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An early modern human from Romania with a recent
Neanderthal ancestor
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Neanderthals are thought to have disappeared in Europe approxi-
mately 39,000–41,000 years ago but they have contributed 1–3% of
the DNA of present-day people in Eurasia1. Here we analyse DNA
from a 37,000–42,000-year-old2 modern human from Peştera cu
Oase, Romania. Although the specimen contains small amounts of
human DNA, we use an enrichment strategy to isolate sites that are
informative about its relationship to Neanderthals and present-
day humans. We find that on the order of 6–9% of the genome of
the Oase individual is derived from Neanderthals, more than any
other modern human sequenced to date. Three chromosomal seg-
ments of Neanderthal ancestry are over 50 centimorgans in size,
indicating that this individual had a Neanderthal ancestor as
recently as four to six generations back. However, the Oase indi-
vidual does not share more alleles with later Europeans than with
East Asians, suggesting that the Oase population did not contrib-
ute substantially to later humans in Europe.

Between 45,000 and 35,000 years ago, anatomically modern
humans spread across Europe, while the Neanderthals, present since
before 300,000 years ago, disappeared. How this process occurred
has long been debated1,3–5. Comparisons between the Neanderthal
genome and the genomes of present-day humans have shown that
Neanderthals contributed approximately 1–3% of the genomes of all
people living today outside sub-Saharan Africa6,7 suggesting that
human populations ancestral to all non-Africans mixed with
Neanderthals. The size of segments of Neanderthal ancestry in
present-day humans suggests that this occurred between 37,000
and 86,000 years ago8. However, where and how often this occurred
is not understood. For example, Neanderthals share more alleles
with East Asians and Native Americans than with Europeans, which
may reflect additional interbreeding in the ancestors of eastern non-
Africans9–12. Surprisingly, analyses of present-day genomes have not
yielded any evidence that Neanderthals mixed with modern humans
in Europe, despite the fact that Neanderthals were numerous
there and cultural interactions between the two groups have been
proposed13,14.

More direct insight into the interactions between modern and
archaic humans can be obtained by studying genomes from modern
humans who lived at a time when they could have met Neanderthals.
Recent analyses of genomes from a ,43,000–47,000-year-old modern
human from western Siberia15 and a ,36,000–39,000-year-old mod-
ern human from eastern Europe16 showed that Neanderthal gene flow
into modern humans occurred before these individuals lived. The
Siberian individual’s genome contained some segments of
Neanderthal ancestry as large as 6 million base pairs (bp), suggesting
that some Neanderthal gene flow could have occurred a few thousand
years before his death15.

We report genome-wide data from a modern human mandible,
Oase 1, found in 2002 in the Peştera cu Oase, Romania. The age of
this specimen has been estimated to be ,37,000–42,000 years by direct
radiocarbon dating2,17,18. Oase 1 is therefore one of the earliest modern
humans in Europe. Its morphology is generally modern but some
aspects are consistent with Neanderthal ancestry19–21. Subsequent
excavations uncovered a cranium from another, probably contempor-
aneous individual, Oase 2, which also carries morphological traits that
could reflect admixture with Neanderthals17,19.

