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ARTICLE

Denisova Admixture and the First Modern Human
Dispersals into Southeast Asia and Oceania

David Reich,.2* Nick Patterson,?2 Martin Kircher,3 Frederick Delfin,3 Madhusudan R. Nandineni,34
Irina Pugach,3 Albert Min-Shan Ko,3 Ying-Chin Ko,> Timothy A. Jinam,® Maude E. Phipps,”
Naruya Saitou,® Andreas Wollstein,8.° Manfred Kayser,® Svante Pdibo,3 and Mark Stoneking3*

It has recently been shown that ancestors of New Guineans and Bougainville Islanders have inherited a proportion of their ancestry from
Denisovans, an archaic hominin group from Siberia. However, only a sparse sampling of populations from Southeast Asia and Oceania
were analyzed. Here, we quantify Denisova admixture in 33 additional populations from Asia and Oceania. Aboriginal Australians, Near
Oceanians, Polynesians, Fijians, east Indonesians, and Mamanwa (a “Negrito” group from the Philippines) have all inherited genetic
material from Denisovans, but mainland East Asians, western Indonesians, Jehai (a Negrito group from Malaysia), and Onge (a Negrito
group from the Andaman Islands) have not. These results indicate that Denisova gene flow occurred into the common ancestors of New
Guineans, Australians, and Mamanwa but not into the ancestors of the Jehai and Onge and suggest that relatives of present-day East
Asians were not in Southeast Asia when the Denisova gene flow occurred. Our finding that descendants of the earliest inhabitants of
Southeast Asia do not all harbor Denisova admixture is inconsistent with a history in which the Denisova interbreeding occurred in
mainland Asia and then spread over Southeast Asia, leading to all its earliest modern human inhabitants. Instead, the data can be
most parsimoniously explained if the Denisova gene flow occurred in Southeast Asia itself. Thus, archaic Denisovans must have lived
over an extraordinarily broad geographic and ecological range, from Siberia to tropical Asia.

Denisova genetic material in Southeast Asians should be
easily recognizable becauseitis very divergent from modern
human DNA. Thus, the presence or absence of Denisova

Introduction

The history of the earliest arrival of modern humans in

Southeast Asia and Oceania from Africa remains contro-
versial. Archaeological evidence has been interpreted to
support either a single wave of settlement” or, alternatively,
multiple waves of settlement, the first leading to the initial
peopling of Southeast Asia and Oceania via a southern route
and subsequent dispersals leading to the peopling of all of
East Asia.> Mitochondrial DNA studies have been inter-
preted as supporting a single wave of migration via a
southern route,®> although other interpretations are
possible,®” and single-locus studies are unlikely to resolve
this issue.® The largest genetic study of the region to date,
based on 73 populations genotyped at 55,000 SNPs,
concluded that the data were consistent with a single
wave of settlement of Asia that moved from south to north
and gave rise to all of the present-day inhabitants of the
region.” However, another study of genome-wide SNP
data argued for two waves of settlement'” as did an analysis
of diversity in the bacterium Helicobacter pylori.**

The recent finding that Near Oceanians (New Guineans
and Bougainville Islanders) have received 4%—-6% of their
genetic material from archaic Denisovans'? in principle
provides a powerful tool for understanding the earliest
human migrations to the region and thus for resolving
the question of the number of waves of settlement. The

genetic material in particular populations should provide
an informative probe for the migration history of Southeast
Asia and Oceania, in addition to being interesting in its own
right. However, the populations previously analyzed for
signatures of Denisova admixture'? comprise a very thin
sampling of Southeast Asia and Oceania. In particular, no
groups from island Southeast Asia or Australia were
surveyed. Here, we report an analysis of genome-wide
data from an additional 33 populations from south Asia,
Southeast Asia, and Oceania; analyze the data for signatures
of Denisova admixture; and use the results to infer the
history of human migration(s) to this part of the world.

Material and Methods

SNP Array Data

We analyzed data for modern humans genotyped on Affymetrix
6.0 SNP arrays. We began by assembling previously published
data for YRI (Yoruba in Ibadan, Nigeria) West Africans, CHB
(Han Chinese in Beijing, China) Han Chinese and CEU (Utah resi-
dents with Northern and Western European ancestry from the
CEPH collection) European Americans from HapMap 3;'* Onge
Andaman “Negritos”;'* and New Guinea highlanders, Fijians,
one Bornean population, and Polynesians from seven islands.'®
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We also assembled data including two aboriginal Australian popu-
lations: one from the Northern Territories'® and one from a human
diversity cell line panel in the European Collection of Cell
Cultures. The data also include nine Indonesian populations:
four from the Nusa Tenggaras, two from the Moluccas, one from
Borneo, and two from Sumatra. Finally, the data include three
Malaysian populations (Temuan and Jehai [a Negrito group]
both from the Malay peninsula, and Bidayuh from Sarawak on
the island of Borneo), two Philippine populations (Manobo and
a Negrito group, the Mamanwa), six aboriginal Taiwanese popula-
tions, one Dravidian population from southern India, and San
Bushmen from southern Africa from the Centre d’Etude du
Polymorphisme Humain (CEPH)-Human Genome Diversity
Panel.'® All volunteers provided informed consent for research
into population history and the approval of appropriate local
ethical review boards was obtained. This project was approved
by the ethical review boards of the University of Leipzig Medical
Faculty and Harvard Medical School. The genotype data that we
analyzed for this study are available from the authors on request.

Merging Genotyping Data with Chimpanzee,
Denisova, and Neandertal

We merged the SNP array data from modern humans with genome
sequence data from chimpanzee (CGSC 2.1/PanTro2'?), Deni-
sova,'?and Neandertal.'® We eliminated A/Tand C/G SNPs to mini-
mize strand misidentification. After removing SNPs with low geno-
typing completeness, we had data for 353,143 autosomal SNPs.

Removal of Outlier Samples

We carried out principal components analysis by using
EIGENSOFT.'® We removed samples that were visual outliers rela-
tive to others from the same population on eigenvectors that
were statistically significant by using a Tracy-Widom statistic (p <
0.05),° resulting in the removal of three YRI, two CHB, five Polyne-
sians, one New Guinea highlander, two Jehai, and three Mamanwa.

Sequencing Data

We prepared DNA sequencing libraries with 300 bp insert sizes from
a Papua New Guinea highlander (SH10) and Mamanwa Negrito
(ID36) individual by using a previously described protocol.!? The
two libraries were sequenced on an Illumina Genome Analyzer
IIx instrument with 2 x 101 + 7 cycles according to the manufac-
turer’s instructions for multiplex sequencing (FC-104-400x v4
sequencing chemistry and PE-203-4001 cluster generation kit v4).
Bases and quality scores were generated with the Ibis base caller,?°
and the reads were aligned with the Burrows-Wheeler Aligner
(BWA) software 2! to the human (NCBI 36/ hg18) and chimpanzee
(CGSC 2.1/pantro2) genomes with default parameters. The result-
ing BAM files were filtered as follows: (1) a mapping quality of at
least 30 was required; (2) we removed duplicated reads with the
same outer coordinates; and (3) we removed reads with sequence
entropy < 1.0, calculated by summing —p-logz(p) for each of the
four nucleotides. The sequencing data are publicly available from
the European Nucleotide Archive (Project ID ERP000121), and
summary statistics are provided in Table S1, available online.

Estimating Denisova pp(X), Near Oceanian pn(X)

and Australian p,(X) ancestry

We define the frequency of one of the alleles at a SNP i as z,. We
can then compute three statistics for a given population X that
are informative about admixture:

n
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The right side of each equation shows that these statistics can also
be expressed as ratios of f; statistics,'* which provide unbiased
estimates of admixture proportions even in the absence of popula-
tions that are closely related to the analyzed populations
(Appendix A). For the ancestry estimates reported in Table 1, we
use Outgroup = YRI (West Africans), Archaic = Denisova, and
East Asian = CHB (Han Chinese). Table S2 and Table S3 demon-
strate that consistent values are obtained when we replace these
choices with a variety of distantly related populations. Further
details are provided in Appendix A.

