were identified using CLUMPP. The major mode for each K was then plotted using
Pong v1.4. Detection of East Asian-related ancestry in all Philippine Negritos using the test
D(Mbuti;EastAsian,Australasian,X), with Cordilleran Balangao as the surrogate for the least admixed East Asian and

Papuan as the surrogate for the least admixed Australasian (E).
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Figure S3. Levels of Neandertal, Denisovan, East Asian and Australasian-related ancestries
among Philippine ethnic groups, Related to Figures 2 and 3. Map of the Philippines showing the
location of the populations with circular markers indicating their levels of East Asian (A) and
Australasian (B), Neandertal (C), and Denisovan (D) ancestry. Neandertal ancestry and Denisovan
ancestries are estimated by f4-ratio statistics, while East Asian and Australasian-related ancestries
are estimated by gpAdm (see STAR Methods). An overlap between the distribution pattern of
Australasian-related (B) and Denisovan (D) ancestry is observed, indicating correlation. Inset scatter
plots (C,D) display stronger positive correlation between Australasian-related and Denisovan ancestry
than between Australasian-related and Neandertal ancestry (R2: 0.86 vs 0.42, respectively).
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Figure S4. Correlation between Denisovan and Australasian-related ancestry, Related to Figure 3.
Inverse correlation between Denisovan ancestry and East Asian/Cordilleran-related ancestry (A).
Correlation between Denisovan ancestry and Papuan-related ancestry (B) or Australian-related ancestry
(C) restricted to Philippine and western Indonesian populations, showing distinct slopes for Northern
Negritos, Southern Negritos, and populations with Papuan-related ancestry. Correlation between
Denisovan ancestry and Papuan-related ancestry (D) or Australian-related ancestry (E) of ISEA and
Oceanian populations, showing distinct slopes for Northern Negritos, Southern Negritos, and populations
with Papuan-related ancestry such as Sangil, eastern Indonesians, and Oceanians. Cordilleran ancestry
is estimated by D(Mbuti;Balangao,Papuan,X), Denisovan ancestry is estimated by
D(Mbuti;Denisovan,Balangao,X), and Papuan or Australian-related ancestries are estimated by
D(Mbuti;Australian/Papuan,Balangao,X).



AytaMagbukon ° AytaMagbukon . AytaMagbukon . AytaMagbukon . - ,
AytaAmbala . AytaAmbala . Australian o Australian . AytaMag-indi - @
Australian . Australian . AytaAmbala . AytaAmbala . AgtaDupaningan * e
AytaMag-indi . AytaMag-indi . Papuan . Papuan . Agtalriga . @
Papuan ° AgtaManide| . AytaMag-indi . AytaMag-indi o Agtalsarog) e
AgtaManide . Papuan ° AgtaManide ° AgtaManide ° AytaMagbukon -
AytaMag-antsi . AytaMag-antst . Agtalopez . Agtalopez . AytaSambal . ®
Agtalopez . Agtalopez . AytaMag-antsi . AytaMag-antsi ° Arta - ®
Arta . Arta . Arta . Arta: . AgtaCasiguran . ®
Bougainville . Bouganville| . Bougainville o Bougainville o AytaMag-antsi . ®
AgtaMaddela . AgtaMaddela . AgtaMaddela ° AgtaMaddela o AttaRizal . ®
AgtaCasiguran . AgtaCasiguran: . AgtaCasiguran . AgtaCasiguran ° Agtalopez: . ®
AytaSambal . AytaSambal . AytaSambal . AytaSambal o AgtaManide- . @
AgtaDumagat . AgtaDumagat . AgtaDupaningan . AgtaDupaningan . AytaAmbala *- D
AgtaDupaningan . AgtaDupaningan . AgtaDumagat . AgtaDumagat . AgtaMaddela . @
AttaRizal . AttaRizal . AttaRizal . AttaRizal o AtiNegros{ # ®
Agtalabin . Agtalabin . AgtaLabin . AgtaLabin o AgtaLabin ) @
Agtalriga . Agtalriga . Agtalriga: L Agtalriga: . AgtaDumagat ° @
Alta . Alta . Alta . Alta . Agtalraya ° @
Batak . Batak: L Batak . Batak o Australian ®
AgtaRemontado; ® AgtaRemontadoy . AgtaRemontado . AgtaRemontado: o AgtaRemontado . >
Mamanwaj Mamanwa . Mamanwa: . Mamanwaj & Mamanwa - @
Agtalraya; e Agtalraya; e Agtalraya . Agtalraya; Bougainville P
Agtalsarog| Agtalsarog| Agtalsarog| @ Agtalsarog| ® Papuan Py
A/-t\_t'i\‘Panay . AAt_t’i\‘Panay . AAt_t'i\lPanay . AAt_t'i\‘Panay o AtiPanay]{ ® &
iNegros| ® § iNegros| e § iNegros| . iNegros| & .
AgtaBulusan{e ® Negrito AgtaBulusan ¢ ® Negrito AgtaBulusan ¢ ® Negrito AgtaBulusan| « ® Negrito AgtaBulusanie ———o——
AgtaMatnogje _® Oceanian AgtaMatnogj® e Oceanian AgtaMatnog) @ e Oceanian AgtaMatnog{e e Oceanian 0.02 0.04 0.06 0.08
0.00 0.03 0.06 0.00 0.03 0.06 0.00 0.03 0.06 0.00 0.03 0.06 D(Mbuti;Denisovan,Cordilleran,X)
D(Mbuti;Denisovan,French,X) D(Mbuti;Denisovan,Norwegian,X) ¢ Before Masking © After Masking

