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Neandertals are the closest evolutionary relatives identified 
to date of all present-day humans and therefore provide a 
unique perspective on human biology and history. In 
particular, comparisons of genome sequences from 
Neandertals with those of present-day humans have allowed 
genetic features unique to modern humans to be identified 
(1, 2) and have shown that Neandertals mixed with the 
ancestors of present-day people living outside sub-Saharan 
Africa (3). Many of the DNA sequences acquired by non-
Africans from Neandertals were likely detrimental and were 
purged from the human genome via negative selection (4–8) 
but some appear to have been beneficial and were positively 
selected (9); among people today, alleles derived from 
Neandertals are associated with both susceptibility and 
resistance to diseases (7, 10–12). 

However, our knowledge about the genetic variation 
among Neandertals is still limited. To date genome-wide 
DNA sequences of five Neandertals have been determined. 
One of these, the “Altai Neandertal”, found in Denisova Cave 
in the Altai Mountains in southern Siberia, the eastern-most 
known reach of the Neandertal range, yielded a high quality 
genome sequence (~50-fold genomic coverage) (2). In addi-

tion, a composite genome sequence from three Neandertal 
individuals has been generated from Vindija Cave in Croatia 
in southern Europe but is of low quality (~1.2-fold total cov-
erage) (3), while a Neandertal genome from Mezmaiskaya 
Cave in the Caucasus (2) is of even lower quality (~0.5-fold 
coverage). In addition, chromosome 21 (13) and exome se-
quences (14) have been generated from a different individu-
al from Vindija Cave and one from Sidron Cave in Spain. 
The lack of high-quality Neandertal genome sequences, es-
pecially from the center of their geographical range and 
from the time close to when they were estimated to have 
mixed with modern humans, limits our ability to recon-
struct their history and the extent of their genetic contribu-
tion to present-day humans. 

Neandertals lived in Vindija Cave in Croatia until rela-
tively late in their history (3, 15). The cave has yielded Ne-
andertal and animal bones, many of them too fragmentary 
to determine from their morphology from what species they 
derive. Importantly, DNA preservation in Vindija Cave is 
relatively good and allowed the determination of Pleistocene 
nuclear DNA from a cave bear (16), a Neandertal genome 
(3), exome and chromosome 21 sequences (13, 14). 
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To date the only Neandertal genome that has been sequenced to high quality is from an individual found 
in Southern Siberia. We sequenced the genome of a female Neandertal from ~50 thousand years ago from 
Vindija Cave, Croatia to ~30-fold genomic coverage. She carried 1.6 differences per ten thousand base 
pairs between the two copies of her genome, fewer than present-day humans, suggesting that Neandertal 
populations were of small size. Our analyses indicate that she was more closely related to the Neandertals 
that mixed with the ancestors of present-day humans living outside of sub-Saharan Africa than the 
previously sequenced Neandertal from Siberia, allowing 10-20% more Neandertal DNA to be identified in 
present-day humans, including variants involved in LDL cholesterol levels, schizophrenia and other 
diseases. 
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To generate DNA suitable for deep sequencing, we ex-
tracted DNA (17) and generated DNA libraries (18) from 12 
samples from Vindija 33.19, one of 19 bone fragments from 
Vindija Cave determined to be of Neandertal origin by mito-
chondrial (mt) DNA analyses (19). In addition, 567 mg (mg) 
were removed for radiocarbon dating and yielded a date of 
greater than 45.5 thousand years before present (OxA 
32,278). One of the DNA extracts, generated from 41 mg of 
bone material, contained more hominin DNA than the other 
extracts. We created additional libraries from this extract, 
but to maximize the number of molecules retrieved from the 
specimen we omitted the uracil-DNA-glycosylase (UDG) 
treatment (20, 21). A total of 24 billion DNA fragments were 
sequenced and approximately 10% of these could be mapped 
to the human genome. Their average length was 53 base 
pairs (bp) and they yielded 30-fold coverage of the approxi-
mately 1.8 billion bases of the genome to which such short 
fragments can be confidently mapped. 

We estimated present-day human DNA contamination 
among the DNA fragments (20). First, using positions in the 
mtDNA where present-day humans differ from Neandertals 
we estimated an mtDNA contamination rate of 1.4-1.7%. 
Similarly, using positions in the autosomal genome where 
all present-day humans carry derived variants whereas all 
archaic genomes studied to date carry ancestral variants we 
estimated a nuclear contamination rate of 0.17-0.48%. Be-
cause the coverage of the X chromosome is similar to that of 
the autosomes we inferred that the Vindija 33.19 individual 
is a female, allowing us to use DNA fragments that map to 
the Y chromosome to estimate a male DNA contamination 
of 0.74% (between 0.70-0.78% for each of the nine sequenc-
ing libraries). Finally, using a likelihood method (2, 3) we 
estimated the autosomal contamination to 0.18-0.23%. We 
conclude that the nuclear DNA contamination rate among 
the DNA fragments sequenced is less than 1%. After geno-
typing this will result in contamination that is much lower 
than 1%. 

Because ~76% of the DNA fragments were not UDG-
treated, they carry C to T substitutions throughout their 
lengths. This causes standard genotyping software to gener-
ate false heterozygous calls. To overcome this we imple-
mented snpAD, a genotyping software that incorporates a 
position-dependent error-profile to estimate the most likely 
genotype for each position in the genome. This results in 
genotypes of comparable quality to UDG-treated ancient 
DNA given our genomic coverage (20). The high-coverage of 
the Vindija genome also allowed for characterization of 
longer structural variants and segmental duplications (20). 

To gauge whether the Vindija 33.19 bone might stem 
from a previously sequenced individual from Vindija Cave 
we compared heterozygous sites in the Vindija 33.19 ge-
nome to DNA fragments sequenced from the other bones. 

The three bones from which a low-coverage composite ge-
nome has been generated (Vindija 33.16, 33.25 and 33.26) do 
not share variants with Vindija 33.19 at a level compatible 
with deriving from the same individual. In contrast, over 
99% of heterozygous sites in the chromosome 21 sequence 
from Vindija 33.15 (13) are shared with Vindija 33.19, indi-
cating that they come from the same individual (20). Addi-
tionally, two of the other three bones may come from 
individuals that shared a maternal ancestor to Vindija 33.19 
relatively recently in their family history because all carry 
identical mtDNAs. 

In addition to the Altai Neandertal genome, a genome 
from a Denisovan, an Asian relative of Neandertals, has 
been sequenced to high coverage (~30-fold) from Denisova 
Cave. These two genomes are similar in that their heterozy-
gosity is about one fifth of that of present-day Africans and 
about one third of that of present-day Eurasians. We esti-
mated the heterozygosity of the Vindija 33.19 autosomal 
genome to 1.6x10−5; similar to the Altai Neandertal genome 
and slightly lower than the Denisovan genome (1.8 x10−5) 
(Fig. 1A). Thus, low heterozygosity may be a feature typical 
of archaic hominins, suggesting that they lived in small and 
isolated populations with an effective population size of 
around 3,000 individuals (20). In addition to low over-all 
heterozygosity, the Altai Neandertal genome carried seg-
ments of many megabases (Mb) (>10 centimorgans (cM)) 
without any differences between its two chromosomes, indi-
cating that the parents of that individual were related at the 
level of half-sibs (2). Such segments are almost totally ab-
sent in the Vindija genome (Fig. 1B), suggesting that the 
extreme inbreeding between the parents of the Altai Nean-
dertal was not ubiquitous among Neandertals. We note, 
however, that the Vindija genome carries extended homozy-
gous segments (>2.5cM) comparable to what is seen in some 
isolated Native American populations today (20). 

The high quality of the three archaic genome sequences 
allows their approximate ages to be estimated from the 
number of new nucleotide substitutions they carry relative 
to present-day humans when compared to the inferred an-
cestor shared with apes (1). Using this approach, we esti-
mate that the Vindija 33.19 individual lived 52 thousand 
years ago (kya), the Altai Neandertal individual 122kya, and 
the Denisovan individual 72kya (Fig. 2) (20). Many factors 
make such absolute age estimates tentative. Among these 
are uncertainty in generation times and mutation rates. 
Nevertheless, these results indicate that the Altai Neander-
tal lived about twice as far back in time as the Vindija 33.19 
Neandertal, while the Denisovan individual lived after the 
Altai but before the Vindija Neandertal. 