Block Jackknife Standard Error and Statistical Testing
We used a block jackknife?*?* to compute standard errors, drop-
ping each nonoverlapping five cM stretch of the genome in turn
and studying the variance of each statistic of interest to obtain
an approximately normally distributed standard error.'*'® To
test whether pp(X), pn(X), pa(X), and pp(X) — pn(X) are statistically
consistent with zero for any tested population X, we computed
the statistics along with a standard error from the block jackknife,
and then used a two-sided Z test that computes the number of
standard errors from zero. To implement the 4 Population Test'*
for whether an unrooted phylogenetic tree ([A,B],[C,D]) relating
four populations is consistent with the data, we computed the
statistic f4(A,B;C,D) and assessed the number of standard errors
from zero.

Results

Quantifying Denisova Admixture from Genome-wide
SNP Data

To investigate which modern humans have inherited
genetic material from Denisovans, we assembled SNP
data from 33 populations from mainland East Asia, island
Southeast Asia, New Guinea, Fiji, Polynesia, Australia, and
India, and genotyped all of them on Affymetrix 6.0 arrays.
After removing samples that were outliers with respect to

2 The American Journal of Human Genetics 89, 1-13, October 7, 2011



Please cite this article in press as: Reich et al., Denisova Admixture and the First Modern Human Dispersals into Southeast Asia and Oceania,
The American Journal of Human Genetics (2011), doi:10.1016/j.ajhg.2011.09.005

their own populations (reflecting admixture in the last few
generations or genotyping error), we had data from 243
individuals (Table 1). We restricted the analysis to auto-
somal SNPs with high genotyping completeness and with
data from the Denisova genome, leaving 353,143 SNPs.

To quantify the proportion of Denisova genes in each
population X, we computed a statistic pp(X), which
measures the proportion of Denisova genetic material in
a population as a fraction of that in New Guineans. Our
main analyses in Figure 1 and Table 1 compute pp(X) as
a ratio of two f; statistics,'* each of which measures the
correlation in allele frequency differences between the
two populations used as outgroups (Yoruba and Denisova)
and two East or Southeast Asian populations (Han and X =
tested population). If Han and X descend from a single
ancestral population without any subsequent admixture
from Denisova, then the allele frequency differences
between Han and X must have arisen solely since their
separation from their common ancestor, and the two
frequency differences should be uncorrelated; thus, the f;
statistic has an expected value of zero. However, if popula-
tion X inherited some of its ancestry from an archaic
population related to Denisovans, then the allele
frequency differences between Han and X will be corre-
lated, the higher the admixture from the archaic popula-
tion, the higher the correlation. Because the [ statistic in
the numerator uses X as the test population, and the f;
statistic in the denominator uses New Guinea as the test
population, the ratio pp(X) estimates a quantity propor-
tional to the percentage of Denisova ancestry gy; that is,
the Denisova admixture fraction in X divided by that in
New Guinea, qx/qnew Guinea (Appendix A).

We computed pp(X) for a range of non-African popula-
tions and found that for mainland East Asians, western
Negritos (Jehai and Onge), or western Indonesians, pp(X)
is within two standard errors of zero when a standard error
is computed from a block jackknife (Table 1 and Figure 1).
Thus, there is no significant evidence of Denisova genetic
material in these populations. However, there is strong
evidence of Denisovan genetic material in Australians
(1.03 = 0.06 times the New Guinean proportion; one stan-
dard error), Fijians (0.56 = 0.03), Nusa Tenggaras islanders
of southeastern Indonesia (0.40 *= 0.03), Moluccas
islanders of eastern Indonesia (0.35 + 0.04), Polynesians
(0.020 = 0.04), Philippine Mamanwa, who are classified
as a “Negrito” group (0.49 = 0.05), and Philippine Manobo
(0.13 + 0.03) (Table 1 and Figure 1). The New Guineans
and Australians are estimated to have indistinguishable
proportions of Denisovan ancestry (within the statistical
error), suggesting Denisova gene flow into the common
ancestors of Australians and New Guineans prior to their
entry into Sahul (Pleistocene New Guinea and Australia),
that is, at least 44,000 years ago.”**> These results are
consistent with the Common Origin model of present-
day New Guineans and Australians.?®?” We further con-
firmed the consistency of the Common Origin model
with our data by testing for a correlation in the allele

frequency difference of two populations used as outgroups
(Yoruba and Han) and the two tested populations (New
Guinean and Australian).The f; statistic that measures
their correlation is only |Z| = 0.8 standard errors from
zero, as expected if New Guineans and Australians descend
from a common ancestral population after they split from
East Asians, without any evidence of a closer relationship
of one group or the other to East Asians. Two alternative
histories, in which either New Guineans or Australians
have a common origin with East Asians, are inconsistent
with the data (both |Z] > 52).

To assess the robustness of these estimates of Denisova
admixture proportion, we recomputed pp(X) for diverse
choices of A (YRI, San, and chimpanzee), B (Denisova,
Neandertal, and chimpanzee), C (CHB and Borneo) and
X (17 different populations). For any population X, we
obtain consistent estimates of the archaic mixture propor-
tion, regardless of the choice of A, B, and C. Thus, the
method is robust to the choice of comparison populations,
suggesting that the underlying model of population rela-
tionships (Appendix A) provides a reasonable fit to the
data and that our pp(X) ancestry estimates are reliable.
For our main estimates of admixture proportion, we report
results for A = YRI, B = Denisova and C = CHB because
Table S2 shows that the standard errors are smallest (in
part because of larger sample sizes).

To test whether our estimates of pj(X) are robust to ascer-
tainment bias—the complex ways that SNPs were chosen
for inclusion on genotyping arrays originally designed
for medical genetics studies—we also estimated Denisova
admixture by using sequencing data. For this purpose, we
generated new shotgun sequencing data from a Philippine
Mamanwa individual (~1x) and a New Guinea highlander
(~3x%, from a different New Guinean group than the one
sampled in the Human Genome Diversity Panel'®). We
merged these with data from Neandertal, Denisova, chim-
panzee, and 12 present-day humans analyzed as part of the
Neandertal and Denisova genome sequencing studies.'*'®
We then computed the same pp(X) statistics for the se-
quencing as for the genotyping data, replacing YRI with
a Yoruba (HGDP00927), CHB with a Han (HGDP00778),
and New Guinea with a Papuan sample (Papuan2;
HGDPO00551). Both the full sequence data and the SNP
data produce consistent estimates of pp(X) (Table 2), sug-
gesting that ascertainment bias is not influencing the
pp(X) estimates from genome-wide SNP data.

Near Oceanian Ancestry Explains Denisovan Genes
Outside of Australia and the Philippines

