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Abstract

We present an Aboriginal Australian genomic sequence obtained from a 100-year-old lock of hair
donated by an Aboriginal man from southern Western Australia in the early 20th century. We
detect no evidence of European admixture and estimate contamination levels to be below 0.5%.
We show that Aboriginal Australians are descendants of an early human dispersal into eastern
Asia, possibly 62,000 to 75,000 years ago. This dispersal is separate from the one that gave rise to
modern Asians 25,000 to 38,000 years ago. We also find evidence of gene flow between
populations of the two dispersal waves prior to the divergence of Native Americans from modern
Asian ancestors. Our findings support the hypothesis that present-day Aboriginal Australians
descend from the earliest humans to occupy Australia, likely representing one of the oldest
continuous populations outside Africa.

The genetic history of Aboriginal Australians is contentious but highly important for
understanding the evolution of modern humans. All living non-African populations likely
derived from a single dispersal of modern humans out of Africa, followed by subsequent
serial founder effects (1, 2). Accordingly, eastern Asia is hypothesized to have been
populated by a single early migration wave rather than multiple dispersals (3). In this
“single-dispersal model,” Aboriginal Australians are predicted to have diversified from
within the Asian cluster [for definitions of human populations and groups, see (4)] (Fig. 1A,
top). Recent whole-genome studies reveal a split between Europeans and Asians dating to
17,000 to 43,000 years before the present (B.P.) (5, 6). Because greater Australia (Australia
and Melanesia, including New Guinea) has some of the earliest archaeological evidence of
anatomically modern humans outside Africa, dating back to ~50,000 years B.P. (7, 8), a
divergence of aboriginal Australasians from within the Asian cluster is not compatible with
population continuity in Australia. Alternatively, on the basis of archaeological and fossil
evidence, it has been proposed that greater Australia was occupied by an early, possibly
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independent out-of-Africa dispersal, before the population expansion giving rise to the
majority of present-day Eurasians (9, 10). According to this “multiple-dispersal model,” the
descendants of the earlier migration became assimilated or replaced by the later-dispersing
populations, with a few exceptions that include Aboriginal Australians (10, 11) (Fig. 1A,
bottom).

We sequenced the genome of an Aboriginal Australian male from the early 20th century to
overcome problems of recent European admixture and contamination (4).We used 0.6 g of
hair for DNA extraction (4, 12). Despite its relatively young age, the genomic sequence
showed a high degree of fragmentation, with an average length of 69 base pairs. The
genome was sequenced to an overall depth of 6.4x; the ~ 60% of the genomic regions
covered was sequenced to an average depth of 11x (4) [theoretical maximum is ~85% (12)].
Cytosine-to-thymine misincorporation levels typical of ancient DNA (13) were low
(maximum3% of all cytosines) and were restricted to a 5S-nucleotide region at each read
terminus. For this reason, read termini were trimmed to improve single-nucleotide
polymorphism (SNP) call quality (4).

The genome was mapped and genotyped, identifying 2,782,401 SNPs, of which 449,115
were considered high-confidence, with a false-positive rate of <2.4%, and were used in
further analyses (4). Of these, 28,395 (6.3%) have not been previously reported (4). Despite
extensive handling of the hair by people of European ancestry, contamination levels based
on the level of X-chromosome heterozygosity were estimated to be less than 0.5% (4).
These findings are in agreement with studies showing that ancient human hair can be
decontaminated by pretreatment (12, 14). Furthermore, no evidence of recent European
admixture or contamination could be detected at the genotype level (4).

The Australian individual’s mitochondrial genome (mtDNA) was sequenced to an average
depth of 338x. It belongs to a new subclade of haplogroup O (hg O) that we term hg Ola
(4). Haplogroup O is one of the four major lineage groups specific to Australia and has been
reported from various parts of the Northern Territory (15 to 16%) (15-17). From high-
confidence Y-chromosome SNPs, we assigned his Y chromosome to the K-M526* macro-
haplogroup (4). Although the O and P branches of haplogroup K-M526 account for the
majority of East and West Eurasian Y chromosomes, the unresolved K-M526* lineages are
more common (>5%) only among contemporary populations of Australasia (15, 18). Both
uniparental markers fall within the known pattern found among contemporary Aboriginal
Australians (15), providing further evidence that the genomic sequence obtained is not
contaminated.