We prepared two DNA extracts from 25 mg and 10 mg of bone
powder removed from the inferior right ramus of Oase 1. We treated
an aliquot of each of these extracts with Escherichia coli uracil-DNA
glycosylase (UDG), an enzyme that removes uracils from the interior
parts of DNA molecules, but leaves a proportion of uracils at the ends
of the molecules unaffected. Uracil residues occur in DNA molecules
as a result of deamination of cytosine residues, and are particularly
prevalent at the ends of ancient DNA molecules9,22. Among the DNA
fragments sequenced from these two extracts, 0.18% and 0.06%,
respectively, could be mapped to the human reference genome. We
prepared three additional DNA libraries from the extract containing
0.18% human-like molecules, but omitted the UDG treatment to
increase the number of molecules in which terminal C-to-T substitu-
tions could be seen and used to identify putatively ancient fragments.
Because the fraction of endogenous DNA is so small, we used hybrid-
ization to DNA probes to isolate human DNA fragments from the
libraries23. Applying this strategy to the mitochondrial genome
allowed the mitochondrial (mt)DNA from the five libraries to be
sequenced to an average coverage of 803-fold (Supplementary Note 1).
At the 39 ends of the DNA fragments, cytosine residues appeared as
thymine residues relative to the human mtDNA reference in 21% of
fragments, reflecting appreciable levels of cytosine deamination. This
suggests that at least some of the human mtDNA is of ancient origin.
We determined mtDNA consensus sequences in two ways: using all
mtDNA fragments, and using only deaminated fragments that carry
C-to-T substitutions at either end relative to the consensus mtDNA
sequence based on these fragments, an approach known to enrich
for endogenous DNA9,24–26. The mtDNA sequence based on all frag-
ments clusters with present-day Europeans (Extended Data Fig. 1)
(Supplementary Note 1). In contrast, the mtDNA sequence based on
deaminated fragments is related to a large group of present-day
Eurasian mtDNAs (haplogroup N) but diverges from these before
they diverged from each other. This Oase 1 mtDNA carries a few
private mutations on the basis of which its age can be estimated to
be 36,330 years before present (14,520–56,450; 95% confidence inter-
val). Using six positions at which the mtDNA sequence differs from at
least 99% of 311 present-day humans, we estimate the contamination
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among all mtDNA fragments to be 67% (95% confidence interval
65–69%). When we restrict to mtDNA fragments that carry terminal
C-to-T substitutions, the contamination estimate is 4% (95% confid-
ence interval of 2–9%) (Supplementary Note 1).

To isolate nuclear DNA from Oase 1, we used three sets of oligo-
nucleotide probes that cover about two million sites that are single
nucleotide polymorphisms (SNPs) in present-day humans and cap-
tured DNA molecules from the five libraries. Of the SNPs targeted,
51% (n 5 1,038,619) were covered by at least one DNA fragment, and
13% (n 5 271,326) were covered by at least one fragment with a
terminal C-to-T substitution. To estimate nuclear DNA contamina-
tion, we tested whether Oase 1 DNA fragments with or without evid-
ence of deamination share more alleles with present-day Europeans or
with East Asians. We found that Europeans share significantly fewer
alleles with Oase 1 fragments that are deaminated than with Oase 1
fragments that are not, consistent with European contamination of
17–30% (Supplementary Note 1). On the basis of these findings and
those from mtDNA, we restricted all subsequent analyses to DNA
fragments that carry terminal C-to-T substitutions. After doing this,
we found that we captured targeted SNPs from the X and Y chromo-
somes at a similar rate, indicating that Oase 1 carried both an X and a
Y chromosome and thus that he was male. The Y chromosome alleles
belong to the F haplogroup, which is carried by most males in Eurasia
today (Supplementary Note 2).

To determine the relationship of the Oase 1 individual to present-
day populations, we first tested whether he shared more alleles with

particular present-day individuals from different populations using
D-statistics, which provides a robust estimate of admixture almost
regardless of how SNPs for analysis are chosen27. We find that
Oase 1 shared more alleles with present-day East Asians and Native
Americans than with present-day Europeans, counter to what might
naively be expected for an ancient individual from Europe (Fig. 1)
(5.2 # jZj # 6.4; Extended Data Table 1). However, it has been sug-
gested that Europeans after the introduction of agriculture derive a
part of their ancestry from a ‘basal Eurasian’ population that separated
from the initial settlers of Europe and Asia before they split from
each other28. Therefore, we replaced present-day Europeans with
Palaeolithic and Mesolithic European individuals in these analyses.
We then find that the Oase 1 individual shares equally many alleles
with these early Europeans as with present-day East Asians and Native
Americans (Fig. 1) (jZj# 1.5 in Extended Data Table 1). Restricting this
analysis to transversion polymorphisms, which are not susceptible to
errors induced by cytosine deamination, does not influence this result
(Extended Data Table 2 and Supplementary Note 3). This suggests that
the Oase 1 individual belonged to a population that did not contribute
much, or not at all, to later Europeans. This contrasts, for example, with
the ,36,000–39,000-year-old Kostenki 14 individual from western
Russia, who was more closely related to later Europeans than to East
Asians (1.9 # jZj # 13.7; Extended Data Table 1)16.