A parsimonious explanation for the Denisova genetic mate-
rial that we detect in the non-Australian populations is the
well-documented admixture that has occurred in many
Southeast Asian and Oceanian groups between (1) Near
Oceanian populations related to New Guineans and (2)
populations from island Southeast Asia related to mainland
East Asians, who are the primary populations of Taiwan
and Indonesia today.?®**' Thus, many groups might have
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Table 1. Estimates of Denisovan and Near Oceanian Ancestry from SNP Data
po(X): Denisovan Ancestry pn(X): Near Oceanian p value for
Population Information as % of New Guinea ancestry Difference
Standard Standard
Estimated Error in the Estimated Error in the
Broad Grouping Detailed Code N Ancestry Estimate Z Score Ancestry Estimate Z Score ppn(X) — pp(X)
New Guinea Highlander SH 24 100% 0% n/a 100% 0% n/a n/a
Australian all 10 103% 6% 17.1 n/a n/a n/a n/a
Northern Territories AU1 8 103% 6% 16.6 n/a n/a n/a n/a
Cell Cultures AU2 2 103% 7% 14.1 n/a n/a n/a n/a
Fiji Fiji FI 25 56% 3% 17.7 58% 1% 94.6 0.38
Nusa Tenggaras all 10 40% 3% 12.8 38% 1% 54.7 0.34
Alor AL 2 51% 6% 8.3 49% 1% 35.6 0.69
Flores FL 1 40% 8% 5.0 37% 2% 19.8 0.68
Roti RO 4 27% 4% 6.4 27% 1% 29.4 0.85
Timor TI 3 50% 5% 9.8 45% 1% 41.7 0.29
Philippines all 27 28% 3% 8.2 6% 1% 10.6 3.4 %1071
Mamanwa (N) MA 11 49% 5% 9.2 11% 1% 11.4 1.5 x 10712
Manobo MN 16 13% 3% 4.2 4% 1% 5.7 0.0018
Moluccas all 10 35% 4% 10.1 34% 1% 46.0 0.59
Hiri HI 7 35% 4% 9.0 32% 1% 38.4 0.36
Ternate TE 3 36% 5% 7.2 38% 1% 33.7 0.67
Polynesia all PO 19 20% 4% 5.1 27% 1% 34.8 0.052
Cook 2 16% 6% 2.5 24% 1% 17.3 0.21
Futuna 4 28% 5% 5.3 29% 1% 26.9 0.87
Niue 1 27% 8% 3.3 30% 2% 16.3 0.72
Samoa 5 13% 5% 2.6 24% 1% 23.3 0.024
Tokelau 2 22% 6% 3.5 31% 1% 23.8 0.14
Tonga 2 17% 7% 2.5 31% 1% 22.5 0.027
Tuvalu 3 21% 6% 3.6 28% 1% 22.8 0.28
Andamanese Onge (N) AN 10 10% 6% 1.6 3% 1% 1.8 0.27
Taiwan all TA 12 4% 3% 1.2 1% 1% 1.5 0.35
Puyuma 2 4% 6% 0.6 2% 1% 1.8 0.79
Rukai 2 0% 6% 0.0 2% 1% 1.6 0.74
Paiwan 2 5% 6% 0.8 3% 1% 2.2 0.67
Atayal 2 =5% 5% -0.9 0% 1% 0.3 0.34
Bunun 2 12% 6% 2.1 —2% 1% -1.6 0.01
Pingpu 2 7% 6% 1.2 1% 1% 1.1 0.30
Malaysia all 18 5% 3% 1.4 0% 1% -0.2 0.16
Jehai (N) JE 8 7% 5% 1.4 1% 1% 0.8 0.21
Temuan ™ 10 3% 4% 0.8 -1% 1% -0.9 0.32
Sumatra All 17 4% 3% 1.4 0% 1% 0.3 0.17
Besemah BE 8 5% 3% 1.5 1% 1% 0.9 0.20
Semende SM 9 3% 4% 0.9 0% 1% -0.3 0.31
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Table 1. Continued

Pp(X): Denisovan Ancestry

pn(X): Near Oceanian

p value for

Population Information as % of New Guinea ancestry Difference
Standard Standard
Estimated Error in the Estimated Error in the

Broad Grouping Detailed Code N Ancestry Estimate Z Score Ancestry Estimate Z Score pn(X) — pp(X)
Borneo all 49 1% 2% 0.6 1% 1% 1.3 0.79

Bidayuh BI 10 6% 4% 1.7 1% 1% 1.4 0.80

Barito River BO 23 0% 3% 0.2 1% 1% 1.7 0.18

Land Dayak DY 16 0% 3% -0.1 0% 1% 0.2 0.94
India Dravidian SI 12 7% 5% -1.5 n/a n/a n/a n/a

We provide each population’s estimated ancestry, the standard error in the estimate, and the Z score for deviation from zero (Z). Negrito populations are marked
with (N). The New Guinea highlanders by definition have 100% Denisovan and 100% Near Oceanian ancestry because they are used as a reference population for
computations. Results are not provided for Australians and Dravidians for whom the phylogenetic relationships do not allow the estimate (n/a). The last column
reports the two-sided p value for a difference based on a block jackknife and a Z test.

Denisova admixture as an indirect consequence of their
history of Near Oceanian admixture. For those populations
whose Denisova ancestry is explained in this way, their frac-
tion of Denisovan ancestry is predicted to be exactly
proportional to their fraction of Near Oceanian ancestry.
To test this hypothesis, we designed a second statistic,
pn(X), to estimate the fraction of a population’s Near Ocean-
ian ancestry, defined here as the proportion of its ancestry

DENISOVA
OR
MO (DR
O o)
oY)
(X1)
./

Figure 1.

inherited from a population that is more closely related to
New Guineans than to Australians (Appendix A). A virtue
of pn(X) is that it provides an unbiased estimate of a popula-
tion’s Near Oceanian ancestry proportion even without
access to close relatives of the ancestral populations
(Appendix A), whereas previous estimators'®*° depend
on the accuracy of the surrogate contemporary popula-
tions used to approximate the ancestral populations. We

E) AL Alor MN Manobo
— AN Andaman (Onge) MO Mongola
AU Australian NA  Naxi
BE Besemah NG New Guinea
BG Bougainville OR Orogen
= Bl Bidayuh PO Polynesia
[JA) BO Borneo RO Roti
o CA Cambodia SE She
DA Dai SH S. Highlands
DR Daur S| Southern India
DY Dayak SM Semende
FI Fiji TA Taiwan
FL Flores TE Ternate
HA Han Tl Timor
HE Hezhen TJ Tujia
HI  Hiri TM Temuan
JA  Japan TU Tu
JE Jehai UY Uygur
LA Lahu Xl Xibo
MA  Mamanwa Yl i
Ml Miao
BG
SH PO
NG FI Q
1 au2

Denisovan Genetic Material as a Fraction of that in New Guineans

Populations are only shown as having Denisova ancestry if the estimates are more than two standard errors from zero (we combine esti-
mates for populations in this study with analogous estimates from CEPH- Human Genome Diversity Panel populations reported previ-
ously'?). No population has an estimate of Denisova ancestry that is significantly more than that in New Guineans, and hence we at
most plot 100%. The sampling location of the AU2 population is unknown and hence the position of this population is not precise.
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Table 2. Denisovan Admixture p,(X) Estimated from Sequencing versus Genotyping Data
Sequencing Data Genotyping Data

HGDP ID for Estimated Standard Error Estimated Standard Error
Sample Sequence Data Ancestry in the Estimate Z Score Ancestry in the Estimate Z Score
Papuan HGDP00542 105% 9% 11.8 100% n/a n/a
New Guinea Highlander 104% 9% 11.7 100% n/a n/a
Bougainville HGDP00491 83% 10% 8.3 82% 5% 15.9
Mamanwa 28% 10% 2.9 49% 5% 9.2
Cambodian HGDPO00711 19% 9% 2.0 -3% 3% -0.8
Karitiana HGDP00998 9% 12% 0.7 4% 6% 0.7
Mongolian HGDP01224 —6% 12% -0.5 3% 3% 1.1

For the sequencing data, we present the ratio f4(Yoruba, Denisova; Han, X)/f4(Yoruba, Denisova; Han, Papuan2), estimating the proportion of Denisova ancestry in
a population X as a fraction of that in the Papuan2 sample (for the first line, the Papuan sample in the numerator is Papuan1 HGDP000551). For the genotyping
data, we present the ratio f4(YRI, Denisova; CHB, X)/f4(YRI, Denisova; CHB, Papuan). No standard errors are given for the genotyping-based estimates in the first
two rows because the Papuans and New Guineans are the reference populations, and so by definition those fractions are 100%.

compared pp(X) and pn(X) for all relevant populations
(Table 1, Figure 2, and Figure S1) and found that, allowing
for sampling error, they occur in a one-to-one ratio for the
populations from the Nusa Tenggaras, Moluccas, Polynesia,
and Fiji. Common ancestry with Near Oceania thus can
account for the Denisova genetic material in these groups.

A striking exception is observed in the two Philippine
populations, neither of which conforms to this relation-
ship: pp(Mamanwa) = 0.49 + 0.05 versus py(Mamanwa) =
0.11 = 0.01 (p = 1.5 x 10 '? for the difference) and
pp(Manobo) = 0.13 = 0.03 versus py(Manobo) = 0.04 =
0.01 (p = 0.0018) (Figure 2). An alternative hypothesis
that could account for the Denisovan genetic material in
the Philippines is common ancestry with Australians.**>3
We thus computed a third statistic, p4(X), that estimates
the relative proportion of Australian ancestry (Appendix
A). However, Australian ancestry cannot explain these
patterns either: pp(Mamanwa) = 0.49 = 0.05 versus
pa(Mamanwa) = 0.13 = 0.01 and pp(Manobo) = 0.13 =
0.03 versus ps(Manobo) = 0.05 + 0.01. The estimates of
pn(X) and pa(X) are consistent for a variety of outgroups
(Appendix A and Table S3). Thus, the Denisova genetic
material in Mamanwa, as well as the smaller proportion
in their Manobo neighbors, cannot be due to common
ancestry with Near Oceanians or Australians after the
two groups diverged from one another. In the following
section, we focus on the Mamanwa because they have
a higher proportion of Denisova genetic material and allow
us to study the pattern at a higher resolution.