We compared our high-confidence SNPs with Illumina SNP chip data from 1220 individuals
belonging to 79 populations (4). Among these are individuals from the Kusunda and Aeta,
two populations of hunter-gatherers from Nepal and the Philippines, respectively. Both
groups have been hypothesized to be possible relict populations from the proposed early
wave of dispersal across eastern Asia (19, 20).

Principal components analysis (PCA) results illustrated genetic differentiation among
Africans, Asians, and populations of greater Australia. The Australian genome clusters
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together with Highland Papua New Guinea (PNG) samples and is thus positioned roughly
between South and East Asians. Apart from the neighboring Bougainville Papuans, the
closest populations to the Aboriginal Australian are the Munda speakers of India and the
Aeta from the Philippines (Fig. 1B). This pattern is confirmed from542 individuals from43
Asian and greater Australia populations (4) and by including an additional 25 populations
from India (21) that all fall on the Eurasian axis, including those of the Great Andamanese
and Onge from the Andaman Islands (21). The PCA and admixture results (Fig. 1C) further
confirm the lack of European contamination or recent admixture in the genome sequence.

We used the D test (22, 23) on the SNP chip data and genomes to look for shared ancestry
between Aboriginal Australians and other groups (4). We found significantly larger
proportions of shared derived alleles between the Aboriginal Australian and Asians
(Cambodian, Japanese, Han, and Dai) than between the Aboriginal Australian and
Europeans (French) (Table 1, rows 1 to 4). We also found a significantly larger proportion
of shared derived alleles between the French and the Asians than between the French and the
Aboriginal Australian (Table 1, rows 5 to 8). These findings do not allow us to discriminate
between the two models of origin, but they do rule out simple models of complete isolation
of populations since divergence. Our data do not provide consistent evidence of gene flow
between populations of greater Australia (Aboriginal Australian/PNG Highlands) and Asian
ancestors after the latter split from Native Americans under various models (4) (there may
still be some gene flow between Bougainville and some Asian ancestors after that time;
Table 1). This suggests that before European contact occurred, Aboriginal Australian and
PNG Highlands ancestors had been genetically isolated from other populations (except
possibly each other) since at least 15,000 to 30,000 years B.P. (24).

To identify which model of human dispersal best explains the data, we sequenced three Han
Chinese genomes to an average depth of 23 to 24x (4) and used a test comparing the patterns
of similarity between these or the Aboriginal Australian to African and European individuals
(4). This test, which we call Dyp, is closely related to the D test (22, 23) but is far more
robust to errors and can detect subtle demographic signals in the data that may be masked by
large amounts of secondary gene flow (4).

Taking those sites where the Aboriginal Australian (ABR) differs from a Han Chinese
representing eastern Asia (ASN), and comparing ABR and ASN with the Centre d’Etude du
Polymorphisme Humain (CEPH) European sample (CEU) representing Europe and the
Yoruba representing Africa (YRI), the single-dispersal model (Fig. 1A, top) predicts an
equal number of sites supporting group 1 [(YRI, ASN), (CEU, ABR)] and group 2 [(YRI,
ABR), (CEU, ASN)]. In contrast, the multiple-dispersal model (Fig. 1A, bottom) predicts an
excess of group 2. Indeed, we found a statistically significant excess of sites (51.4%)
grouping the Yoruba and Australian genomes together (group 2) relative to the Yoruba and
East Asian genomes together (group 1, 48.6%, P < 0.001), consistent with a basal
divergence of Aboriginal Australians in relation to East Asians and Europeans (Table 2).
Another possible explanation of our findings is that gene flow between modern European
and East Asian populations caused these two populations to appear more similar to each
other, generating an excess of sites showing group 2, even under the single-dispersal model.
However, simulations under such a model show that the amount of gene flow between
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Europeans and East Asians (5) cannot generate the excess of sites showing group 2 unless
Aboriginal Australian, East Asian, and European ancestral populations all split from each
other around the same time, with no subsequent migration between aboriginal Australasians
and East Asians (4). Such a model, however, would be inconsistent with our results from D
test, PCA, and discriminant analysis of principal components (DAPC) (4), given that the
Aboriginal Australian is found to be genetically closer to East Asians than to Europeans
(Table 1 and Fig. 1B). Thus, our findings suggest that a model in which Aboriginal
Australians are directly derived from ancestral Asian populations, as proposed by the single-
dispersal model, is not compatible with the genomic data. Instead, our results favor the
multiple-dispersal model in which the ancestors of Aboriginal Australian and related
populations split from the Eurasian population before Asian and European populations split
from each other (4).