D(Mbuti;Denisovan,Han,X)

D(Mbuti;Denisovan,Dai,X)

D

E

J

AytaMagbukon . AytaMagbukon . AytaMagbukon . AytaMagbukon . AytaMagbukon .
AytaAmbala . AytaAmbala . AytaAmbala: . Australian ° Australian .
Australian * Australian . Australian . AytaAmbala . AytaMag-antsiy
AytaMag-indi . Papuan ° AytaMag-indi . AgtaManide . AytaAmbala e
Papuan . AytaMag-indi . AgtaManide- . AytaMag-indi . AytaNlLag-lndl ¢
AgtaManide . AgtaManidef . Papuan . Papuan o A tal\/?:#gg .
AytaMag-antsi . Bougainville| . AytaMag-antsi . AytaMag-antsi . Baini% Mara\lbu °
Bougainville . AytaMag-antsi . Bougainville ° Agtalopez . Agta?\lladdela °
Agtalopez . Agtalopez . Arta . Arta ° KolNewBritain| e
Arta: . AgtaMaddela L Agtalopez: L AgtaCasiguran . BainingMalasai °
AgtaMaddela . Arta . AgtaMaddela: . AgtaMaddela: . VanuatuSantoRango{ e
AytaSambal . AgtaCasiguran L AgtaCasiguran . Bougainville . VanuatuSantoMalau{ e
AgtaDupaningan L] AytaSambal o AytaSambal . AytaSambal ° AgtaCasiguran] e
AgtaCasiguran . AgtaDupaningan: . AttaRizal . A laD)l/_l aningan . Arta; ®
AttaRizal . AttaRizal . AgtaDupaningan . gA t % g t . Bougainville] —e
AgtaDumagat o AgtaDumagat o AgtaDumagat o gtabumaga AgtaLopez| e
Agtalabin{ e AgtaLabin . AgtaLabin| e AtfaRizal) & SouthwestBougainville e
Agtalriga . Alta o Alta o AgtaLabin ¢ Madak) e
Batak . Agtalriga . Agtalriga . Agtalriga . VanuatuSantoSara) —®
Altal  ® Batakj Batak| Batak e VanuatuNguna e
Mamanwal AgtaRemontado] Mamanwa{ —® AgtaRemontado; Var:;:atustar':}lo?kkoqo N
AgtaRemontado|{ Mamanwa . AgtaRemontador . Mamanwaj ® Va?]ra:?uuSara\tgPuog .
Agtalrayal Agtalrayal Agtalraya ® Agtalraya) e KuotLamalaual e
Agtalsarog| Agtalsarog| ® Agtalsarog| ® Umaner; - VanuatuSantoMbauk! -
AtiPanay| ® AtiPanay| e AtiPanay| ® Kamanasa; . VanuatuEfateMele{ e
AtiNegros{ . AtiNegros{ ® . AtiNegros{ ) AtaManobo| e © Indonesia Nailiki —o .
AgtaBulusan{e ® Negrito AgtaMatnog] ® ® Negrito AgtaMatnog{ e ® Negrito Agtalsarog{ ® ® Negrito VanuatuSantoTasiriki| -« ® Negrito
AgtaMatnog|® ¢ Oceanian AgtaBulusan| ® ¢ Oceanian AgtaBulusanj{® e Oceanian Wunga| ® e Oceanian VanuatuSantoJaraylan{ e Oceanian
0.00 0.03 0.06 0.00 0.03 0.06 0.00 0.03 0.06 0.00 0.03 0.06 0.03 0.06
D(Yoruban;Denisovan,Cordilleran,X)  D(Mbuti;Denisovan,Cordilleran,X) D(Mbuti;Denisovan,Cordilleran,X)