Modeling Denisova Admixture and Population
History

To test whether the patterns observed in the Philippine
populations might reflect a history of Denisova gene flow
into a population that was ancestral to New Guineans,
Australians, and Mamanwa, followed by separation of
the Mamanwa first and then divergence of the New Guin-
eans from Australians, we fit f statistics summarizing the

allele frequency correlations among all possible sets of
populations to admixture graphs.'* Admixture graphs are
formal models of population relationships with the impor-
tant feature that simply by specifying a topology of popu-
lation relationships, admixture proportions, and genetic
drift values on each lineage, they produce precise predic-
tions of the values that will be observed at fy, f3, and >
statistics (Appendix B). These predictions can then be
compared to the empirically observed values (with standard
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Figure 2. Denisovan and Near Oceanian Ancestry Are Propor-
tional Except in the Philippines

We plot pp(X), the estimated percentage of Denisova ancestry as
a fraction of that seen in New Guineans, against the estimated
percentage of Near Oceanian ancestry py(X) by using the values
from Table 1 (horizontal and vertical bars specify +1 standard
errors). The Mamanwa deviate significantly from the pp(X) =
pn(X) line, indicating that their Denisova genetic material does
not owe its origin to gene flow from a population related to Near
Oceanians. A weaker deviation is seen in the Manobo, who live
near the Mamanwa on the island of Mindanao.
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errors from a block jackknife) to assess the fit to the data.'*
The best-fitting admixture graph for seven populations
(Neandertal, Denisova, Yoruba, Han Chinese, Mamanwa,
Australians, and New Guineans) specifies Denisova gene
flow into a population ancestral to New Guineans, Austra-
lians, and Mamanwa, followed by the splitting of the ances-
tors of the Mamanwa and much more recent admixture
between them and populations related to Fast Eurasians
(Figure 3 and Figure S2). For this model, the admixture graph
predicts the values of 91 allele frequency correlation statis-
tics (f statistics) relating the seven analyzed populations,
and only one f statistic has an observed value more than
three standard errors from the prediction (Appendix B).

Encouraged by the fit of the admixture graph to the data
from the seven populations, we extended the model to
include two additional populations—Andaman Islanders
(Onge) and Negrito groups from Malaysia (Jehai)—both
of which have been hypothesized to descend from the
same migration that gave rise to Australians and New
Guineans** (Figure 3 and Figure S3). This analysis provides
overwhelming support for common ancestry for the Onge
and Jehai: an admixture graph specifying such a history is
an excellent fit to the joint data in the sense that only one
of the 246 possible f'statistics is more than three standard
errors from expectation (Appendix B). The analysis also
suggests that after their separation from the Onge, the Je-
hai received substantial admixture (about three-quarters
of their genome) from populations related to mainland
East Asians (Appendix B). In contrast, a model in which
the Onge have no recent East Asian admixture is a good
fit to the data, providing further evidence that the Onge
have been unadmixed (at least with non-South Asians®)
since their initial arrival in the region."*

A striking finding that emerges from the admixture
graph model fitting is the evidence of an episode of addi-
tional gene flow into Australian and New Guinean ances-
tors—after their ancestors separated from those of the Ma-

Australian

Figure 3. A Model of Population Separa-
tion and Admixture that Fits the Data
The admixture graph suggests Denisova-
related gene flow into a common ancestral
population of Mamanwa, New Guineans,
and Australians, followed by admixture of
New Guinean and Australian ancestors
with another population that did not
experience Denisova gene flow. We cannot
distinguish the order of population diver-
gence of the ancestors of Chinese, Onge/
Jehai, and Mamanwa/New Guineans/
Australians, and hence show a trifurcation.
Admixture proportion estimates (red) are
potentially affected by ascertainment bias
and hence should be viewed with caution.
In addition, although admixture graphs
are precise about the topology of popula-
tion relationships, they are not informa-
tive regarding timing. Thus, the lengths
of lineages should not be interpreted in
terms of population split times and admix-
ture events.

Denisova Neandertal

manwa—ifrom a modern human population that did not
have Denisova genetic material. A model in which this
admixture accounts for half of the genetic material in
Australians and New Guineans is an excellent fit to the
data (Figure 3, Figures S2 and S3, and Appendix B). Admix-
ture graphs that do not model a second admixture event
are much poorer fits, producing 11 f statistics at |Z| > 3
standard errors from expectation (Appendix B). Our
analysis further suggests that the modern humans who
admixed with the ancestors of Australians and New Guin-
eans were closer to Andamanese and Malaysian Negritos
than to mainland East Asians (Figure 3), although this
is a weaker signal (1 f statistic with |Z| > 3 versus 3) (Fig-
ure S3). This suggests that populations with Denisova
admixture could have been in proximity to the ancestors
of the Onge and Jehai during the earliest settlement of
the region but provides no evidence for ancestors of pres-
ent-day East Asians in the region at that time (Appendix B).
Thus, these findings suggest that the present-day East
Asian and Indonesian populations are primarily descended
from more recent migrations to the region.

Discussion

This study has shown that Southeast Asia was settled by
modern humans in multiple waves: One wave contributed
the ancestors of present-day Onge, Jehai, Mamanwa, New
Guineans, and Australians (some of whom admixed with
Denisovans), and a second wave contributed much of
the ancestry of present-day East Asians and Indonesians.
This scenario of human dispersals is broadly consistent
with the archaeologically-motivated hypothesis of an early
southern route migration leading to the colonization of
Sahul and East Asia® but also further clarifies this scenario.
In particular, our data provide no evidence for multiple
dispersals of modern humans out of Africa, as all non-
Africans have statistically indistinguishable amounts of
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Neandertal genetic material.'*'® Instead, our data are
consistent with a single dispersal out of Africa (as proposed
in some versions of the early southern route hypothesis')
from which there were multiple dispersals to South and
East Asia.

This study is also important in providing a clue about the
geographic location of the Denisova gene flow. Given the
high mobility of human populations, it is difficult to use
genetic data from present-day populations to infer the loca-
tion of past demographic events with high confidence.
Nevertheless, the fact that Denisova genetic material is
present in eastern Southeast Asians and Oceanians (Ma-
manwa, Australians, and New Guineans), but not in the
west (Onge and Jehai) or northwest (the Eurasian conti-
nent) suggests that interbreeding might have occurred in
Southeast Asia itself. Further evidence for a Southeast Asian
location comes from our evidence of ancient gene flow from
relatives of the Onge and Jehai into the common ancestors
of Australians and New Guineans after the initial Denisova
gene flow (Figure 3); this suggests that ancestors of both of
these groups (but not of East Asians) were present in the
region at the time. Although some of the observed patterns
could alternatively be explained by a history in which there
was initially some Denisova genetic material throughout
Southeast Asia—which was subsequently displaced by
major migrations of people related to present-day East
Asians—such a history cannot parsimoniously explain the
absence of Denisova genetic material in the Onge and Jehai.
Our evidence of a Southeast Asian location for the Deniso-
van admixture thus suggests that Denisovans were spread
across a wider ecological and geographic region—from the
deciduous forests of Siberia to the tropics—than any other
hominin with the exception of modern humans.

Finally, this study is methodologically important in
showing that there is much to learn about the relation-
ships among modern humans by analyzing patterns of
genetic material contributed by archaic humans. Because
the archaic genetic material is highly divergent, it is easily
detected in a modern human even if it contributes only a
small proportion of the ancestry; this makes it possible to
use archaic genetic material to study subtle and ancient
gene flow much as a medical imaging dye injected into a
patient allows the tracing of blood vessels. A priority for
future research should be to obtain direct estimates for
the dates of the Denisova and Neandertal gene flow, as
these will provide a better understanding of the interac-
tions among Denisovans, Neandertals, and the ancestors
of various present-day human populations.