To estimate the times of divergence, we developed a population genetic method for
estimating demographic parameters from diploid whole-genome data. The method uses
patterns of allele frequencies and linkage disequilibrium to obtain joint estimates of
migration rates and divergence times between pairs of populations (4). Using this method,
we estimate that aboriginal Australasians split from the ancestral Eurasian population 62,000
to 75,000 years B.P. This estimate fits well with the mtDNA-based coalescent estimates of
45,000 to 75,000 years B.P. of the non-African founder lineages (4, 15, 25, 26).
Furthermore, we find that the European and Asian populations split from each other only
25,000 to 38,000 years B.P., in agreement with previous estimates (5, 6). All three
populations, however, have a divergence time similar to the representative African

sequence. Additionally, our estimated split time between aboriginal Australasians and the
ancestral Eurasian population predicts the observed excess of sites showing group 2
discussed above (Table 2). To obtain confidence intervals and test hypotheses, we used a
block bootstrap approach. In 100 bootstrap samples, we always obtained a longer divergence
time between East Asians and the Aboriginal Australian than between East Asians and
Europeans, showing that we can reject the null hypothesis of a trichotomy in the population
phylogeny with statistical significance of approximately P < 0.01. In these analyses we have
taken changes in population sizes and the effect of gene flow after divergence between
populations into account. However, our models are still relatively simple, and the models we
consider are only a subset of all the possible models of human demography. In addition, we
have not attempted directly to model the combined effects of demography and selection. The
true history of human diversification is likely to be more complex than the simple
demographic models considered here.

We used two approaches to test for admixture in the genomic sequence of the Aboriginal
Australian with archaic humans [Neandertals and Denisovans (22, 23)]. We asked whether
previously identified high-confidence Neandertal admixture segments in Europeans and
Asians (22) could also be found in the Aboriginal Australian. We found that the proportion
of such segments in the Aboriginal Australian closely matched that observed in European
and Asian sequences (4). In the case of the Denisovans, we used a D test (22, 23) to search
for evidence of admixture within the Aboriginal Australian genome. This test compares the
proportion of shared derived alleles between an outgroup sequence (Denisovan) and two
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ingroup sequences. This test showed a relative increase in allele sharing between the
Denisovan and the Aboriginal Australian genomes, compared to other Eurasians and
Africans including Andaman Islanders (4), but slightly less allele sharing than observed for
Papuans. However, we found that the D test is highly sensitive to errors in the ingroup
sequences (4), and shared errors are of particular concern when the comparisons involve
both an ingroup and outgroup ancient DNA sequence. Although we cannot exclude these
results being influenced by such errors, the latter result is consistent with the hypothesis of
increased admixture between Denisovans or related groups and the ancestors of the modern
inhabitants of Melanesia (23). This admixture may have occurred in Melanesia or,
alternatively, in Eurasia during the early migration wave.

The degree to which a single individual is representative of the evolutionary history of
Aboriginal Australians more generally is unclear. Nonetheless, we conclude that the
ancestors of this Aboriginal Australian man—and possibly of all Aboriginal Australians—
are as distant from Africans as are other Eurasians, and that the Aboriginal ancestors split
62,000 to 75,000 years B.P. from the gene pool that all contemporary non-African
populations appear to descend from. Rather than supporting a single early human expansion
into eastern Asia, our findings support the alternative model of Aboriginal Australians
descending from an early Asian expansion wave some 62,000 to 75,000 years B.P. The data
also fit this model’s prediction of substantial admixture and replacement of populations from
the first wave by the second expansion wave, with a few populations such as Aboriginal
Australians, and possibly PNG Highlands and Aeta, being remnants of the early dispersal
(Fig. 2). This is compatible with mtDNA data showing that although all haplogroups
observed in Australia are unique to this region, they derive from the same few founder
haplogroups that are shared by all non-African populations (4). Finally, our data are in
agreement with contemporary Aboriginal Australians being the direct descendants from the
first humans to be found in Australia, dating to ~50,000 years B.P. (7, 8). This means that
Aboriginal Australians likely have one of the oldest continuous population histories outside
sub-Saharan Africa today.
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Fig 1.