To assess whether the ancestors of the Oase 1 individual mixed with
Neanderthals, we tested whether the Altai Neanderthal genome shares
more alleles with the Oase 1 genome than with sub-Saharan Africans.
We find this to be the case (jZj5 7.7; Supplementary Note 4). We then
asked whether the amount of Neanderthal ancestry in the Oase 1
genome is similar to that in present-day non-Africans. Surprisingly,
the Neanderthal genome shares more alleles with the Oase 1 individual
than it does with any present-day people in Eurasia that we tested,
indicating that he carries more Neanderthal-like DNA than present-
day people (5.0 # jZj# 8.2; Extended Data Table 3). We also observe
more Neanderthal-like alleles in the Oase 1 individual when we com-
pare him to four early modern humans: an 8,000-year-old individual
from Luxembourg, and three individuals from Russia who vary in age
between 24,000 and 45,000 years (3.6 # jZj # 6.8; Extended Data
Table 3). Thus, the Oase 1 individual appears to have carried more
Neanderthal-like DNA than any other modern human analysed to
date. This observation cannot be explained by residual present-day
human contamination among the DNA fragments that carry terminal
C-to-T substitutions, because all modern humans studied to date carry
less Neanderthal ancestry than the Oase 1 genome, and thus contam-
ination would lower, rather than increase, the apparent Neanderthal
ancestry.

We estimated the proportion of Neanderthal DNA in the Oase 1
genome using three different statistics7,29 (Supplementary Note 4).
Although the results differ, they all yield point estimates between
6.0% and 9.4% (Table 1). For one of the statistics, none of the 90%
confidence intervals for Neanderthal ancestry in the other modern
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Figure 1 | Allele sharing between the Oase 1 individual and other genomes.
Each point indicates the extent to which the Oase 1 genome shares alleles with
one or other of a pair of genomes from different populations indicated above
and below (see Extended Data Table 1 for numbers). Z-scores with an absolute
value greater than 2 indicate an excess of allele sharing (grey).

Table 1 | Estimated fraction of the Oase 1 genome that derives from Neanderthals
Statistic 1

f4(Denisova, Altai; Mbuti, X)

f4(Denisova, Altai; Mbuti, Mezmaiskaya)

Statistic 2

1{
f4(Mbuti, Chimp; X, Denisova)

f4(Mbuti, Chimp; Dinka, Denisova)

Statistic 3

f4(X, Mbuti; Denisova, Chimp)

f4(Altai, Mbuti; Denisova, Chimp)

Sample Proportion s.e.m. 90% CI Proportion s.e.m. 90% CI Proportion s.e.m. 90% CI

Oase 1 8.1% 2.0% 4.8–11.3% 9.4% 1.1% 7.5–11.3% 6.0% 2.0% 2.8–9.3%
Ust’-Ishim 3.6% 0.9% 2.2–5.0% 5.5% 0.7% 4.3–6.6% 0.4% 1.2% 0.0–2.5%
Kostenki 14 3.8% 1.0% 2.1–5.5% 2.9% 0.8% 1.6–4.2% 1.7% 1.3% 0.0–3.9%
MA1 1.2% 1.1% 0.0–3.0% 3.5% 0.8% 2.2–4.8% 2.3% 1.3% 0.1–4.5%
Loschbour 1.3% 0.9% 0.0–2.8% 3.9% 0.7% 2.7–5.1% 0.5% 1.2% 0.0–2.6%
La Braña 3.1% 1.0% 1.4–4.7% 1.9% 0.7% 0.7–3.1% 1.4% 1.2% 0.0–3.4%
Stuttgart 3.0% 0.9% 1.5–4.4% 2.5% 0.7% 1.3–3.7% 0.4% 1.2% 0.0–2.4%
Han 2.2% 0.9% 0.6–3.7% 2.2% 0.8% 1.0–3.5% 1.0% 1.2% 0.0–3.1%
Dai 2.6% 0.9% 1.1–4.0% 1.0% 0.8% 0.0–2.3% 0.7% 1.2% 0.0–2.6%
French 3.0% 0.9% 1.6–4.5% 3.0% 0.7% 1.8–4.2% 0.2% 1.2% 0.0–2.2%