We next estimated when ancestral populations that gave 
rise to the three archaic genomes and to modern humans 
split from each other based on the extent to which they 
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share genetic variants (1–3, 20). The estimated population 
split time between the Vindija Neandertal and the Den-
isovan is 390-440kya and between the Vindija Neandertal 
and modern humans 520-630kya, in agreement with previ-
ous estimates using the Altai Neandertal (2). The split time 
between the Vindija and the Altai Neandertals is estimated 
to 130-145kya. To estimate the population split time to the 
Mezmaiskaya 1 Neandertal previously sequenced to 0.5-fold 
coverage, we prepared and sequenced libraries yielding an 
additional 1.4-fold coverage. Because the present-day human 
DNA contamination of these libraries is in the order of 2-3% 
(20), we estimated the population split time to the Vindija 
33.19 individual with and without restricting the analysis of 
the Mezmaiskaya 1 individual to fragments that show evi-
dence of deamination. The resulting split time estimates are 
100kya for the deaminated fragments and 80kya for all 
fragments (Fig. 2). 

It has been suggested that Denisovans received gene flow 
from a human lineage that diverged prior to the common 
ancestor of modern humans, Neandertals and Denisovans 
(2). In addition, it has been suggested that the ancestors of 
the Altai Neandertal received gene flow from early modern 
humans that may not have affected the ancestors of Euro-
pean Neandertals (13). In agreement with these studies, we 
find that the Denisovan genome carries fewer derived alleles 
that are fixed in Africans, and thus tend to be older, than 
the Altai Neandertal genome while the Altai genome carries 
more derived alleles that are of lower frequency in Africa, 
and thus younger, than the Denisovan genome (20). Howev-
er, the Vindija and Altai genomes do not differ significantly 
in the sharing of derived alleles with Africans indicating 
that they may not differ with respect to their putative inter-
actions with early modern humans (Fig. 3A & B). Thus, in 
contrast to earlier analyses of chromosome 21 data for the 
European Neandertals (13), analyses of the full genomes 
suggest that the putative early modern human gene flow 
into Neandertals occurred prior to the divergence of the 
populations ancestral to the Vindija and Altai Neandertals 
~130-145 thousand years ago (Fig. 2). Coalescent simulations 
show that a model with only gene flow from a deeply di-
verged hominin into Denisovan ancestors explains the data 
better than one with only gene flow from early modern hu-
mans into Neandertal ancestors, but that a model involving 
both gene flows explains the data even better. It is likely 
that gene flow occurred between many or even most hom-
inin groups in the late Pleistocene and that more such 
events will be detected as more ancient genomes of high 
quality become available. 

A proportion of the genomes of all present-day people 
whose roots are outside Africa derives from Neandertals (2, 
3, 22). We tested if any of the three sequenced Neandertals 
falls closer to the lineage that contributed DNA to present-

day non-Africans by asking if any of them shares more al-
leles with present-day non-Africans than the others (20, 23). 
The Vindija 33.19 and Mezmaiskaya 1 genomes share more 
alleles with non-Africans than the Altai Neandertal, and 
there is no indication that the former two genomes differ in 
the extent of their allele-sharing with present-day people 
(Fig. 3C). Using a likelihood approach we estimate the pro-
portion of Neandertal DNA in present-day populations that 
is closer to the Vindija than the Altai genomes to be 99%-
100% (20). Thus, the majority of Neandertal DNA in pre-
sent-day populations appears to come from Neandertal 
populations that diverged from the Vindija and Mez-
maiskaya 1 Neandertals prior to their divergence from each 
other some 80-100kya. 

The two high-coverage Neandertal genomes allow us to 
estimate the proportion of the genomes of present-day peo-
ple that derive from Neandertals with greater accuracy than 
was hitherto possible. We asked how many derived alleles 
non-Africans share with the Altai Neandertal relative to how 
many derived alleles the Vindija Neandertal shares with the 
Altai Neandertal - essentially asking how close non-Africans 
are to being 100% Neandertal (24). We find that non-African 
populations outside Oceania carry between 1.8-2.6% Nean-
dertal DNA (Fig. 4A), higher than previous estimates of 1.5-
2.1% (2). As described (25), East Asians carry somewhat 
more Neandertal DNA (2.3-2.6%) than people in Western 
Eurasia (1.8-2.4%). 

We also identified (8) regions of Neandertal-ancestry in 
present-day Europeans and Asians using the Vindija and the 
Altai Neandertal genomes (20). The Vindija genome allows 
us to identify ~10% more Neandertal DNA sequences per 
individual than the Altai Neandertal genome (e.g. 40.4 Mb 
vs 36.3 Mb in Europeans) due to the closer relationship be-
tween the Vindija genome and the introgressing Neandertal 
populations. In Melanesians, the increased power to distin-
guish between Denisovan and Neandertal DNA sequences 
results in the identification of 20% more Neandertal DNA 
(Fig. 4B). 

Many Neandertal variants associated with phenotypes 
and susceptibility to diseases have been identified in pre-
sent-day non-Africans (6, 7, 10–12). The fact that the Vindija 
Neandertal genome is more closely related to the introgress-
ing Neandertals allows ~15% more such variants to be iden-
tified (20). Among these are variants associated with plasma 
levels of LDL cholesterol (rs10490626) and vitamin D 
(rs6730714), eating disorders (rs74566133), visceral fat ac-
cumulation (rs2059397), rheumatoid arthritis (45475795), 
schizophrenia (rs16977195) and the response to antipsychot-
ic drugs (rs1459148). This adds to mounting evidence that 
Neandertal ancestry influences disease risk in present-day 
humans, particularly with respect to neurological, psychiat-
ric, immunological, and dermatological phenotypes (7). 

on O
ctober 6, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://science.sciencemag.org/


First release: 5 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 4 
 

REFERENCES AND NOTES 
1. M. Meyer, M. Kircher, M.-T. Gansauge, H. Li, F. Racimo, S. Mallick, J. G. Schraiber, 

F. Jay, K. Prüfer, C. de Filippo, P. H. Sudmant, C. Alkan, Q. Fu, R. Do, N. Rohland, 
A. Tandon, M. Siebauer, R. E. Green, K. Bryc, A. W. Briggs, U. Stenzel, J. Dabney, 
J. Shendure, J. Kitzman, M. F. Hammer, M. V. Shunkov, A. P. Derevianko, N. 
Patterson, A. M. Andrés, E. E. Eichler, M. Slatkin, D. Reich, J. Kelso, S. Pääbo, A 
high-coverage genome sequence from an archaic Denisovan individual. Science 
338, 222–226 (2012). doi:10.1126/science.1224344 Medline 

2. K. Prüfer, F. Racimo, N. Patterson, F. Jay, S. Sankararaman, S. Sawyer, A. Heinze, 
G. Renaud, P. H. Sudmant, C. de Filippo, H. Li, S. Mallick, M. Dannemann, Q. Fu, 
M. Kircher, M. Kuhlwilm, M. Lachmann, M. Meyer, M. Ongyerth, M. Siebauer, C. 
Theunert, A. Tandon, P. Moorjani, J. Pickrell, J. C. Mullikin, S. H. Vohr, R. E. 
Green, I. Hellmann, P. L. F. Johnson, H. Blanche, H. Cann, J. O. Kitzman, J. 
Shendure, E. E. Eichler, E. S. Lein, T. E. Bakken, L. V. Golovanova, V. B. 
Doronichev, M. V. Shunkov, A. P. Derevianko, B. Viola, M. Slatkin, D. Reich, J. 
Kelso, S. Pääbo, The complete genome sequence of a Neanderthal from the Altai 
Mountains. Nature 505, 43–49 (2014). doi:10.1038/nature12886 Medline 

3. R. E. Green, J. Krause, A. W. Briggs, T. Maricic, U. Stenzel, M. Kircher, N. 
Patterson, H. Li, W. Zhai, M. H. Y. Fritz, N. F. Hansen, E. Y. Durand, A. S. 
Malaspinas, J. D. Jensen, T. Marques-Bonet, C. Alkan, K. Prüfer, M. Meyer, H. A. 
Burbano, J. M. Good, R. Schultz, A. Aximu-Petri, A. Butthof, B. Höber, B. Höffner, 
M. Siegemund, A. Weihmann, C. Nusbaum, E. S. Lander, C. Russ, N. Novod, J. 
Affourtit, M. Egholm, C. Verna, P. Rudan, D. Brajkovic, Ž. Kucan, I. Gušic, V. B. 
Doronichev, L. V. Golovanova, C. Lalueza-Fox, M. de la Rasilla, J. Fortea, A. 
Rosas, R. W. Schmitz, P. L. F. Johnson, E. E. Eichler, D. Falush, E. Birney, J. C. 
Mullikin, M. Slatkin, R. Nielsen, J. Kelso, M. Lachmann, D. Reich, S. Pääbo, A draft 
sequence of the Neandertal genome. Science 328, 710–722 (2010). 
doi:10.1126/science.1188021 Medline 