Appendix A: Statistics Used for Estimating
Admixture Proportions

Pp(X) Statistic Used for Estimating Denisova
Admixture Proportion

We first discuss the pp(X) statistic that we use for esti-
mating the Denisova admixture proportion in any popula-

tion X. Define the frequency of allele i in a sample from
population Yas z,. Then pp(X) is defined as in Equation 1.

The rightmost part of Equation 1 shows that pp(X) can
also be expressed as a ratio of f; statistics, which we intro-
duced previously'* to measure the correlation in allele
frequency differences between pairs of populations. We
previously reported simulations showing that the expected
values of f; statistics are in practice robust to ascertainment
bias (how the polymorphisms are chosen for inclusion in
an analysis), making them useful for learning about
history with SNP array data.'*

The expected values of f; statistics can be understood
visually by following the arrows through the phylogenetic
trees with admixture relating sets of samples, assuming
that these are accurate models for the relationships among
the populations.'* Figure 4 illustrates how the ratio of f;
statistics computed in Equation 1 estimates an admixture
proportion. Both the numerator and denominator can be
viewed as a correlation of two allele frequency differences:

7 — Zi, is the correlation in the allele frequency differ-
ence between an Outgroup “A” that did not experience
admixture and an Archaic group “B” hypothesized to be
related to the admixing group (e.g., A = {chimpanzee,
Yoruba, or San} and B = {Denisova or Neandertal}). This
follows the blue arrows in Figure 4.

7L — Zi, is the correlation in the allele frequency differ-
ence between a modern non-African population “C” and
a test population “X” (e.g., C = {Chinese or Bornean}).
This follows the red arrows in Figure 4.

If populations C and X are sister groups that descend from
ahomogeneous non-African ancestral population, then the
allele frequency differences are expected to have arisen
entirely since the split from that common ancestral popula-
tion, and thus the correlation to A and B is expected to be
zero (no overlap of the arrows). In contrast, if population
X has inherited some proportion gx of its lineages from an
archaic population, then the expected value of the product
of the frequency differences is proportional to gx times
the overlap of the paths of A and B and C and X in Figure 4,
which corresponds to genetic drift & + B. While we do
not know the value of o + B, when we take the ratio of
the numerator and denominator to compute the pp(X)
statistic, this unknown quantity cancels, and we obtain
q4x/qNew Guinea, the proportion of archaic ancestry in a popu-
lation as a fraction of that in New Guineans (Figure 4).

Two issues merit further discussion. First, Figure 4 is an
oversimplification in that it does not show two archaic
gene-flow events (corresponding to Denisovans and Nean-
dertals). However, we have previously reported that the
data are consistent with the same amount of Neandertal
gene flow into the ancestors of East Asians (C, such as
CHB) and populations with Denisovan ancestry (X).'%'8
As a result, the same genetic drift terms are added to the
numerator and denominator, which then cancel in the
ratio pp(X) so that they do not affect results. Second,
pp(X) is expected to provide an unbiased estimate of the
admixture proportion even if the genetic drift on various
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Figure 4. Computation of the Estimate
of Denisovan Ancestry pp(X)

The black lines show the model for how
populations are related that is the basis
for the pp(X) ancestry estimate. Population
X arose from an admixture of a proportion
(1 — gx) of ancestry from an ancestral non-
African population C' and (gqx) from
archaic population B’ (C and B are their
unmixed descendants). The expected
value of f4(A,B;C,X) is proportional to the
correlation in the allele frequency differ-
ences A — B and C — X, and can be com-
puted as the overlap in the drift paths
separating A — B (blue arrows) and C — X
(red arrows). These paths only overlap
over the branches o and B, in proportion
to the percentage gx of the lineages of pop-
ulation X that are of archaic ancestry and
B so the expected value is gx(a + B). When
we compute the ratio pp(X), (o + B) cancels
from both the numerator and denomi-

f4(A’BaC’X)

X)=
Po(%) [f.(A,B;C, New Guinea)

Expected value of numerator from
overlappingred and blue arrows : g«(a + §)

nator, and we obtain gx/qnew Guinear the
fraction of archaic ancestry in a population
X divided by that in New Guinea. This

provides unbiased estimates of the mixture

proportion even if populations C and B have experienced a large amount of genetic drift since splitting from their ancestors, that is, even
if we do not have good surrogates for the ancestral populations. This robustness arises because the genetic drift on the branches B— B’

and C— C' does not contribute to the expectations.

lineages has been large. This contrasts with previous
methods for estimating admixture, which have required
accurate proxies for the ancestral populations.'®

Pn(X) and pa(X) Statistics for Estimating Near
Oceanian and Denisova Admixture
We next discuss the statistics that we use for estimating the
New Guinean py(X) or Australian p,(X) mixture proportion
in any East Eurasian or island Southeast Asian population
X, which are defined in Equations 2 and 3, respectively.
Figure 5 shows the admixture graph corresponding to
the computation of py(X). Both the numerator and the
denominator are of the form f4(A,Australia; X,New
Guinea). The first term measures the correlation in allele
frequency differences between (A — Australia) and (X —
New Guinea). If X and New Guinea descended from a
common ancestral population since the split from Austra-
lians, then they are perfect sister groups, and the expected
value of f; is zero (the sample is consistent with 100%
Near Oceanian ancestry). On the other hand, if X has
a proportion (1 — ¢gx) of non-Near Oceanian ancestry,
then the two terms will have a nonzero correlation, which
as shown in Figure 5 is proportional to the genetic drift
shared between the two population comparisons and has
an expected value of (1 — gx)[(1 — px)B + ] (the proportions
of ancestry flowing along various genetic drift paths times
the genetic drift on each of these lineages, indicated by
the overlap of the red and blue arrows). When we take
one minus the ratio pn(X) = 1 — f4(A,Australia; X,New
Guinea)/f4(A,Australia; CHB,New Guinea), the complicated
term on the right side of this expectation cancels, and we
obtain E[pn(X)] = qx. As with Figure 4, we do not show the

independent Neandertal admixture because the effect of
this term is to cancel from the numerator and denominator.

In Table S3 we report the py(X) estimates for diverse
choices of outgroup populations A (Yoruba, San, and chim-
panzee) and E (China and Borneo). The estimates are con-
sistent whatever the choice of A and E, suggesting that our
inferences are robust. (We do not report py(X) estimates in
Table S3 for the Australians because this population is not
expected to conform to the population relationships
shown in Figure 5; indeed, the pn(X) estimates for Austra-
lians, when we do compute them, are significantly greater
than 1.) Further evidence for the usefulness of the pn(X)
estimates comes from the fact that it is consistent with
the pp(X) estimate for nearly all the populations in Table
1 (except for the Philippine populations, in which the De-
nisova ancestry does not appear to be explainable by Near
Oceanian gene flow as described in the main text).

We also computed a statistic p,(X) that is identical to
Ppn(X) except for the transpositions of the positions of Aus-
tralia and New Guinea in the statistics (Equations 2 and 3).
Once again, we obtain consistent inferences of p,(X) in
Table S3 regardless of the choice of outgroup populations.
Because New Guinea and Australia are sister groups, de-
scending from a common ancestral population, the justifi-
cations for the two statistics are very similar.

The only problem we found with the estimation of pn(X)
procedure is that when X is any non-African population
known to have West Eurasian ancestry (e.g., Europeans or
South Asians), we often obtained negative pn(X) statistics.
Two hypotheses could be consistent with this observation:
(1) In unpublished data, we have attempted to write down
a model of population separation and mixture analogous
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Figure 5. Computation of the Estimate
of Near Oceanian Ancestry pn(X)

The test population X is assumed to have
arisen from a mixture of a proportion
(1 — gx) of ancestry from ancestral East
Asians E’ and (gx) of ancestral Near Ocean-
ians N'. The Near Oceanians are, in turn,
assumed to have received a proportion px
of their ancestry from the Denisovans
(E and New Guinea are assumed to be
unmixed descendants of these two). The
expected value of fy(A,Australia; X, New
Guinea) can be computed from the correla-
tion in the allele frequency differences A —
Australia (blue arrows) and X — New Guinea
(red arrows). These paths only overlap
along the proportion (1 — gx) of the
ancestry of population X that takes the
East Asian path, where the expected shared
drift is (1 — px)B+Y as shown in the figure.