(Ag) The two models for early dispersal of modern humans into eastern Asia. Top: Single-
dispersal model predicting a single early dispersal of modern humans into eastern Asia.
Bottom: Multiple-dispersal model predicting separate dispersals into eastern Asia of
aboriginal Australasians and the ancestors of most other present-day East Asians. AF,
Africans; EU, Europeans; ASN, Asians; ABR, Aboriginal Australians. Arrow symbolizes
gene flow. (B) PCA plot (PC1 versus PC2) of the studied populations and the ancient
genome of the Aboriginal Australian (marked with a cross). Inset shows the greater
Australia populations (4). (C) Ancestry proportions of the studied 1220 individuals from 79
populations and the ancient Aboriginal Australian as revealed by the ADMIXTURE
program (28) with K =5, K =11, and K = 20. A stacked column of the K proportions
represents each individual, with fractions indicated on the y axis [see (4) for the choice of
K]. The greater Australia populations are shown in detail at the upper right.



Rasmussen et al. Page 10

TV ==
>N _—
- ss
e
~—15-30 ka BP el S
.5 a,.,—""'" A 4 g) i 5
S S w o —
r f -
Denisovans > - . ”J
= \\-‘{?‘ ,
g, Ve
<2 B
{."\-\. Y "\ -
] \
.50 ka BP b 3
\\
'
\
|
™
Ay {

Fig2.

Re?construction of early spread of modern humans outside Africa. The tree shows the
divergence of the Aboriginal Australian (ABR) relative to the CEPH European (CEU) and
the Han Chinese (HAN) with gene flow between aboriginal Australasians and Asian
ancestors. Purple arrow shows early spread of the ancestors of Aboriginal Australians into
eastern Asia ~62,000 to 75,000 years B.P. (ka BP), exchanging genes with Denisovans, and
reaching Australia ~50,000 years B.P. Black arrow shows spread of East Asians ~25,000 to
38,000 years B.P. and admixing with remnants of the early dispersal (red arrow) some time
before the split between Asians and Native American ancestors ~15,000 to 30,000 years
B.P. YRI, Yoruba.
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Table 2
Results of the Dyp test. The results are from NA19239 (for YRI), NA12891 (for CEU), HG00421 (for ASN),

and the Aboriginal Australian genome (ABR). The two groups are patterns representing the two ways in
which eligible SNPs can partition the four genomes (they have not been polarized).

Group 1 Group 2

YRI 1 1
ABR 0 1
CEU 0 0
ASN 1 0
Observed number ™ 13,974 14,765
Observed proportion (95% Cl)f 48.6% (47.8 t049.4%) 51.4% (50.6 to 52.2%)
Expected proportion under multiple-dispersal model 1# 48.7% 51.3%
Expected proportion under multiple-dispersal model 2§ 48.0% 52.0%

50.3% 49.7%

Expected proportion under single-dispersal model”

*
Average number of eligible SNPs showing groups 1 and 2 across block bootstrap replicates.

7L95% confidence interval obtained from a block bootstrap (4). Z test rejects the null hypothesis that this value is equal to 50% (Z = 3.3, P < 0.001).
i-Expecled proportion from a multiple-dispersal model in which aboriginal Australasians split from Eurasian populations 2500 generations ago,

before the split of European and Asian populations. This split time was estimated using the Aboriginal, NA12891, and HG00421 sequences (4).
These were the same individuals used for the D4p analysis.

§Expected proportion from a multiple-dispersal model in which aboriginal Australasians split from Eurasian populations 2750 generations ago,
before the split of European and Asian populations. This split time was estimated using the Aboriginal Australian and all Eurasian sequences (4).

/A
Expected proportion from coalescent simulations under a model in which aboriginal Australasians split from Asian populations 1500 generations
ago. The other parameters were those estimated by Schaffner et al. (27). See (4) for additional models.