D(Juhoansi;Denisovan,Cordilleran,X)

D(Chimp;Denisovan,Cordilleran,X)

AytaMagbukon . AytaMagbukon6: . AytaMagbukon . AytaMagbukon . AytaMagbukon
AytaAmbala . AytaMagbukon2: . AytaAmbala ) AytaAmbala . AytaAmbala .
AytaMag-indi M AytaMagbukong ° Australian . Australian . Australian .
AgtaManide; . AytaMagbukon?- . AytaMag-ind ° AytaMag-indi . AytaMag-indi .

Kosipe_EGDP . AytaMagbukon13) e AgtaManide . AgtaManide . Papuan o
Koinanbe_EGDP . ﬁytamaggulgoqg : Papuan . Papuan . AgtaManide .
AytaAl\gtaag [ﬁgg . yt:yt:gmubglg1 3 e AytaMag-antsi . AytaMag-antsi . Ayt’j’AMtagl:antSi :
AytaMagbukon1 . Agtalopez . Agtalopez . gtaL.opez
Ayta EG”‘SS . AitaMagbukonQ . Arta . Arta . Arta ¢
AgtaMaddela . AytaMagbukon3) e Bougainville . AgtaMaddela . Bougainvile °
Agta_EGDP: . AgtaLopezs; AgtaMaddela . Bougainville ° AAtgthgddela :
AgtaCasiguran . AytaAmbala1 ¢ AgtaCasiguran . AgtaCasiguran . gtatasigurany
Agtalopez7- . AytaSambal .
AytaSambal . AvAmbaE3| e AytaSambal °® AytaSambal * AgtaDumagat .
AgtaDumagat . A t)gimntla?ai\z . AgtaDumagat . AgtaDumagat . A ta%u aunin gan .
gtaDupaningan- L gtaDupaningan . gtaDupaningan . Y
AgtaD! ing Ayta)l(llagbukomo . AgtaD i AgtaD i 9 F/)\n,a\R?zal .
AttaRizal . Agtal. 13 e AttaRizal . AttaRizal . i
AgtaLabin|  ® RotaLope Agtal.abi . Agtal abi . AgtaLabim
Agtalri . Agtalopez6; e gtal.abin gtal.abin Agtalriga .
gralriga : AgtaManide2{ e Agtalriga) Agtalriga °® Altaj  ®
AytaAmbalad{ e Alta . Alta . Batak- .
BatakﬁléGagi : AgtaManided; e Batak ° Batak ° AgtaRemontaaso °
AytaAmbalag e AgtaRemontado{ ~ ® AgtaRemontado: . .
AgtaRemontadoj  » AgtaManide16) - Mamanwa|  ® Mamanwai ~ ® Mamanwa
Mamanwa . AytaAmbala2| Agtal . Agtal . Agtalrayai @
Agtalraya . AytaAmbalad| e gtalraya gtalraya Agtalsarog; e
Agtalsarog| Papuan2| Agtalsarog| @ Agtalsarog) e AtiNegros| o
AtiNegros| Papuan| AtiNegros e AtiPanay| ® AtiPanay| ®
AtiPanay| ® . Australian2{ e X AtiPanay- N AtiNegros § BinukidnonNegros| ® .
AgtaBulusan] o © Negrito Papuan14| o © Negrito AgtaBulusan{ e ® Negrito AgtaBulusan{ e ® Negrito AgtaBulusan{ ¢ ® Negrito
AgtaMatnog] ® _® Oceanian AgtaLopez4{ e ® Oceanian AgtaMatnog) ® e Oceanian AgtaMatnog) ® e Oceanian AgtaMatnogj ® _® Oceanian
0.00 0.03 0.06 0.03 0.06 0.00 0.03 0.06 0.00 0.03 0.06 0.00 0.03 0.06
D(Mbuti;Denisovan,Cordilleran,X) D(Mbuti;Denisovan,Cordilleran,X) D(Mbuti;Denisovan,Cordilleran,X)

D(Mbuti;Denisovan,Cordilleran,X)

D(Mbuti;Denisovan,Cordilleran,X)

N

(o)

.