CI, confidence interval; s.e.m., standard error of the mean; negative values are truncated to 0%.
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human samples overlap with the confidence interval in Oase 1. When
we restrict analysis to transversion SNPs, the point estimates of
Neanderthal ancestry are even higher (range of 8.4% to 11.3%)
(Extended Data Table 4).

To study the spatial distribution of Neanderthal DNA across the
Oase 1 genome, we designed capture probes for around 1.7 million
nucleotide positions at which nearly all individuals in a sub-Saharan
African population carry one allele whereas Neanderthal genomes
carry a different allele. We used these probes to isolate DNA fragments
from the Oase 1 individual. A total of 78,055 sites were covered by
deaminated DNA fragments from the Oase 1 individual and were also
covered by DNA fragments sequenced from the ,36,000–39,000-
year-old Kostenki 14 individual from western Russia16, the
,43,000–47,000-year-old individual from Ust’-Ishim in Siberia15,
and three present-day human genomes from China, France and
Sudan (Supplementary Note 5). Because the Dinka from Sudan are
thought to have little or no Neanderthal ancestry7, we subtracted the
number of alleles that match the Neanderthals in the Dinka individual
(485) from the number in the other genomes to estimate the number of
alleles attributable to Neanderthal ancestry. The resulting numbers of
putative Neanderthal alleles are 3,746 in the Oase 1 individual, 1,586
and 1,121 in the Ust’-Ishim and Kostenki 14 individuals, respectively,
and 1,322 and 1,033 in the Chinese and the European individuals
(Extended Data Table 5). Thus, the Neanderthal contribution to the
Oase 1 genome appears to be between 2.3- and 3.6-fold larger than to
the other genomes analysed. Assuming that the Neanderthal contri-

bution to the European individual is 2% (ref. 7), this suggests that 7.3%
of the Oase 1 genome is of Neanderthal origin. When the numbers of
alleles matching the Neanderthal genome are compared per chrom-
osome (Extended Data Table 5), the highest numbers are always
observed for the Oase 1 genome, except in the case of chromosome
21, in which the Ust’-Ishim individual carries a large segment of likely
Neanderthal ancestry.

We plotted the positions of Neanderthal-like alleles across the
Oase 1 genome (Fig. 2). We detect three segments that are over
50 centimorgans (cM) in size, suggesting that the Neanderthal contri-
bution to the Oase 1 individual occurred so recently in his family tree
that chromosomal segments of Neanderthal origin had little time to
break up due to recombination. To estimate the date of the most recent
Neanderthal contribution to the Oase 1 genome, we studied the size
spans of seven segments of the genome that appeared to be recently
derived from Neanderthals. Their genetic lengths suggest that the
Oase 1 individual had a Neanderthal ancestor as a fourth-, fifth- or
sixth-degree relative (Supplementary Note 5). This would predict that an
average of 1.6% to 6.3% of the Oase 1 genome derived from this recent
Neanderthal ancestor. Visual inspection of the Oase 1 genome sug-
gests that in addition to these seven segments, other smaller segments
also carry Neanderthal-like alleles (Fig. 2). When we remove the seven
longest segments, the estimate of Neanderthal ancestry in Oase 1 drops
from 7.3% to 4.8%, which is still around twice the 2.0–2.9% estimated
for the French, Han, Kostenki and Ust’-Ishim individuals in this
remaining part of the genome. This additional Neanderthal ancestry
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Figure 2 | Spatial distribution of alleles matching Neanderthals in modern
humans. Coloured vertical lines indicate alleles shared with Neanderthals and
no colour indicates alleles shared with the great majority of West Africans.