4. K. Harris, R. Nielsen, The genetic cost of Neanderthal introgression. Genetics 203, 
881–891 (2016). doi:10.1534/genetics.116.186890 Medline 

5. I. Juric, S. Aeschbacher, G. Coop, The strength of selection against Neanderthal 
introgression. PLOS Genet. 12, e1006340 (2016). 
doi:10.1371/journal.pgen.1006340 Medline 

6. S. Sankararaman, S. Mallick, M. Dannemann, K. Prüfer, J. Kelso, S. Pääbo, N. 
Patterson, D. Reich, The genomic landscape of Neanderthal ancestry in present-
day humans. Nature 507, 354–357 (2014). doi:10.1038/nature12961 Medline 

7. C. N. Simonti, B. Vernot, L. Bastarache, E. Bottinger, D. S. Carrell, R. L. Chisholm, 
D. R. Crosslin, S. J. Hebbring, G. P. Jarvik, I. J. Kullo, R. Li, J. Pathak, M. D. Ritchie, 
D. M. Roden, S. S. Verma, G. Tromp, J. D. Prato, W. S. Bush, J. M. Akey, J. C. 
Denny, J. A. Capra, The phenotypic legacy of admixture between modern 
humans and Neandertals. Science 351, 737–741 (2016). 
doi:10.1126/science.aad2149 Medline 

8. B. Vernot, J. M. Akey, Resurrecting surviving Neandertal lineages from modern 
human genomes. Science 343, 1017–1021 (2014). doi:10.1126/science.1245938 
Medline 

9. F. Racimo, S. Sankararaman, R. Nielsen, E. Huerta-Sánchez, Evidence for archaic 
adaptive introgression in humans. Nat. Rev. Genet. 16, 359–371 (2015). 
doi:10.1038/nrg3936 Medline 

10. A. L. Williams, S. B. Jacobs, H. Moreno-Macías, A. Huerta-Chagoya, C. 
Churchhouse, C. Márquez-Luna, H. García-Ortíz, M. J. Gómez-Vázquez, N. P. 
Burtt, C. A. Aguilar-Salinas, C. González-Villalpando, J. C. Florez, L. Orozco, C. A. 
Haiman, T. Tusié-Luna, D. Altshuler; SIGMA Type 2 Diabetes Consortium, 
Sequence variants in SLC16A11 are a common risk factor for type 2 diabetes in 
Mexico. Nature 506, 97–101 (2014). Medline 

11. M. Dannemann, A. M. Andrés, J. Kelso, Introgression of Neandertal- and 
Denisovan-like haplotypes contributes to adaptive variation in human Toll-like 
receptors. Am. J. Hum. Genet. 98, 22–33 (2016). doi:10.1016/j.ajhg.2015.11.015 
Medline 

12. H. Quach, M. Rotival, J. Pothlichet, Y. E. Loh, M. Dannemann, N. Zidane, G. Laval, 
E. Patin, C. Harmant, M. Lopez, M. Deschamps, N. Naffakh, D. Duffy, A. Coen, G. 
Leroux-Roels, F. Clément, A. Boland, J.-F. Deleuze, J. Kelso, M. L. Albert, L. 
Quintana-Murci, Genetic adaptation and Neandertal admixture shaped the 
immune system of human populations. Cell 167, 643–656.e17 (2016). 
doi:10.1016/j.cell.2016.09.024 Medline 

13. M. Kuhlwilm, I. Gronau, M. J. Hubisz, C. de Filippo, J. Prado-Martinez, M. Kircher, 

Q. Fu, H. A. Burbano, C. Lalueza-Fox, M. de la Rasilla, A. Rosas, P. Rudan, D. 
Brajkovic, Ž. Kucan, I. Gušic, T. Marques-Bonet, A. M. Andrés, B. Viola, S. Pääbo, 
M. Meyer, A. Siepel, S. Castellano, Ancient gene flow from early modern humans 
into Eastern Neanderthals. Nature 530, 429–433 (2016). 
doi:10.1038/nature16544 Medline 

14. S. Castellano, G. Parra, F. A. Sánchez-Quinto, F. Racimo, M. Kuhlwilm, M. Kircher, 
S. Sawyer, Q. Fu, A. Heinze, B. Nickel, J. Dabney, M. Siebauer, L. White, H. A. 
Burbano, G. Renaud, U. Stenzel, C. Lalueza-Fox, M. de la Rasilla, A. Rosas, P. 
Rudan, D. Brajković, Ž. Kucan, I. Gušic, M. V. Shunkov, A. P. Derevianko, B. Viola, 
M. Meyer, J. Kelso, A. M. Andrés, S. Pääbo, Patterns of coding variation in the 
complete exomes of three Neandertals. Proc. Natl. Acad. Sci. U.S.A. 111, 6666–
6671 (2014). doi:10.1073/pnas.1405138111 Medline 

15. T. Devièse, I. Karavanić, D. Comeskey, C. Kubiak, P. Korlević, M. Hajdinjak, S. 
Radović, N. Procopio, M. Buckley, S. Pääbo, T. Higham, Direct dating of 
Neanderthal remains from the site of Vindija Cave and implications for the 
Middle to Upper Paleolithic transition. Proc. Natl. Acad. Sci. U.S.A. 201709235 
(2017). doi:10.1073/pnas.1709235114 Medline 

16. A. D. Greenwood, S. Pääbo, Nuclear insertion sequences of mitochondrial DNA 
predominate in hair but not in blood of elephants. Mol. Ecol. 8, 133–137 (1999). 
doi:10.1046/j.1365-294X.1999.00507.x Medline 

17. J. Dabney, M. Knapp, I. Glocke, M.-T. Gansauge, A. Weihmann, B. Nickel, C. 
Valdiosera, N. García, S. Pääbo, J.-L. Arsuaga, M. Meyer, Complete mitochondrial 
genome sequence of a Middle Pleistocene cave bear reconstructed from 
ultrashort DNA fragments. Proc. Natl. Acad. Sci. U.S.A. 110, 15758–15763 
(2013). doi:10.1073/pnas.1314445110 Medline 

18. M. T. Gansauge, M. Meyer, Single-stranded DNA library preparation for the 
sequencing of ancient or damaged DNA. Nat. Protoc. 8, 737–748 (2013). 
doi:10.1038/nprot.2013.038 Medline 

19. M. T. Gansauge, M. Meyer, Selective enrichment of damaged DNA molecules for 
ancient genome sequencing. Genome Res. 24, 1543–1549 (2014). 
doi:10.1101/gr.174201.114 Medline 

20. Materials and methods are available as supplementary materials. 
21. A. W. Briggs, U. Stenzel, M. Meyer, J. Krause, M. Kircher, S. Pääbo, Removal of 

deaminated cytosines and detection of in vivo methylation in ancient DNA. 
Nucleic Acids Res. 38, e87 (2010). doi:10.1093/nar/gkp1163 Medline 

22. S. Mallick, H. Li, M. Lipson, I. Mathieson, M. Gymrek, F. Racimo, M. Zhao, N. 
Chennagiri, S. Nordenfelt, A. Tandon, P. Skoglund, I. Lazaridis, S. Sankararaman, 
Q. Fu, N. Rohland, G. Renaud, Y. Erlich, T. Willems, C. Gallo, J. P. Spence, Y. S. 
Song, G. Poletti, F. Balloux, G. van Driem, P. de Knijff, I. G. Romero, A. R. Jha, D. 
M. Behar, C. M. Bravi, C. Capelli, T. Hervig, A. Moreno-Estrada, O. L. Posukh, E. 
Balanovska, O. Balanovsky, S. Karachanak-Yankova, H. Sahakyan, D. Toncheva, 
L. Yepiskoposyan, C. Tyler-Smith, Y. Xue, M. S. Abdullah, A. Ruiz-Linares, C. M. 
Beall, A. Di Rienzo, C. Jeong, E. B. Starikovskaya, E. Metspalu, J. Parik, R. Villems, 
B. M. Henn, U. Hodoglugil, R. Mahley, A. Sajantila, G. Stamatoyannopoulos, J. T. 
S. Wee, R. Khusainova, E. Khusnutdinova, S. Litvinov, G. Ayodo, D. Comas, M. F. 
Hammer, T. Kivisild, W. Klitz, C. A. Winkler, D. Labuda, M. Bamshad, L. B. Jorde, 
S. A. Tishkoff, W. S. Watkins, M. Metspalu, S. Dryomov, R. Sukernik, L. Singh, K. 
Thangaraj, S. Pääbo, J. Kelso, N. Patterson, D. Reich, The Simons Genome 
Diversity Project: 300 genomes from 142 diverse populations. Nature 538, 201–
206 (2016). doi:10.1038/nature18964 Medline 