Figure S5. Ayta Magbukon exhibit the highest detectable level of Denisovan ancestry, Related to Figures 2 and 3.
Levels of Denisovan affinity among Asia-Pacific populations relative to (A) Han, (B) Dai, (C) French, (D) or Norwegian.
Levels of Denisovan affinity accounting for admixture with East Asians (E). Levels of Denisovan affinity, using

Phil_1KGP_SGDP_1.92M dataset, among Asia-Pacific populations with (F) Chimp, (G) Juhoansi, or (H) Yoruba as an
outgroup. Levels of Denisovan affinity using (I) Phil_AsiaPacific_315K, (J) Phil_HO_201K, or (K) Phil_EGVP datasets.

Using Phil_1KGP_SGDP_1.92M dataset, levels of Denisovan affinity for individuals instead of populations (L), or for a
restricted SNP panel that is ascertained for (M) European, (N) African populations, or (O) H3Africa SNP panel. Thick and

thin error bars represent 1 and 1.96 standard error of the estimate, respectively.
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Figure S6. Analysis of sequence data confirm higher levels of Denisovan ancestry
in Ayta Magbukon, Related to Figures 4 and 5. Direct comparison of Denisovan
ancestry between AustraloPapuans and Ayta Magbukon, using the statistic
D(Outgroup;Denisovan,X,AytaMagbukon), with Chimp or various African groups used as
an outgroup (A,B) (all comparisons between Papuans or Australians vs. Ayta Magbukon
have a Z score > 3). Average amounts of introgressed Denisovan, Neandertal, or
ambiguous sequences detected per individual by the S’ approach (C) (see STAR

Methods).
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Figure S7. Presence of East Asian gene flow into Philippine Negritos, Related to Figures 4 and 7.
Direct comparisons between Papuans and Philippine Negritos to assess the presence of gene flow from
an East Asian (A-C), Siberian (F,E), Native American (F,G), South Asian (H), European (l,d), or African
(K,L) source population. Thick and thin error bars represent 1 and 1.96 standard error of the estimate,

respectively.



Parameters (all models)

Length simulated sequence 100M
Samples per population 10
Mutation rate 1.25e7
Recombination rate 1.25e7
Generation time 25 years
Papuan - Ayta split 46 kya
East Asian -Ayta split 50 kya
European - Ayta split 55 kya
African — non-African split 70 kya
Denisovan 1 — Denisovan 0 split 200 kya
Denisovan 2 — Denisovan 0 split 200 kya
Denisovan 0 — Denisovan (Altai) split 300 kya
Neanderthal — Denisovan (Altai) split 400 kya
Denisovan (Altai) — African split 600 kya
African — Chimp split 4 mya
Time of sampling (Neanderthal) 60 kya
Time of sampling (Denisovan (Altai)) 40 kya
Time of sampling (all other pops) Present
Pop size Denisovan 0/1/2/Altai 1500
Pop size Neanderthal 2000
Pop size African 15000
Pop size non-African (initial) 5000
Pop size non-Africans (bottleneck 60kya-70kya) 2000
Pop size East Asian 3500
Pop size Papuan 3500
Pop size Ayta 3500
Pop size Chimp 30000
Admixture time / prop Neanderthal - non-African 68 kya / 0.02
Admixture time / prop East Asian - Ayta 2500/ 0.1

Table S1. Fixed parameters for all simulation models, Related to Figure 7.



Models
Parameters NULL |ALT1 ALT2 ALT3 |ALT4
Admix time / proportion 48 kya / 48 kya / - - -
Denisovan 1 — ancestor Ayta/Papuan |0.04 0.04
Admix time / proportion - 40 kya / 35 kya/ 35 kya/ 25 kya/
Denisovan 2 — Ayta 0.02 0.06 0.06 0.06
Admix time / proportion - - 45 kya / 25 kya/ 25 kya/
Denisovan 1 — Papuan 0.04 0.04 0.04

Table S2. Variable parameters for simulation models, related to Figure 7.
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