Denisova

f(A, Australia; X, New Guinea)
[f.(A, Australia; CHB, New Guinea)

py(X)=1-

Exp.value of numeratorfromoverlappirg
redandbluearrows: (1-¢x)[(1- px)B+7]

Thus, the expected value of the f; statistic

is (1 — g0 — px)B+v. Because gx =
0 for the denominator of pn(X) (no Near

to that in Figure 3 that jointly fits the genetic data com-
paring eastern and western Eurasian populations and
have so far not succeeded in developing a model that passes
goodness-of-fit tests. This suggests that the population
relationships between eastern and western Eurasians might
be more complex than we have been able to model to date,
and therefore we cannot use them in the py(X) computa-
tion. (2) An alternative possibility is that the negative
pn(X) statistics reflect an artifact of ascertainment bias on
SNP arrays. Ascertainment bias is likely to be particularly
complex with regard to the joint information from Euro-
peans and East Asians because these populations were
heavily used in choices of SNPs for medical genetics arrays.
Thus, it might be difficult to make inferences using popula-
tions from both regions together with data from conven-
tional SNP arrays developed for medical genetic studies.

Whatever the explanation, we have some reason to
believe that estimates of Near Oceanian admixture by
using data from populations with West Eurasians might
be unreliable. Thus, we have excluded West Eurasians
from the estimates reported in Table 1.

Appendix B: Admixture Graphs

Overview of Admixture Graphs

A key finding from this study is that there is Denisova
genetic material in the Mamanwa, a Negrito group from
the Philippines, which cannot be explained by a history of
recent gene flow from relatives of New Guineans (Near Oce-
anians) or Australians. To further understand this history,
we use the admixture graph methodology that we initially
developed for a study of Indian genetic variation* to test
whether various hypotheses about population relationships
are consistent with the data. Specifically, we tested the

Oceanian ancestry), the ratio of f; statistics
has an expected value of (1 — gx) and E

[PnX)] = 4x-

hypothesis of a single episode of Denisovan gene flow into
the ancestors of New Guineans, Australians, and Mamanwa,
prior to the separation of New Guineans and Australians.
Admixture graphs refer to generalizations of phyloge-
netic trees that incorporate the possibility of gene flow.
Like phylogenetic trees, admixture graphs describe the
topology of population relationships without specifying
the timing of events (such as population splits or gene-
flow events), or the details of population size changes on
different lineages. While this can be a disadvantage in
that fitting admixture graphs to data does not allow infer-
ences of these important details, it is also an advantage in
that one can fit genetic data to an admixture graph without
having to specify a demographic history. This allows for
inferences that are more robust to uncertainties about
important parameters of history. Once the topology of the
population relationships is inferred, one can in principle
use other methods to make inferences about the timing of
events and population size changes. This makes the
problem of learning about history simpler than if one had
to simultaneously infer topology, timing, and demography.
An admixture graph makes precise predictions about the
patterns of correlation in allele frequency differences
across all subsets of two, three, and four populations in
an analysis, as measured for example by the f2, f3, and f;
statistics of Reich et al.'* Given n populations, there are
n(n — 1)/2 f, statistics, n(n — 1)(n — 2)/6 f3 statistics, and
n(n—1)(n—2)(n—3)/24 f, statistics. To fit an admixture
graph to data, one first proposes a topology, then identifies
the set of admixture proportions and genetic drift values
on each lineage (variation in allele frequency correspond-
ing to random sampling of alleles from generation to
generation in a population of finite size) that are the best
match to the data under that model. The admixture graph
topology, admixture proportions, and genetic drift values
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on each lineage together generate expected values for the
2, f3 and f; statistics'* that can be compared to the
observed values—which have empirical standard errors
from a block jackknife—to assess the adequacy of the
best fit under the proposed topology. As we showed previ-
ously,'* the topology relating populations in an admixture
graph can be accurately inferred even if the polymor-
phisms used in an analysis are affected by substantial ascer-
tainment bias. The software that we have developed for
fitting admixture graphs carries out a hill-climb to find
the genetic drift values and admixture proportions that
minimize the discrepancy between the observed and ex-
pected 12, f3, and f statistics for a given topology relating
a set of populations.

A complication in fitting admixture graphs to data is
that we do not know how many effectively independent
f statistics there are, out of the [n(n — 1)/2][1 + (n — 2)/
3 + (n — 3)/12] that are computed. These statistics are
highly correlated, and in fact can be related algebraically
to each other; for example, all the f3 and f; statistics are
a linear combinations of the f, statistics. Although we
believe that it is possible to construct a reasonable score
for how well the model fits the data by studying the covari-
ance matrix of the [ statistics—and indeed a score of this
type is the basis for our hill-climbing software—we have
not yet found a formal way to assess how many indepen-
dent hypotheses are being tested, and thus we do not at
present have a goodness-of-fit test. Instead, we simply
compute all possible f statistics and search for extreme
outliers (e.g., Z scores of 3 or more from expectation). A
large number of Z scores greater than 3 are not likely to
be observed if the admixture graph topology is an accurate
description of a set of population relationships.

Denisova Gene Flow into Mamanwa/New Guinean/
Australian Ancestors

We initially fit an admixture graph to the data from
Mamanwa, New Guineans, Australians, Denisova, Nean-
dertal, West Africans (YRI), and Han Chinese (CHB), basing
some of the proposed population relationships on pre-
vious work that hypothesized a model of an out-of-Africa
migration of modern humans, Neandertal gene flow into
the ancestors of all non-Africans, and sister group status
for Neandertals and Denisovans.'> A complication in
fitting an admixture graph to these data is that because
of the low coverage of the Neandertal and Denisova
genomes, we could not accurately infer the diploid geno-
type at each SNP. Thus, we sampled a single read from
Neandertal and Denisova to represent each site and (incor-
rectly) assumed that these individuals were homozygous
for the observed allele at each analyzed SNP. This means
that the estimates of genetic drift on the Neandertal and
Denisova branches are not reliable (the genetic drift values
are overestimated). However, these sources of error do not
introduce a correlation in allele frequencies across popula-
tions and hence are not expected to generate a false infer-
ence about the population relationships.

Figure S2 shows an admixture graph that proposes that the
Mamanwa, New Guineans, and Australians descend from
a common ancestral population; the Mamanwa split first
and the New Guinean and Australian ancestors split later.
This is an excellent fit to the data in the sense that only
one of 91 f statistics is more than three standard errors
from zero (|Z| = 3.4). An interesting feature of this admixture
graph is that it specifies an additional admixture event, after
the Mamanwa lineage separated, into the ancestors of
Australians and New Guineans that contributed about half
of their ancestry and involved a population without Deni-
sova admixture. A model that does not include such a
secondary admixture event is strongly rejected (see below).

The estimated proportion of Neandertal ancestry in all
non-Africans from the admixture graph fitting in Figure 3,
at 1.3%, is at the low end of the 1%-4% previously esti-
mated from sequencing data.'® Similarly, we infer a propor-
tion of Denisova ancestry in New Guineans of 3.5% =
6.6% X 53%, which is lower than the 4%-6% previously
estimated based on sequencing data but not significantly
so when one takes into account the standard errors quoted
in that study.'? These low numbers could reflect statistical
uncertainty from the previously reported analyses of
sequencing data or in the admixture graph estimates (the
latter possibility is especially important to consider
because we do not at present understand how to compute
standard errors on the admixture estimates derived from
admixture graphs). Another possible explanation for the
low estimates of mixture proportions is ascertainment
bias affecting the way SNPs were selected, which can affect
estimates of mixture proportions and branch lengths
(while having much less impact on the inference of
topology). Further support for the hypothesis that ascer-
tainment bias might be contributing to our lower estimates
of mixture proportions comes from the fact that in unpub-
lished work we have found that the polymorphisms most
enriched for signals of archaic admixture are those in
which the derived allele is present in the archaic popula-
tion, absent in West Africans, and present at low minor
allele frequency in the studied population. In our admix-
ture graph fitting, we filtered out this class of SNPs, as
the f statistics used in the admixture graph have denomi-
nators that require frequency estimates from a polymor-
phic reference population, and we used YRI as our refer-
ence. Thus, when we refitted the same admixture graph
with CHB instead of YRI as the reference population, we
obtained the same topology but the Neandertal mixture
proportion increased to 1.9%. We have chosen to use YRI
as the reference population in all of our reported admix-
ture graphs because they are a better outgroup for the
modern populations whose history we are studying than
the CHB (populations related to the Chinese were directly
involved in admixture events in Southeast Asia).