23. N. Patterson, P. Moorjani, Y. Luo, S. Mallick, N. Rohland, Y. Zhan, T. Genschoreck, 
T. Webster, D. Reich, Ancient admixture in human history. Genetics 192, 1065–
1093 (2012). doi:10.1534/genetics.112.145037 Medline 

24. D. Reich, N. Patterson, M. Kircher, F. Delfin, M. R. Nandineni, I. Pugach, A. M.-S. 
Ko, Y.-C. Ko, T. A. Jinam, M. E. Phipps, N. Saitou, A. Wollstein, M. Kayser, S. 
Pääbo, M. Stoneking, Denisova admixture and the first modern human dispersals 
into Southeast Asia and Oceania. Am. J. Hum. Genet. 89, 516–528 (2011). 
doi:10.1016/j.ajhg.2011.09.005 Medline 

25. J. D. Wall, M. A. Yang, F. Jay, S. K. Kim, E. Y. Durand, L. S. Stevison, C. Gignoux, A. 
Woerner, M. F. Hammer, M. Slatkin, Higher levels of neanderthal ancestry in East 
Asians than in Europeans. Genetics 194, 199–209 (2013). 
doi:10.1534/genetics.112.148213 Medline 

26. A. W. Briggs, J. M. Good, R. E. Green, J. Krause, T. Maricic, U. Stenzel, S. Pääbo, 
Primer extension capture: Targeted sequence retrieval from heavily degraded 
DNA sources. J. Vis. Exp. 3 1573 (2009). Medline 

on O
ctober 6, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1126/science.1224344
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22936568&dopt=Abstract
http://dx.doi.org/10.1038/nature12886
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24352235&dopt=Abstract
http://dx.doi.org/10.1126/science.1188021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20448178&dopt=Abstract
http://dx.doi.org/10.1534/genetics.116.186890
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27038113&dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1006340
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27824859&dopt=Abstract
http://dx.doi.org/10.1038/nature12961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24476815&dopt=Abstract
http://dx.doi.org/10.1126/science.aad2149
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26912863&dopt=Abstract
http://dx.doi.org/10.1126/science.1245938
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24476670&dopt=Abstract
http://dx.doi.org/10.1038/nrg3936
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25963373&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24390345&dopt=Abstract
http://dx.doi.org/10.1016/j.ajhg.2015.11.015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26748514&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2016.09.024
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27768888&dopt=Abstract
http://dx.doi.org/10.1038/nature16544
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26886800&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1405138111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24753607&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1709235114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28874524&dopt=Abstract
http://dx.doi.org/10.1046/j.1365-294X.1999.00507.x
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9919702&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1314445110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24019490&dopt=Abstract
http://dx.doi.org/10.1038/nprot.2013.038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23493070&dopt=Abstract
http://dx.doi.org/10.1101/gr.174201.114
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25081630&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkp1163
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20028723&dopt=Abstract
http://dx.doi.org/10.1038/nature18964
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27654912&dopt=Abstract
http://dx.doi.org/10.1534/genetics.112.145037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22960212&dopt=Abstract
http://dx.doi.org/10.1016/j.ajhg.2011.09.005
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21944045&dopt=Abstract
http://dx.doi.org/10.1534/genetics.112.148213
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23410836&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19730410&dopt=Abstract
http://science.sciencemag.org/


First release: 5 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 5 
 

27. N. Rohland, M. Hofreiter, Comparison and optimization of ancient DNA 
extraction. Biotechniques 42, 343–352 (2007). doi:10.2144/000112383 Medline 

28. M. Meyer, M. Kircher, Illumina sequencing library preparation for highly 
multiplexed target capture and sequencing. Cold Spring Harb. Protoc. 2010, 
t5448 (2010). doi:10.1101/pdb.prot5448 Medline 

29. T. Maricic, M. Whitten, S. Pääbo, Multiplexed DNA sequence capture of 
mitochondrial genomes using PCR products. PLOS ONE 5, e14004 (2010). 
doi:10.1371/journal.pone.0014004 Medline 

30. R. E. Green, A.-S. Malaspinas, J. Krause, A. W. Briggs, P. L. F. Johnson, C. Uhler, 
M. Meyer, J. M. Good, T. Maricic, U. Stenzel, K. Prüfer, M. Siebauer, H. A. 
Burbano, M. Ronan, J. M. Rothberg, M. Egholm, P. Rudan, D. Brajković, Z. Kućan, 
I. Gusić, M. Wikström, L. Laakkonen, J. Kelso, M. Slatkin, S. Pääbo, A complete 
Neandertal mitochondrial genome sequence determined by high-throughput 
sequencing. Cell 134, 416–426 (2008). doi:10.1016/j.cell.2008.06.021 Medline 

31. M. Malez, H. Ullrich, Neuere paläanthropologische Untersuchungen am Material 
aus der Höhle Vindija (Kroatien, Jugoslawien). Palaeontol. Jugoslav. 29, 1–44 
(1982). 

32. L. V. Golovanova, J. F. Hoffecker, V. M. Kharitonov, G. P. Romanova, 
Mezmaiskaya cave: A Neanderthal occupation in the Northern Caucasus. Curr. 
Anthropol. 40, 77–86 (1999). doi:10.1086/515805 

33. A. R. Skinner, B. A. B. Blackwell, S. Martin, A. Ortega, J. I. B. Blickstein, L. V. 
Golovanova, V. B. Doronichev, ESR dating at Mezmaiskaya Cave, Russia. Appl. 
Radiat. Isot. 62, 219–224 (2005). doi:10.1016/j.apradiso.2004.08.008 Medline 

34. P. Korlević, T. Gerber, M.-T. Gansauge, M. Hajdinjak, S. Nagel, A. Aximu-Petri, M. 
Meyer, Reducing microbial and human contamination in DNA extractions from 
ancient bones and teeth. Biotechniques 59, 87–93 (2015). 
doi:10.2144/000114320 Medline 

35. J. Dabney, M. Meyer, 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). 
doi:10.2144/000113809 Medline 

36. M. T. Gansauge, T. Gerber, I. Glocke, P. Korlevic, L. Lippik, S. Nagel, L. M. Riehl, A. 
Schmidt, M. Meyer, Single-stranded DNA library preparation from highly 
degraded DNA using T4 DNA ligase. Nucleic Acids Res. 45, e79 (2017). Medline 

37. M. Kircher, S. Sawyer, M. Meyer, Double indexing overcomes inaccuracies in 
multiplex sequencing on the Illumina platform. Nucleic Acids Res. 40, e3 (2012). 
doi:10.1093/nar/gkr771 Medline 

38. M. Kircher, U. Stenzel, J. Kelso, Improved base calling for the Illumina Genome 
Analyzer using machine learning strategies. Genome Biol. 10, R83 (2009). 
doi:10.1186/gb-2009-10-8-r83 Medline 

39. G. Renaud, M. Kircher, U. Stenzel, J. Kelso, freeIbis: An efficient basecaller with 
calibrated quality scores for Illumina sequencers. Bioinformatics 29, 1208–1209 
(2013). doi:10.1093/bioinformatics/btt117 Medline 

40. G. Renaud, U. Stenzel, J. Kelso, leeHom: Adaptor trimming and merging for 
Illumina sequencing reads. Nucleic Acids Res. 42, e141 (2014). 
doi:10.1093/nar/gku699 Medline 

41. G. Renaud, U. Stenzel, T. Maricic, V. Wiebe, J. Kelso, deML: Robust demultiplexing 
of Illumina sequences using a likelihood-based approach. Bioinformatics 31, 
770–772 (2015). doi:10.1093/bioinformatics/btu719 Medline 

42. 1000 Genomes Phase 2 decoy sequences: 
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/phase2_referen
ce_assembly_sequence/hs37d5.fa.gz. 

43. H. Li, R. Durbin, Fast and accurate short read alignment with Burrows-Wheeler 
transform. Bioinformatics 25, 1754–1760 (2009). 
doi:10.1093/bioinformatics/btp324 Medline 

44. https://bitbucket.org/ustenzel/network-aware-bwa. 
45. https://bitbucket.org/ustenzel/biohazard-tools. 
46. Q. Fu, H. Li, P. Moorjani, F. Jay, S. M. Slepchenko, A. A. Bondarev, P. L. F. 