D, Dinka; F, French; H, Han; K, Kostenki 14; O, Oase 1; U, Ust’-Ishim. The
seven grey bars indicate segments of putative recent Neanderthal ancestry. This
analysis is based on 78,055 sites. Numbers refer to chromosomes.
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could reflect an older Neanderthal admixture into the ancestors of Oase
1, or that we failed to find all segments of recent Neanderthal ancestry.

The Oase 1 genome shows that mixture between modern humans
and Neanderthals was not limited to the first ancestors of present-day
people to leave Africa, or to people in the Near East; it occurred later as
well and probably in Europe. The fact that the Oase 1 individual had a
Neanderthal ancestor removed by only four to six generations allows
this Neanderthal admixture to be dated to less than 200 years before
the time he lived. However, the absence of a clear relationship of the
Oase 1 individual to later modern humans in Europe suggests that he
may have been a member of an initial early modern human population
that interbred with Neanderthals but did not contribute much to later
European populations. To better understand the interactions between
early modern and Neanderthal populations, it will be important to
study other specimens that, like Oase 1, have been suggested to carry
morphological traits suggestive of admixture with Neanderthals30.

Online Content Methods, along with any additional Extended Data display items
andSourceData, are available in the online version of the paper; references unique
to these sections appear only in the online paper.
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METHODS
DNA extraction and library preparation. We used a dentistry drill to remove
two samples of bone powder from an area where a larger sample had previously
been removed for carbon dating2. We prepared two extracts (E1406, E1843) from
25 mg and 10 mg of bone powder, respectively, as described31. We produced five
libraries from the two extracts using a single-stranded library protocol9,32

(Extended Data Table 6). We treated one library from each extract (A5227,
A5252) with E. coli uracil-DNA glycosylase (UDG) and endonuclease VIII to
remove deaminated cytosine residues from the interior parts of molecules33. We
amplified all libraries by PCR for 35 cycles using AccuPrime Pfx DNA polymerase
(Life Technologies)34 and primers carrying library-specific indexes35. We deter-
mined library concentrations using a NanoDrop 2000 spectrophotometer.
Sequencing and DNA capture. We shotgun sequenced the UDG-treated libraries
A5252 and A5227 and found that they contained 0.06% and 0.18% human DNA,
respectively. We used hybridization to oligonucleotide probes to enrich the lib-
raries for subsets of the nuclear genome containing panels of known SNPs as
described23, except that each SNP was targeted by four 52-nucleotide probes:
two immediately flanking the SNP on both sides, and two centred on the SNP
containing one or the other alternate allele, respectively. We used four panels of
probes.

Panel 1 ‘‘390k’’: 394,577 SNPs, about 90% of which are on the Affymetrix
Human Origins array27. See ref. 36 for SNPs and probes.

Panel 2 ‘‘840k’’: 842,630 SNPs constituting the rest of the SNPs on the Human
Origins array, all SNPs on the Illumina 610-Quad array, all SNPs on the
Affymetrix 50k array, and smaller numbers of SNPs chosen for other purposes.
See Supplementary Data 1.

Panel 3 ‘‘1000k’’: 997,780 SNPs comprising all transversion polymorphisms
seen in two Yoruba males from Nigeria sequenced to high coverage and transver-
sion polymorphisms seen in the Altai Neanderthal genome. The design was
restricted to SNPs that passed strict quality filters in the Neanderthal genome
(Map35_99%)7, and had chimpanzee alleles available. Probes were designed from
chimpanzee flanking sequences. See Supplementary Data 2.