Adding Onge and Jehai
The Andamanese Negrito group (Onge) and Malaysian
Negrito group (Jehai) have been proposed to share ancient
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common ancestry with Philippine Negritos (e.g., Ma-
manwa). The fact that neither the Onge nor the Jehai
have evidence of Denisova genetic material, however,
suggests that any common ancestry must date to before
the Denisova gene flow into the ancestors of the Ma-
manwa, New Guineans, and Australians. To explore the
relationship between the Onge and Jehai and the other
populations, we added them into the admixture graph.
The only family of admixture graphs that we could identify
as fitting the data have the Onge as a deep lineage of
modern humans, with the Jehai deriving ancestry from
the same lineage but also harboring a substantial additional
contribution of East Asian related admixture (Figure S3).

A striking feature of the family of admixture graphs shown
in Figure S3 is that both the Jehai and Mamanwa are inferred
to have up to about three-quarters of their ancestry due to
recent East Eurasian admixture, which is not too surprising
given that these populations have been living side by side
with populations of East Eurasian ancestry for thousands
of years. Moreover, both Y-chromosome and mtDNA anal-
yses strongly suggest recent East Asian admixture in the
Mamanwa.**** In contrast, the genome-wide SNP data for
the Onge are consistent with having no non-Negrito admix-
ture within the limits of our resolution, perhaps reflecting
their greater geographic isolation.

We next sought to resolve how the lineage including
Onge and Jehai ancestors, the mainland East Asian (e.g.,
Chinese), and the eastern group (including Mamanwa,
Australian and New Guinean ancestors) are related. Three
relationships are all consistent with the data. Specifically,
for all three of the admixture graphs shown in Figure S3,
only one of the 246 possible f statistics has a score of
|Z| > 3. Thus, we cannot discern the order of splitting of
these three lineages and represent the relationships as
a trifurcation in Figure 3. The actual estimates of mixture
proportions are similar for all three figures as well.

Perturbing the Best-Fitting Admixture Graph to Assess
the Robustness of Our Inferences

To assess the robustness of the admixture graphs, we per-
turbed Figure S3 (in practice, we perturbed Figure 3A, but
given the fact that the graphs are statistically indistin-
guishable we expected that results would be similar for
all three). First, we considered the possibility that after
the initial Denisova gene flow into the ancestors of Ma-
manwa, New Guineans, and Australians, the New Guinean
and Australian ancestors did not experience an additional
gene-flow event with a population without Denisovan
admixture. However, when we try to fit this simpler model
to the data, we find that instead of one [ statistic that is
|Z| > 3 standard errors from expectation, there are now
11, and all but one of them involve the Mamanwa, suggest-
ing that this population is poorly fit by such a model. Thus,
an additional admixture event in the ancestry of New
Guineans and Australians (resulting in a decrease in their
proportion of Denisova ancestry) results in a major
improvement in the fit.

Second, we considered the possibility that the secondary
gene-flow event into the ancestors of Australians and
New Guineans came from relatives of Chinese (CHB)
rather than western Negritos such as the Onge. However,
when we fit this alternative history to the data, we find
three f statistics (rather than one) with scores of |Z| > 3,
a substantially worse fit. We conclude that the modern
human population with which the ancestors of Australians
and New Guineans interbred was likely to have been more
closely related to western Negritos than to mainland East
Asians.

Supplemental Data

Supplemental Data include three figures and three tables and can
be found with this article online at http://www.cell.com/AJHG/.
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The URLs for data presented herein are as follows:

Burrows-Wheeler Aligner, http://bio-bwa.sourceforge.net/index.
shtml

CEPH-Human Genome Diversity Cell Line Panel, http://www.
cephb.fr/en/hgdp/diversity.php

EIGENSOFT, http://genepath.med.harvard.edu/~reich/Software. htm

European Collection of Cell Cultures, http://www.hpacultures.
org.uk/pages/Ethnic_DNA_Panel.pdf

European Nucleotide Archive (Project ID ERP000121), http://
www.ebi.ac.uk/ena/

Ibis, http://bioinf.eva.mpg.de/Ibis/

SAMtools, http://samtools.sourceforge.net/

References

1. Mellars, P. (2006). Going east: New genetic and archaeological
perspectives on the modern human colonization of Eurasia.
Science 313, 796-800.

2. Lahr, M., and Foley, R. (1994). Multiple dispersals and modern
human origins. Evol. Anthropol. 3, 48-60.

12 The American Journal of Human Genetics 89, 1-13, October 7, 2011


http://www.cell.com/AJHG/
http://bio-bwa.sourceforge.net/index.shtml
http://bio-bwa.sourceforge.net/index.shtml
http://www.cephb.fr/en/hgdp/diversity.php
http://www.cephb.fr/en/hgdp/diversity.php
http://genepath.med.harvard.edu/~reich/Software.htm
http://www.hpacultures.org.uk/pages/Ethnic_DNA_Panel.pdf
http://www.hpacultures.org.uk/pages/Ethnic_DNA_Panel.pdf
http://www.ebi.ac.uk/ena/
http://www.ebi.ac.uk/ena/
http://bioinf.eva.mpg.de/Ibis/
http://samtools.sourceforge.net/

Please cite this article in press as: Reich et al., Denisova Admixture and the First Modern Human Dispersals into Southeast Asia and Oceania,
The American Journal of Human Genetics (2011), doi:10.1016/j.ajhg.2011.09.005

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Abdulla,

Endicott, P., Gilbert, M.T., Stringer, C., Lalueza-Fox, C., Willer-
slev, E., Hansen, A.J., and Cooper, A. (2003). The genetic origins
of the Andaman Islanders. Am. J. Hum. Genet. 72, 178-184.

. Macaulay, V., Hill, C., Achilli, A., Rengo, C., Clarke, D., Mee-

han, W., Blackburn, J., Semino, O., Scozzari, R., Cruciani, F.,
et al. (2005). Single, rapid coastal settlement of Asia revealed
by analysis of complete mitochondrial genomes. Science
308, 1034-1036.

. Thangaraj, K., Chaubey, G., Kivisild, T., Reddy, A.G., Singh,

V.K., Rasalkar, A.A., and Singh, L. (2005). Reconstructing the
origin of Andaman Islanders. Science 308, 996.

. Cordaux, R., and Stoneking, M. (2003). South Asia, the

Andamanese, and the genetic evidence for an early human
dispersal out of Africa. Am J Hum Genet 72, 1586-1590;
author reply 1590-1583.

. Palanichamy, M.G., Agrawal, S., Yao, Y.G., Kong, Q.P., Sun, C.,

Khan, E, Chaudhuri, T.K., and Zhang, Y.P. (2006). Comment
on “Reconstructing the origin of Andaman islanders”. Science
311, 470, author reply 470.

. Barik, S.S., Sahani, R., Prasad, B.V.R., Endicott, P., Metspalu, M.,

Sarkar, B.N., Bhattacharya, S., Annapoorna, P.C.H., Sreenath, J.,
Sun, D., et al. (2008). Detailed mtDNA genotypes permit
a reassessment of the settlement and population structure of
the Andaman Islands. Am. J. Phys. Anthropol. 136, 19-27.
M.A.,, Ahmed, 1., Assawamakin, A., Bhak, J.,
Brahmachari, S.K., Calacal, G.C., Chaurasia, A., Chen, C.H.,
Chen, J., Chen, Y.T., et al; HUGO Pan-Asian SNP Consortium;
Indian Genome Variation Consortium. (2009). Mapping
human genetic diversity in Asia. Science 326, 1541-1545.
Wollstein, A., Lao, O., Becker, C., Brauer, S., Trent, R.J., Niirn-
berg, P., Stoneking, M., and Kayser, M. (2010). Demographic
history of Oceania inferred from genome-wide data. Curr.
Biol. 20, 1983-1992.