Johnson, A. Aximu-Petri, K. Prüfer, C. de Filippo, M. Meyer, N. Zwyns, D. C. 
Salazar-García, Y. V. Kuzmin, S. G. Keates, P. A. Kosintsev, D. I. Razhev, M. P. 
Richards, N. V. Peristov, M. Lachmann, K. Douka, T. F. G. Higham, M. Slatkin, J.-J. 
Hublin, D. Reich, J. Kelso, T. B. Viola, S. Pääbo, Genome sequence of a 45,000-
year-old modern human from western Siberia. Nature 514, 445–449 (2014). 
doi:10.1038/nature13810 Medline 

47. I. Lazaridis, N. Patterson, A. Mittnik, G. Renaud, S. Mallick, K. Kirsanow, P. H. 

Sudmant, J. G. Schraiber, S. Castellano, M. Lipson, B. Berger, C. Economou, R. 
Bollongino, Q. Fu, K. I. Bos, S. Nordenfelt, H. Li, C. de Filippo, K. Prüfer, S. 
Sawyer, C. Posth, W. Haak, F. Hallgren, E. Fornander, N. Rohland, D. Delsate, M. 
Francken, J.-M. Guinet, J. Wahl, G. Ayodo, H. A. Babiker, G. Bailliet, E. 
Balanovska, O. Balanovsky, R. Barrantes, G. Bedoya, H. Ben-Ami, J. Bene, F. 
Berrada, C. M. Bravi, F. Brisighelli, G. B. J. Busby, F. Cali, M. Churnosov, D. E. C. 
Cole, D. Corach, L. Damba, G. van Driem, S. Dryomov, J.-M. Dugoujon, S. A. 
Fedorova, I. Gallego Romero, M. Gubina, M. Hammer, B. M. Henn, T. Hervig, U. 
Hodoglugil, A. R. Jha, S. Karachanak-Yankova, R. Khusainova, E. Khusnutdinova, 
R. Kittles, T. Kivisild, W. Klitz, V. Kučinskas, A. Kushniarevich, L. Laredj, S. 
Litvinov, T. Loukidis, R. W. Mahley, B. Melegh, E. Metspalu, J. Molina, J. 
Mountain, K. Näkkäläjärvi, D. Nesheva, T. Nyambo, L. Osipova, J. Parik, F. 
Platonov, O. Posukh, V. Romano, F. Rothhammer, I. Rudan, R. Ruizbakiev, H. 
Sahakyan, A. Sajantila, A. Salas, E. B. Starikovskaya, A. Tarekegn, D. Toncheva, 
S. Turdikulova, I. Uktveryte, O. Utevska, R. Vasquez, M. Villena, M. Voevoda, C. A. 
Winkler, L. Yepiskoposyan, P. Zalloua, T. Zemunik, A. Cooper, C. Capelli, M. G. 
Thomas, A. Ruiz-Linares, S. A. Tishkoff, L. Singh, K. Thangaraj, R. Villems, D. 
Comas, R. Sukernik, M. Metspalu, M. Meyer, E. E. Eichler, J. Burger, M. Slatkin, S. 
Pääbo, J. Kelso, D. Reich, J. Krause, Ancient human genomes suggest three 
ancestral populations for present-day Europeans. Nature 513, 409–413 (2014). 
doi:10.1038/nature13673 Medline 

48. A. McKenna, M. Hanna, E. Banks, A. Sivachenko, K. Cibulskis, A. Kernytsky, K. 
Garimella, D. Altshuler, S. Gabriel, M. Daly, M. A. DePristo, The Genome Analysis 
Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing 
data. Genome Res. 20, 1297–1303 (2010). doi:10.1101/gr.107524.110 Medline 

49. U. Varshney, J. H. van de Sande, Specificities and kinetics of uracil excision from 
uracil-containing DNA oligomers by Escherichia coli uracil DNA glycosylase. 
Biochemistry 30, 4055–4061 (1991). doi:10.1021/bi00230a033 Medline 

50. A. Auton, L. D. Brooks, R. M. Durbin, E. P. Garrison, H. M. Kang, J. O. Korbel, J. L. 
Marchini, S. McCarthy, G. A. McVean, G. R. Abecasis; 1000 Genomes Project 
Consortium, A global reference for human genetic variation. Nature 526, 68–74 
(2015). Medline 

51. R. Nielsen, J. S. Paul, A. Albrechtsen, Y. S. Song, Genotype and SNP calling from 
next-generation sequencing data. Nat. Rev. Genet. 12, 443–451 (2011). 
doi:10.1038/nrg2986 Medline 

52. R. Li, Y. Li, X. Fang, H. Yang, J. Wang, K. Kristiansen, J. Wang, SNP detection for 
massively parallel whole-genome resequencing. Genome Res. 19, 1124–1132 
(2009). doi:10.1101/gr.088013.108 Medline 

53. M. J. D. Powell, The BOBYQA algorithm for bound constrained optimization 
without derivatives. Technical Report DAMTP 2009/NA06 (2009). 

54. S. G. Johnson, The NLopt nonlinear-optimization package, http://ab-
initio.mit.edu/nlopt. 

55. G. Benson, Tandem repeats finder: A program to analyze DNA sequences. 
Nucleic Acids Res. 27, 573–580 (1999). doi:10.1093/nar/27.2.573 Medline 

56. K. R. Rosenbloom, J. Armstrong, G. P. Barber, J. Casper, H. Clawson, M. 
Diekhans, T. R. Dreszer, P. A. Fujita, L. Guruvadoo, M. Haeussler, R. A. Harte, S. 
Heitner, G. Hickey, A. S. Hinrichs, R. Hubley, D. Karolchik, K. Learned, B. T. Lee, 
C. H. Li, K. H. Miga, N. Nguyen, B. Paten, B. J. Raney, A. F. A. Smit, M. L. Speir, A. 
S. Zweig, D. Haussler, R. M. Kuhn, W. J. Kent, The UCSC Genome Browser 
database: 2015 update. Nucleic Acids Res. 43 (D1), D670–D681 (2015). 
doi:10.1093/nar/gku1177 Medline 

57. M. Meyer, J.-L. Arsuaga, C. de Filippo, S. Nagel, A. Aximu-Petri, B. Nickel, I. 
Martínez, A. Gracia, J. M. Bermúdez de Castro, E. Carbonell, B. Viola, J. Kelso, K. 
Prüfer, S. Pääbo, Nuclear DNA sequences from the Middle Pleistocene Sima de 
los Huesos hominins. Nature 531, 504–507 (2016). doi:10.1038/nature17405 
Medline 

58. 
http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/simpleRepeat.txt
.gz. 

59. A. G. Hinch, A. Tandon, N. Patterson, Y. Song, N. Rohland, C. D. Palmer, G. K. 
Chen, K. Wang, S. G. Buxbaum, E. L. Akylbekova, M. C. Aldrich, C. B. Ambrosone, 
C. Amos, E. V. Bandera, S. I. Berndt, L. Bernstein, W. J. Blot, C. H. Bock, E. 
Boerwinkle, Q. Cai, N. Caporaso, G. Casey, L. A. Cupples, S. L. Deming, W. R. 
Diver, J. Divers, M. Fornage, E. M. Gillanders, J. Glessner, C. C. Harris, J. J. Hu, S. 
A. Ingles, W. Isaacs, E. M. John, W. H. Kao, B. Keating, R. A. Kittles, L. N. Kolonel, 

on O
ctober 6, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.2144/000112383
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17390541&dopt=Abstract
http://dx.doi.org/10.1101/pdb.prot5448
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20516186&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0014004
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21103372&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2008.06.021
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18692465&dopt=Abstract
http://dx.doi.org/10.1086/515805
http://dx.doi.org/10.1016/j.apradiso.2004.08.008
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15607452&dopt=Abstract
http://dx.doi.org/10.2144/000114320
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26260087&dopt=Abstract
http://dx.doi.org/10.2144/000113809
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22313406&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28119419&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkr771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22021376&dopt=Abstract
http://dx.doi.org/10.1186/gb-2009-10-8-r83
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19682367&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btt117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23471300&dopt=Abstract
http://dx.doi.org/10.1093/nar/gku699
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25100869&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btu719
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25359895&dopt=Abstract
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/phase2_reference_assembly_sequence/hs37d5.fa.gz
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/reference/phase2_reference_assembly_sequence/hs37d5.fa.gz
http://dx.doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19451168&dopt=Abstract
https://bitbucket.org/ustenzel/network-aware-bwa
https://bitbucket.org/ustenzel/biohazard-tools
http://dx.doi.org/10.1038/nature13810
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25341783&dopt=Abstract
http://dx.doi.org/10.1038/nature13673
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25230663&dopt=Abstract
http://dx.doi.org/10.1101/gr.107524.110
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20644199&dopt=Abstract
http://dx.doi.org/10.1021/bi00230a033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=2018771&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26432245&dopt=Abstract
http://dx.doi.org/10.1038/nrg2986
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21587300&dopt=Abstract
http://dx.doi.org/10.1101/gr.088013.108
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19420381&dopt=Abstract
http://ab-initio.mit.edu/nlopt
http://ab-initio.mit.edu/nlopt
http://dx.doi.org/10.1093/nar/27.2.573
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=9862982&dopt=Abstract
http://dx.doi.org/10.1093/nar/gku1177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25428374&dopt=Abstract
http://dx.doi.org/10.1038/nature17405
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26976447&dopt=Abstract
http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/simpleRepeat.txt.gz
http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/simpleRepeat.txt.gz
http://science.sciencemag.org/