Panel 4 ‘‘Archaic’’: This panel contains SNPs where the West-African Yoruba
population carry a high frequency of one allele while at least one archaic individual
carries an alternative allele. To determine Yoruba allele frequencies, we examined
data from all Yoruba individuals from the 1000 Genomes Project37 covered by at
least three sequences passing filters. At these sites we called majority alleles (draw-
ing a random allele in the case of equal numbers of reads supporting both alleles).
We furthermore restricted the analysis to sites at which $24 Yoruba individuals as
well as the Altai Neanderthal and Denisovan genomes had allele calls
(Map35_50% filter7). We then selected sites at which at most one alternative allele
is seen among the Yoruba while at least one of four archaic genomes (Denisovan;
Altai, Vindija and Mezmaiskaya Neanderthals) carry the alternative allele.
Ancestral states were taken from the inferred ancestor of humans and chimpan-
zees (Ensembl Compara v.64)38,39. We used the following classes of sites. Class 1:
297,894 SNPs where Yoruba is derived and at least one ancestral allele is seen in the
Altai, Vindija, Mezmaiskaya or Denisova genomes. Class 2: sites where Yoruba
alleles are all or nearly all ancestral and derived alleles are seen in archaic genomes.
Since such derived alleles often arise due to errors in an archaic genome, we
restricted this class to the following three cases: (1) 1,321,774 SNPs where the
high-coverage Altai Neandertal and/or Denisova genomes are homozygous
derived; (2) 523,041 SNPs where the Altai and/or Denisova genomes are hetero-
zygous but are not C-to-T or G-to-A substitutions relative to the ancestral allele;
and (3) 30,735 SNPs that are homozygous ancestral in Altai and/or Denisova and
at least one copy of the derived allele is observed in the Mezmaiskaya or Vindija
Neanderthal genomes, and the derived allele represents a transversion that is also
seen in the Simons Genome Diversity Panel (https://www.simonsfoundation.org/
life-sciences/simons-genome-diversity-project/). After eliminating SNPs where
capture probes covered ambiguous bases in the human (hg19) and chimpanzee
(pantro2) genomes or overlapped for less than 35 nucleotides with mapable
regions (Map35_50%)7, this left us with a set of 1,749,385 SNPs (see
Supplementary Data 3).
Sequencing of capture products and data processing. We sequenced capture
products using 2 3 75 bp reads on an Illumina HiSeq2500 or an Illumina
NextSeq500. We de-multiplexed the reads allowing one mismatch in each of the

two indices (Extended Data Table 6), and merged paired reads into sequenced
fragments requiring an overlap of at least 15 bp (allowing one mismatch) using a
modified form of SeqPrep (https://github.com/jstjohn/SeqPrep). We used the
bases with the higher quality (and score) to represent the overlap region. After
removing adapters, we mapped merged fragments to hg19 using BWA (v.0.6.1)
using the ‘samse’ command. We identified duplicated fragments on the basis of
sharing the same orientation and end positions, in which case we kept the frag-
ment with the highest quality (Extended Data Table 7).

To focus on putatively deaminated fragments we used fragments with C-to-T
substitutions relative to the hg19 human genome reference sequence in the first 59