Moodley, Y., Linz, B., Yamaoka, Y., Windsor, H.M., Breurec, S.,
Wu, J.Y., Maady, A., Bernhoft, S., Thiberge, .M., Phuanukoon-
non, S., et al. (2009). The peopling of the Pacific from a bacte-
rial perspective. Science 323, 527-530.

Reich, D., Green, R.E., Kircher, M., Krause, J., Patterson, N.,
Durand, E.Y., Viola, B., Briggs, A.W., Stenzel, U., Johnson,
P.L., etal. (2010). Genetic history of an archaic hominin group
from Denisova Cave in Siberia. Nature 468, 1053-1060.
Altshuler, D.M., Gibbs, R.A., Peltonen, L., Altshuler, D.M.,
Gibbs, R.A., Peltonen, L., Dermitzakis, E., Schaffner, S.F.,, Yu,
E, Peltonen, L., et al; International HapMap 3 Consortium.
(2010). Integrating common and rare genetic variation in
diverse human populations. Nature 467, 52-58.

Reich, D., Thangaraj, K., Patterson, N., Price, A.L., and Singh,
L. (2009). Reconstructing Indian population history. Nature
461, 489-494.

Redd, Al]J., and Stoneking, M. (1999). Peopling of Sahul:
mtDNA variation in aboriginal Australian and Papua New
Guinean populations. Am. ]J. Hum. Genet. 65, 808-828.
Cann, H.M., de Toma, C., Cazes, L., Legrand, M.E,, Morel, V.,
Piouffre, L., Bodmer, J., Bodmer, W.E.,, Bonne-Tamir, B., Cam-
bon-Thomsen, A., et al. (2002). A human genome diversity
cell line panel. Science 296, 261-262.

Chimpanzee Sequencing and Analysis Consortium. (2005).
Initial sequence of the chimpanzee genome and comparison
with the human genome. Nature 437, 69-87.

Green, R.E., Krause, J., Briggs, A.W., Maricic, T., Stenzel, U., Kircher,
M., Patterson, N., Li, H., Zhai, W., Fritz, M.H., et al. (2010). A draft
sequence of the Neandertal genome. Science 328, 710-722.

19.

20.

21.

22.

23.

24.

23.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Patterson, N., Price, A.L., and Reich, D. (2006). Population
structure and eigenanalysis. PLoS Genet. 2, e190.

Kircher, M., Stenzel, U., and Kelso, J. (2009). Improved base
calling for the Illumina Genome Analyzer using machine
learning strategies. Genome Biol. 10, R83.

Li, H., and Durbin, R. (2009). Fast and accurate short read
alignment with Burrows-Wheeler transform. Bioinformatics
25, 1754-1760.

Busing, F., Meijer, E., and Van Der Leeden, R. (1999). Delete-m
jackknife for unequal m. Stat. Comput. 9, 3-8.

Kunsch, H.K. (1989). The jackknife and the bootstrap for
general stationary observations. Ann. Stat. 17, 1217-1241.
O’Connell, J., and Allen, J. (2004). Dating the colonization of
Sahul (Pleistocene Australia - New Guinea): A review of recent
research. J. Archaeol. Sci. 31, 835-853.

Summerhayes, G.R., Leavesley, M., Fairbairn, A., Mandui, H.,
Field, J., Ford, A., and Fullagar, R. (2010). Human adaptation
and plant use in highland New Guinea 49,000 to 44,000 years
ago. Science 330, 78-81.

McEvoy, B.P,, Lind, ].M., Wang, E.T., Moyzis, R K., Visscher, PM.,
van Holst Pellekaan, S.M., and Wilton, A.N. (2010). Whole-
genome genetic diversity in a sample of Australians with deep
Aboriginal ancestry. Am. J. Hum. Genet. 87, 297-305.
Roberts-Thomson, J.M., Martinson, J.J., Norwich, ].T.,
Harding, R.M., Clegg, J.B., and Boettcher, B. (1996). An
ancient common origin of aboriginal Australians and New
Guinea highlanders is supported by alpha-globin haplotype
analysis. Am. J. Hum. Genet. 58, 1017-1024.

Friedlaender, J.S., Friedlaender, F.R., Reed, F.A., Kidd, KK,
Kidd, J.R., Chambers, G.K., Lea, R.A., Loo, J.H., Koki, G., Hodg-
son, J.A., et al. (2008). The genetic structure of Pacific
Islanders. PLoS Genet. 4, e19.

Kayser, M., Brauer, S., Cordaux, R., Casto, A., Lao, O., Zhivo-
tovsky, L.A., Moyse-Faurie, C., Rutledge, R.B., Schiefenhoevel,
W., Gil, D., et al. (2006). Melanesian and Asian origins of Poly-
nesians: mtDNA and Y chromosome gradients across the
Pacific. Mol. Biol. Evol. 23, 2234-2244.

Kayser, M., Lao, O., Saar, K., Brauer, S., Wang, X., Niirnberg, P.,
Trent, R.J., and Stoneking, M. (2008). Genome-wide analysis
indicates more Asian than Melanesian ancestry of Polyne-
sians. Am. J. Hum. Genet. 82, 194-198.

Mona, S., Grunz, K.E., Brauer, S., Pakendorf, B., Castri, L.,
Sudoyo, H., Marzuki, S., Barnes, R.H., Schmidtke, ]J.,
Stoneking, M., and Kayser, M. (2009). Genetic admixture
history of Eastern Indonesia as revealed by Y-chromosome
and mitochondrial DNA analysis. Mol. Biol. Evol. 26, 1865-
1877.

Delfin, E, Salvador, J.M., Calacal, G.C., Perdigon, H.B.,
Tabbada, K.A., Villamor, L.P., Halos, S.C., Gunnarsdottir, E.,
Myles, S., Hughes, D.A,, et al. (2011). The Y-chromosome
landscape of the Philippines: Extensive heterogeneity and
varying genetic affinities of Negrito and non-Negrito groups.
Eur. J. Hum. Genet. 19, 224-230.

Matsumoto, H., Miyazaki, T., Omoto, K., Misawa, S., Harada,
S., Hirai, M., Sumpaico, J.S., Medado, P.M., and Ogonuki, H.
(1979). Population genetic studies of the Philippine Negritos.
II. gm and km allotypes of three population groups. Am. J.
Hum. Genet. 31, 70-76.

Gunnarsdottir, E.D., Li, M., Bauchet, M., Finstermeier, K., and
Stoneking, M. (2011). High-throughput sequencing of
complete human mtDNA genomes from the Philippines.
Genome Res. 21, 1-11.

The American Journal of Human Genetics 89, 1-13, October 7, 2011 13



	 Denisova Admixture and the First Modern Human Dispersals into Southeast Asia and Oceania
	 Introduction
	 Material and Methods
	 SNP Array Data
	 Merging Genotyping Data with Chimpanzee, Denisova, and Neandertal
	 Removal of Outlier Samples
	 Sequencing Data
	 Estimating Denisova pD(X), Near Oceanian pN(X) and Australian pA(X) ancestry
	 Block Jackknife Standard Error and Statistical Testing

	 Results
	 Quantifying Denisova Admixture from Genome-wide SNP Data
	 Near Oceanian Ancestry Explains Denisovan Genes Outside of Australia and the Philippines
	 Modeling Denisova Admixture and Population History

	 Discussion
	 Appendix A: Statistics Used for Estimating Admixture Proportions
	 pD(X) Statistic Used for Estimating Denisova Admixture Proportion
	 pN(X) and pA(X) Statistics for Estimating Near Oceanian and Denisova Admixture

	 Appendix B: Admixture Graphs
	 Overview of Admixture Graphs
	 Denisova Gene Flow into Mamanwa/New Guinean/Australian Ancestors
	 Adding Onge and Jehai
	 Perturbing the Best-Fitting Admixture Graph to Assess the Robustness of Our Inferences

	 Supplemental Data
	 Supplemental DataDocument S1. Three Figures and Three Tables
	 Web Resources
	 References