First release: 5 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 6 
 

E. Larkin, L. Le Marchand, L. H. McNeill, R. C. Millikan, A. Murphy, S. Musani, C. 
Neslund-Dudas, S. Nyante, G. J. Papanicolaou, M. F. Press, B. M. Psaty, A. P. 
Reiner, S. S. Rich, J. L. Rodriguez-Gil, J. I. Rotter, B. A. Rybicki, A. G. Schwartz, L. 
B. Signorello, M. Spitz, S. S. Strom, M. J. Thun, M. A. Tucker, Z. Wang, J. K. 
Wiencke, J. S. Witte, M. Wrensch, X. Wu, Y. Yamamura, K. A. Zanetti, W. Zheng, 
R. G. Ziegler, X. Zhu, S. Redline, J. N. Hirschhorn, B. E. Henderson, H. A. Taylor 
Jr., A. L. Price, H. Hakonarson, S. J. Chanock, C. A. Haiman, J. G. Wilson, D. Reich, 
S. R. Myers, The landscape of recombination in African Americans. Nature 476, 
170–175 (2011). doi:10.1038/nature10336 Medline 

60. M. A. DePristo, E. Banks, R. Poplin, K. V. Garimella, J. R. Maguire, C. Hartl, A. A. 
Philippakis, G. del Angel, M. A. Rivas, M. Hanna, A. McKenna, T. J. Fennell, A. M. 
Kernytsky, A. Y. Sivachenko, K. Cibulskis, S. B. Gabriel, D. Altshuler, M. J. Daly, A 
framework for variation discovery and genotyping using next-generation DNA 
sequencing data. Nat. Genet. 43, 491–498 (2011). doi:10.1038/ng.806 Medline 

61. G. Bhatia, N. Patterson, S. Sankararaman, A. L. Price, Estimating and interpreting 
FST: The impact of rare variants. Genome Res. 23, 1514–1521 (2013). 
doi:10.1101/gr.154831.113 Medline 

62. A. W. Briggs, J. M. Good, R. E. Green, J. Krause, T. Maricic, U. Stenzel, C. Lalueza-
Fox, P. Rudan, D. Brajkovic, Z. Kucan, I. Gusic, R. Schmitz, V. B. Doronichev, L. V. 
Golovanova, M. de la Rasilla, J. Fortea, A. Rosas, S. Pääbo, Targeted retrieval and 
analysis of five Neandertal mtDNA genomes. Science 325, 318–321 (2009). 
doi:10.1126/science.1174462 Medline 

63. H. Li, R. Durbin, Inference of human population history from individual whole-
genome sequences. Nature 475, 493–496 (2011). doi:10.1038/nature10231 
Medline 

64. R. R. Hudson, Generating samples under a Wright-Fisher neutral model of 
genetic variation. Bioinformatics 18, 337–338 (2002). 
doi:10.1093/bioinformatics/18.2.337 Medline 

65. J. N. Fenner, Cross-cultural estimation of the human generation interval for use 
in genetics-based population divergence studies. Am. J. Phys. Anthropol. 128, 
415–423 (2005). doi:10.1002/ajpa.20188 Medline 

66. K. E. Langergraber, K. Prüfer, C. Rowney, C. Boesch, C. Crockford, K. Fawcett, E. 
Inoue, M. Inoue-Muruyama, J. C. Mitani, M. N. Muller, M. M. Robbins, G. 
Schubert, T. S. Stoinski, B. Viola, D. Watts, R. M. Wittig, R. W. Wrangham, K. 
Zuberbühler, S. Pääbo, L. Vigilant, Generation times in wild chimpanzees and 
gorillas suggest earlier divergence times in great ape and human evolution. Proc. 
Natl. Acad. Sci. U.S.A. 109, 15716–15721 (2012). doi:10.1073/pnas.1211740109 
Medline 

67. A. Scally, R. Durbin, Revising the human mutation rate: Implications for 
understanding human evolution. Nat. Rev. Genet. 13, 745–753 (2012). 
doi:10.1038/nrg3295 Medline 

68. O. Venn, I. Turner, I. Mathieson, N. de Groot, R. Bontrop, G. McVean, Nonhuman 
genetics. Strong male bias drives germline mutation in chimpanzees. Science 
344, 1272–1275 (2014). doi:10.1126/science.344.6189.1272 Medline 

69. A. Auton, L. D. Brooks, R. M. Durbin, E. P. Garrison, H. M. Kang, J. O. Korbel, J. L. 
Marchini, S. McCarthy, G. A. McVean, G. R. Abecasis, P. Flicek, S. B. Gabriel, R. A. 
Gibbs, E. D. Green, M. E. Hurles, B. M. Knoppers, J. O. Korbel, E. S. Lander, C. 
Lee, H. Lehrach, E. R. Mardis, G. T. Marth, G. A. McVean, D. A. Nickerson, J. P. 
Schmidt, S. T. Sherry, J. Wang, R. K. Wilson, R. A. Gibbs, E. Boerwinkle, H. 
Doddapaneni, Y. Han, V. Korchina, C. Kovar, S. Lee, D. Muzny, J. G. Reid, Y. Zhu, 
J. Wang, Y. Chang, Q. Feng, X. Fang, X. Guo, M. Jian, H. Jiang, X. Jin, T. Lan, G. Li, 
J. Li, Y. Li, S. Liu, X. Liu, Y. Lu, X. Ma, M. Tang, B. Wang, G. Wang, H. Wu, R. Wu, X. 
Xu, Y. Yin, D. Zhang, W. Zhang, J. Zhao, M. Zhao, X. Zheng, E. S. Lander, D. M. 
Altshuler, S. B. Gabriel, N. Gupta, N. Gharani, L. H. Toji, N. P. Gerry, A. M. Resch, 
P. Flicek, J. Barker, L. Clarke, L. Gil, S. E. Hunt, G. Kelman, E. Kulesha, R. 
Leinonen, W. M. McLaren, R. Radhakrishnan, A. Roa, D. Smirnov, R. E. Smith, I. 
Streeter, A. Thormann, I. Toneva, B. Vaughan, X. Zheng-Bradley, D. R. Bentley, R. 
Grocock, S. Humphray, T. James, Z. Kingsbury, H. Lehrach, R. Sudbrak, M. W. 
Albrecht, V. S. Amstislavskiy, T. A. Borodina, M. Lienhard, F. Mertes, M. Sultan, B. 
Timmermann, M.-L. Yaspo, E. R. Mardis, R. K. Wilson, L. Fulton, R. Fulton, S. T. 
Sherry, V. Ananiev, Z. Belaia, D. Beloslyudtsev, N. Bouk, C. Chen, D. Church, R. 
Cohen, C. Cook, J. Garner, T. Hefferon, M. Kimelman, C. Liu, J. Lopez, P. Meric, C. 
O’Sullivan, Y. Ostapchuk, L. Phan, S. Ponomarov, V. Schneider, E. Shekhtman, K. 
Sirotkin, D. Slotta, H. Zhang, G. A. McVean, R. M. Durbin, S. Balasubramaniam, J. 
Burton, P. Danecek, T. M. Keane, A. Kolb-Kokocinski, S. McCarthy, J. Stalker, M. 