or last two 39 bases for the UDG-treated libraries, and to fragments with C-to-T
substitutions relative to hg19 in the terminal three bases at either end of frag-
ments from non-UDG-treated libraries (Supplementary Note 1 and Extended
Data Table 8).
Merging the Oase 1 data with genome sequences. At each SNP covered at least
once in Oase 1, we selected the majority allele (in case of a tie, we picked a random
allele). We then merged the Oase 1 data with 25 genomes of present-day humans
sequenced to 24–423 coverage7: the Altai Neanderthal7, the Siberian Denisovan9,
a ,45,000-year-old modern human from Ust’-Ishim in Siberia15, an ,8,000-year-
old Mesolithic individual from Loschbour Cave, Luxembourg28, and a ,7,000-
year-old early farmer from Stuttgart, Germany28 (Extended Data Table 9). All the
genotype calls for the five deeply sequenced ancient genomes were performed in
the same way. We restricted analyses to sites with a minimum root-mean-square
mapping quality (MAPQ) of 30 in the 30 genomes. We added lower coverage
shotgun data from the ,36,000-year-old Kostenki 14 from Russia16, the ,24,000-
year-old Mal’ta Siberian individual from Russia40, an 8,000-year-old Mesolithic
individual from La Braña Cave, Spain41, a Neanderthal from Mezmaiskaya in
Russia7, and a pool of three Neanderthals from Vindija Cave in Croatia6. For these
samples, we restricted to fragments with a map quality of MAPQ $ 37 to match
the filter for the low-coverage Oase 1 data (Extended Data Table 9).
Population genetic analyses. To determine the relationship of Oase 1 to other
modern humans, we used D-statistics to evaluate whether sets of four tested
samples are consistent with being related to one another according to an unrooted
tree27 (Supplementary Note 3). We used D-statistics and f4-statistic ratios27 to test
both whether there is excess archaic ancestry in Oase 1 compared with other
modern humans, and to estimate proportions of Neanderthal ancestry27

(Supplementary Note 4). We studied the genomic distribution of alleles that are
likely to derive from Neanderthals in the sense of being shared with Neanderthal
but either absent or at very low frequency in West Africans. We used the spatial
distribution of these sites to identify stretches of likely Neanderthal ancestry in
several individuals including Oase 1. We also used these data to estimate the
number of generations since the most recent Neanderthal ancestor of Oase 1
(Supplementary Note 5).

31. Dabney, J. et al. Complete mitochondrial genome sequence of a Middle
Pleistocene cave bear reconstructed from ultrashort DNA fragments. Proc. Natl
Acad. Sci. USA 110, 15758–15763 (2013).

32. Gansauge, M. T. & Meyer, M. Single-stranded DNA library preparation for the
sequencing of ancient or damaged DNA. Nature Protocols 8, 737–748 (2013).

33. Briggs, A. W. et al. Patterns of damage in genomic DNA sequences from a
Neandertal. Proc. Natl Acad. Sci. USA 104, 14616–14621 (2007).

34. Dabney, J. & Meyer, M. Length and GC-biases during sequencing library
amplification: a comparison of various polymerase-buffer systems with ancient
and modern DNA sequencing libraries. Biotechniques 52, 87–94 (2012).

35. Kircher, M., Sawyer, S. & Meyer, M. Double indexing overcomes inaccuracies in
multiplex sequencing on the Illumina platform. Nucleic Acids Res. 40, e3 (2012).

36. Haak, W. et al. Massive migration from the steppe was a source for Indo-European
languages in Europe. Nature 522, 207–211 (2015).

37. The 1000 Genomes Project Consortium. An integrated map of genetic variation
from 1,092 human genomes. Nature 491, 56–65 (2012).

38. Paten,B.,Herrero, J., Beal,K., Fitzgerald,S.&Birney,E. EnredoandPecan:genome-
wide mammalian consistency-based multiple alignment with paralogs. Genome
Res. 18, 1814–1828 (2008).

39. Paten, B. et al. Genome-wide nucleotide-level mammalian ancestor
reconstruction. Genome Res. 18, 1829–1843 (2008).

40. Raghavan, M. et al. Upper Palaeolithic Siberian genome reveals dual ancestry of
Native Americans. Nature 505, 87–91 (2014).

41. Olalde, I.et al.Derived immune andancestral pigmentation alleles in a 7,000-year-
old Mesolithic European. Nature 507, 225–228 (2014).

LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved

https://www.simonsfoundation.org/life-sciences/simons-genome-diversity-project
https://www.simonsfoundation.org/life-sciences/simons-genome-diversity-project
https://github.com/jstjohn/SeqPrep


Extended Data Figure 1 | Mitochondrial DNA tree for Oase 1 and other modern humans. The consensus sequences for all Oase 1 fragments and for
deaminated fragments are shown. The tree is rooted with a Neanderthal mtDNA (Vindija33.25).
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Extended Data Table 1 | Allele sharing between early modern humans and other humans

We compute D(Non-African1, Non-African2; Early Modern Human, African) to test whether an early modern human (Oase 1, Ust’-Ishim, or Kostenki 14) shares more alleles with Non-African1 (in which case the
statistic is positive) or Non-African2 (negative). We use a pool of six sub-Saharan African genomes (2 Mbuti, 2 Yoruba, 2 Dinka) as an outgroup; a pool of four genomes (2 French, 2 Sardinians) to represent
Europeans; a pool of four genomes (2 Han, 2 Dai) to represent East Asians; and a pool of three genomes (2 Karitiana, 1 Mixe) to represent Native Americans. Results are based on 242,122 transition and
transversion SNPs covered by at least one deaminated fragment in Oase 1, and covered in all other samples, although not necessarily MA1. For analyses involving MA1, a subset of 176,569 transversion SNPs was
analysed.
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Extended Data Table 2 | Allele sharing between early modern humans and other humans (transversions only)

We compute D(Non-African1, Non-African2; Early Modern Human, African), to test whether an early modern human (Oase 1, Ust’-Ishim or Kostenki 14) shares more alleles with Non-African1 (in which case the
statistic is positive) or Non-African2 (negative). We use a pool of six sub-Saharan African genomes (2 Mbuti, 2 Yoruba, 2 Dinka) as an outgroup; a pool of four genomes (2 French, 2 Sardinians) to represent
Europeans; a pool of four genomes (2 Han, 2 Dai) to represent East Asians; and a pool of three genomes (2 Karitiana, 1 Mixe) to represent Native Americans. Statistics are as in Extended Data Table 1 but are based
on 106,004 transversion SNPs covered by at least one deaminated fragment in Oase 1 and that also have coverage for all other samples, although not necessarily MA1. For analyses involving MA1, a subset of
76,715 transversion SNPs is analysed.
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Extended Data Table 3 | Testing whether archaic genomes share more alleles with Oase 1 than with other modern humans

The statistic D(Test, Oase 1; Archaic, Outgroup) is negative if the archaic genomes share more alleles with Oase 1 than with a test sample. The outgroups are either chimpanzee or a sub-Saharan African (Mbuti).
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Extended Data Table 4 | Estimated fraction of the Oase 1 genome that derives from Neanderthals

Estimates are as in Table 1 but restrict to transversions. Present-day human genomes are from a data set reported previously7.
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Extended Data Table 5 | Counts of putative Neanderthal alleles in six modern humans

The analysis is based on 78,055 sites covered by at least one deaminated fragment in Oase 1. To convert the counts to estimates of ancestry, we subtract the Dinka count as an estimate of the false positive rate and
divide by the number of sites covered (as indicated for the whole genome on the bottom). This gives the rate of alleles per screened site on this chromosome for this individual. We then multiply this quantity by 2%/
1.32% to recalibrate the 1.32% seen genome-wide in the French to an assumed 2% genome-wide Neanderthal ancestry in the French7.

LETTER RESEARCH

G2015 Macmillan Publishers Limited. All rights reserved



Extended Data Table 6 | Ancient DNA libraries made from the Oase 1 mandible
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Extended Data Table 7 | Sequencing metrics on the five libraries for the four capture probe panels
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Extended Data Table 8 | Effect of filtering on amount of nuclear data available

Note that numbers differ from Extended Data Table 7 because only sites with base quality $20 were used.
*The Panel 4 subset excludes the sites where only the Denisovan genome differs from the African panel.
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Extended Data Table 9 | Genomes merged with the Oase 1 data

For the 25 present-day humans, individuals ending with a subscript ‘A’ are from ‘Panel A’ reported in ref. 9 and individuals with a subscript ‘B’ are from ‘Panel B’ reported in ref. 7. Unless otherwise specified, we
used Panel B individuals.
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