Quail, J. P. Schmidt, C. J. Davies, J. Gollub, T. Webster, B. Wong, Y. Zhan, A. 
Auton, C. L. Campbell, Y. Kong, A. Marcketta, R. A. Gibbs, F. Yu, L. Antunes, M. 
Bainbridge, D. Muzny, A. Sabo, Z. Huang, J. Wang, L. J. M. Coin, L. Fang, X. Guo, 
X. Jin, G. Li, Q. Li, Y. Li, Z. Li, H. Lin, B. Liu, R. Luo, H. Shao, Y. Xie, C. Ye, C. Yu, F. 
Zhang, H. Zheng, H. Zhu, C. Alkan, E. Dal, F. Kahveci, G. T. Marth, E. P. Garrison, 
D. Kural, W.-P. Lee, W. Fung Leong, M. Stromberg, A. N. Ward, J. Wu, M. Zhang, 
M. J. Daly, M. A. DePristo, R. E. Handsaker, D. M. Altshuler, E. Banks, G. Bhatia, G. 
del Angel, S. B. Gabriel, G. Genovese, N. Gupta, H. Li, S. Kashin, E. S. Lander, S. A. 
McCarroll, J. C. Nemesh, R. E. Poplin, S. C. Yoon, J. Lihm, V. Makarov, A. G. Clark, 
S. Gottipati, A. Keinan, J. L. Rodriguez-Flores, J. O. Korbel, T. Rausch, M. H. Fritz, 
A. M. Stütz, P. Flicek, K. Beal, L. Clarke, A. Datta, J. Herrero, W. M. McLaren, G. R. 
S. Ritchie, R. E. Smith, D. Zerbino, X. Zheng-Bradley, P. C. Sabeti, I. Shlyakhter, S. 
F. Schaffner, J. Vitti, D. N. Cooper, E. V. Ball, P. D. Stenson, D. R. Bentley, B. 
Barnes, M. Bauer, R. Keira Cheetham, A. Cox, M. Eberle, S. Humphray, S. Kahn, L. 
Murray, J. Peden, R. Shaw, E. E. Kenny, M. A. Batzer, M. K. Konkel, J. A. Walker, 
D. G. MacArthur, M. Lek, R. Sudbrak, V. S. Amstislavskiy, R. Herwig, E. R. Mardis, 
L. Ding, D. C. Koboldt, D. Larson, K. Ye, S. Gravel, A. Swaroop, E. Chew, T. 
Lappalainen, Y. Erlich, M. Gymrek, T. Frederick Willems, J. T. Simpson, M. D. 
Shriver, J. A. Rosenfeld, C. D. Bustamante, S. B. Montgomery, F. M. De La Vega, 
J. K. Byrnes, A. W. Carroll, M. K. DeGorter, P. Lacroute, B. K. Maples, A. R. Martin, 
A. Moreno-Estrada, S. S. Shringarpure, F. Zakharia, E. Halperin, Y. Baran, C. Lee, 
E. Cerveira, J. Hwang, A. Malhotra, D. Plewczynski, K. Radew, M. Romanovitch, C. 
Zhang, F. C. L. Hyland, D. W. Craig, A. Christoforides, N. Homer, T. Izatt, A. A. 
Kurdoglu, S. A. Sinari, K. Squire, S. T. Sherry, C. Xiao, J. Sebat, D. Antaki, M. 
Gujral, A. Noor, K. Ye, E. G. Burchard, R. D. Hernandez, C. R. Gignoux, D. 
Haussler, S. J. Katzman, W. James Kent, B. Howie, A. Ruiz-Linares, E. T. 
Dermitzakis, S. E. Devine, G. R. Abecasis, H. Min Kang, J. M. Kidd, T. Blackwell, S. 
Caron, W. Chen, S. Emery, L. Fritsche, C. Fuchsberger, G. Jun, B. Li, R. Lyons, C. 
Scheller, C. Sidore, S. Song, E. Sliwerska, D. Taliun, A. Tan, R. Welch, M. Kate 
Wing, X. Zhan, P. Awadalla, A. Hodgkinson, Y. Li, X. Shi, A. Quitadamo, G. Lunter, 
G. A. McVean, J. L. Marchini, S. Myers, C. Churchhouse, O. Delaneau, A. Gupta-
Hinch, W. Kretzschmar, Z. Iqbal, I. Mathieson, A. Menelaou, A. Rimmer, D. K. 
Xifara, T. K. Oleksyk, Y. Fu, X. Liu, M. Xiong, L. Jorde, D. Witherspoon, J. Xing, E. 
E. Eichler, B. L. Browning, S. R. Browning, F. Hormozdiari, P. H. Sudmant, E. 
Khurana, R. M. Durbin, M. E. Hurles, C. Tyler-Smith, C. A. Albers, Q. Ayub, S. 
Balasubramaniam, Y. Chen, V. Colonna, P. Danecek, L. Jostins, T. M. Keane, S. 
McCarthy, K. Walter, Y. Xue, M. B. Gerstein, A. Abyzov, S. Balasubramanian, J. 
Chen, D. Clarke, Y. Fu, A. O. Harmanci, M. Jin, D. Lee, J. Liu, X. Jasmine Mu, J. 
Zhang, Y. Zhang, Y. Li, R. Luo, H. Zhu, C. Alkan, E. Dal, F. Kahveci, G. T. Marth, E. 
P. Garrison, D. Kural, W.-P. Lee, A. N. Ward, J. Wu, M. Zhang, S. A. McCarroll, R. 
E. Handsaker, D. M. Altshuler, E. Banks, G. del Angel, G. Genovese, C. Hartl, H. Li, 
S. Kashin, J. C. Nemesh, K. Shakir, S. C. Yoon, J. Lihm, V. Makarov, J. 
Degenhardt, J. O. Korbel, M. H. Fritz, S. Meiers, B. Raeder, T. Rausch, A. M. Stütz, 
P. Flicek, F. Paolo Casale, L. Clarke, R. E. Smith, O. Stegle, X. Zheng-Bradley, D. 
R. Bentley, B. Barnes, R. Keira Cheetham, M. Eberle, S. Humphray, S. Kahn, L. 
Murray, R. Shaw, E.-W. Lameijer, M. A. Batzer, M. K. Konkel, J. A. Walker, L. Ding, 
I. Hall, K. Ye, P. Lacroute, C. Lee, E. Cerveira, A. Malhotra, J. Hwang, D. 
Plewczynski, K. Radew, M. Romanovitch, C. Zhang, D. W. Craig, N. Homer, D. 
Church, C. Xiao, J. Sebat, D. Antaki, V. Bafna, J. Michaelson, K. Ye, S. E. Devine, 
E. J. Gardner, G. R. Abecasis, J. M. Kidd, R. E. Mills, G. Dayama, S. Emery, G. Jun, 
X. Shi, A. Quitadamo, G. Lunter, G. A. McVean, K. Chen, X. Fan, Z. Chong, T. 
Chen, D. Witherspoon, J. Xing, E. E. Eichler, M. J. Chaisson, F. Hormozdiari, J. 
Huddleston, M. Malig, B. J. Nelson, P. H. Sudmant, N. F. Parrish, E. Khurana, M. E. 
Hurles, B. Blackburne, S. J. Lindsay, Z. Ning, K. Walter, Y. Zhang, M. B. Gerstein, 
A. Abyzov, J. Chen, D. Clarke, H. Lam, X. Jasmine Mu, C. Sisu, J. Zhang, Y. Zhang, 
R. A. Gibbs, F. Yu, M. Bainbridge, D. Challis, U. S. Evani, C. Kovar, J. Lu, D. Muzny, 
U. Nagaswamy, J. G. Reid, A. Sabo, J. Yu, X. Guo, W. Li, Y. Li, R. Wu, G. T. Marth, 
E. P. Garrison, W. Fung Leong, A. N. Ward, G. del Angel, M. A. DePristo, S. B. 
Gabriel, N. Gupta, C. Hartl, R. E. Poplin, A. G. Clark, J. L. Rodriguez-Flores, P. 
Flicek, L. Clarke, R. E. Smith, X. Zheng-Bradley, D. G. MacArthur, E. R. Mardis, R. 
Fulton, D. C. Koboldt, S. Gravel, C. D. Bustamante, D. W. Craig, A. Christoforides, 
N. Homer, T. Izatt, S. T. Sherry, C. Xiao, E. T. Dermitzakis, G. R. Abecasis, H. Min 
Kang, G. A. McVean, M. B. Gerstein, S. Balasubramanian, L. Habegger, H. Yu, P. 
Flicek, L. Clarke, F. Cunningham, I. Dunham, D. Zerbino, X. Zheng-Bradley, K. 
Lage, J. Berg Jespersen, H. Horn, S. B. Montgomery, M. K. DeGorter, E. Khurana, 

on O
ctober 6, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1038/nature10336
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21775986&dopt=Abstract
http://dx.doi.org/10.1038/ng.806
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21478889&dopt=Abstract
http://dx.doi.org/10.1101/gr.154831.113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23861382&dopt=Abstract
http://dx.doi.org/10.1126/science.1174462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19608918&dopt=Abstract
http://dx.doi.org/10.1038/nature10231
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21753753&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/18.2.337
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=11847089&dopt=Abstract
http://dx.doi.org/10.1002/ajpa.20188
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=15795887&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1211740109
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22891323&dopt=Abstract
http://dx.doi.org/10.1038/nrg3295
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22965354&dopt=Abstract
http://dx.doi.org/10.1126/science.344.6189.1272
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24926018&dopt=Abstract
http://science.sciencemag.org/


First release: 5 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 7 
 

C. Tyler-Smith, Y. Chen, V. Colonna, Y. Xue, M. B. Gerstein, S. Balasubramanian, 
Y. Fu, D. Kim, A. Auton, A. Marcketta, R. Desalle, A. Narechania, M. A. Wilson 
Sayres, E. P. Garrison, R. E. Handsaker, S. Kashin, S. A. McCarroll, J. L. 
Rodriguez-Flores, P. Flicek, L. Clarke, X. Zheng-Bradley, Y. Erlich, M. Gymrek, T. 
Frederick Willems, C. D. Bustamante, F. L. Mendez, G. David Poznik, P. A. 
Underhill, C. Lee, E. Cerveira, A. Malhotra, M. Romanovitch, C. Zhang, G. R. 
Abecasis, L. Coin, H. Shao, D. Mittelman, C. Tyler-Smith, Q. Ayub, R. Banerjee, M. 
Cerezo, Y. Chen, T. W. Fitzgerald, S. Louzada, A. Massaia, S. McCarthy, G. R. 
Ritchie, Y. Xue, F. Yang, R. A. Gibbs, C. Kovar, D. Kalra, W. Hale, D. Muzny, J. G. 
Reid, J. Wang, X. Dan, X. Guo, G. Li, Y. Li, C. Ye, X. Zheng, D. M. Altshuler, P. 
Flicek, L. Clarke, X. Zheng-Bradley, D. R. Bentley, A. Cox, S. Humphray, S. Kahn, 
R. Sudbrak, M. W. Albrecht, M. Lienhard, D. Larson, D. W. Craig, T. Izatt, A. A. 
Kurdoglu, S. T. Sherry, C. Xiao, D. Haussler, G. R. Abecasis, G. A. McVean, R. M. 
Durbin, S. Balasubramaniam, T. M. Keane, S. McCarthy, J. Stalker, A. 
Chakravarti, B. M. Knoppers, G. R. Abecasis, K. C. Barnes, C. Beiswanger, E. G. 
Burchard, C. D. Bustamante, H. Cai, H. Cao, R. M. Durbin, N. P. Gerry, N. Gharani, 
R. A. Gibbs, C. R. Gignoux, S. Gravel, B. Henn, D. Jones, L. Jorde, J. S. Kaye, A. 
Keinan, A. Kent, A. Kerasidou, Y. Li, R. Mathias, G. A. McVean, A. Moreno-
Estrada, P. N. Ossorio, M. Parker, A. M. Resch, C. N. Rotimi, C. D. Royal, K. 
Sandoval, Y. Su, R. Sudbrak, Z. Tian, S. Tishkoff, L. H. Toji, C. Tyler-Smith, M. Via, 
Y. Wang, H. Yang, L. Yang, J. Zhu, W. Bodmer, G. Bedoya, A. Ruiz-Linares, Z. Cai, 
Y. Gao, J. Chu, L. Peltonen, A. Garcia-Montero, A. Orfao, J. Dutil, J. C. Martinez-
Cruzado, T. K. Oleksyk, K. C. Barnes, R. A. Mathias, A. Hennis, H. Watson, C. 
McKenzie, F. Qadri, R. LaRocque, P. C. Sabeti, J. Zhu, X. Deng, P. C. Sabeti, D. 
Asogun, O. Folarin, C. Happi, O. Omoniwa, M. Stremlau, R. Tariyal, M. Jallow, F. 
Sisay Joof, T. Corrah, K. Rockett, D. Kwiatkowski, J. Kooner, T. Tịnh Hiê’n, S. J. 
Dunstan, N. Thuy Hang, R. Fonnie, R. Garry, L. Kanneh, L. Moses, P. C. Sabeti, J. 
Schieffelin, D. S. Grant, C. Gallo, G. Poletti, D. Saleheen, A. Rasheed, L. D. Brooks, 
A. L. Felsenfeld, J. E. McEwen, Y. Vaydylevich, E. D. Green, A. Duncanson, M. 
Dunn, J. A. Schloss, J. Wang, H. Yang, A. Auton, L. D. Brooks, R. M. Durbin, E. P. 
Garrison, H. Min Kang, J. O. Korbel, J. L. Marchini, S. McCarthy, G. A. McVean, G. 
R. Abecasis; 1000 Genomes Project Consortium, A global reference for human 
genetic variation. Nature 526, 68–74 (2015). doi:10.1038/nature15393 Medline 

70. B. Vernot, S. Tucci, J. Kelso, J. G. Schraiber, A. B. Wolf, R. M. Gittelman, M. 
Dannemann, S. Grote, R. C. McCoy, H. Norton, L. B. Scheinfeldt, D. A. 
Merriwether, G. Koki, J. S. Friedlaender, J. Wakefield, S. Pääbo, J. M. Akey, 
Excavating Neandertal and Denisovan DNA from the genomes of Melanesian 
individuals. Science 352, 235–239 (2016). Medline 

71. D. Reich, R. E. Green, M. Kircher, J. Krause, N. Patterson, E. Y. Durand, B. Viola, A. 
W. Briggs, U. Stenzel, P. L. F. Johnson, T. Maricic, J. M. Good, T. Marques-Bonet, 
C. Alkan, Q. Fu, S. Mallick, H. Li, M. Meyer, E. E. Eichler, M. Stoneking, M. 
Richards, S. Talamo, M. V. Shunkov, A. P. Derevianko, J.-J. Hublin, J. Kelso, M. 
Slatkin, S. Pääbo, Genetic history of an archaic hominin group from Denisova 
Cave in Siberia. Nature 468, 1053–1060 (2010). doi:10.1038/nature09710 
Medline 

72. E. Y. Durand, N. Patterson, D. Reich, M. Slatkin, Testing for ancient admixture 
between closely related populations. Mol. Biol. Evol. 28, 2239–2252 (2011). 
doi:10.1093/molbev/msr048 Medline 

73. F. M. T. A. Busing, E. Meijer, R. Van Der Leeden, Delete-m jackknife for unequal m. 
Stat. Comput. 9, 3–8 (1999). doi:10.1023/A:1008800423698 

74. P. Qin, M. Stoneking, Denisovan ancestry in East Eurasian and Native American 
populations. Mol. Biol. Evol. 32, 2665–2674 (2015). Medline 

75. M. Gallego Llorente, E. R. Jones, A. Eriksson, V. Siska, K. W. Arthur, J. W. Arthur, 
M. C. Curtis, J. T. Stock, M. Coltorti, P. Pieruccini, S. Stretton, F. Brock, T. 
Higham, Y. Park, M. Hofreiter, D. G. Bradley, J. Bhak, R. Pinhasi, A. Manica, 
Ancient Ethiopian genome reveals extensive Eurasian admixture throughout the 
African continent. Science 350, 820–822 (2015). doi:10.1126/science.aad2879 
Medline 

76. F. Sánchez-Quinto, L. R. Botigué, S. Civit, C. Arenas, M. C. Ávila-Arcos, C. D. 
Bustamante, D. Comas, C. Lalueza-Fox, North African populations carry the 
signature of admixture with Neandertals. PLOS ONE 7, e47765 (2012). 
doi:10.1371/journal.pone.0047765 Medline 

77. J. K. Pickrell, N. Patterson, P.-R. Loh, M. Lipson, B. Berger, M. Stoneking, B. 
Pakendorf, D. Reich, Ancient west Eurasian ancestry in southern and eastern 
Africa. Proc. Natl. Acad. Sci. U.S.A. 111, 2632–2637 (2014). 

doi:10.1073/pnas.1313787111 Medline 
78. S. Sankararaman, S. Mallick, N. Patterson, D. Reich, The combined landscape of 

Denisovan and Neanderthal ancestry in present-day humans. Curr. Biol. 26, 
1241–1247 (2016). doi:10.1016/j.cub.2016.03.037 Medline 

79. B. Y. Kim, K. E. Lohmueller, Selection and reduced population size cannot explain 
higher amounts of Neandertal ancestry in East Asian than in European human 
populations. Am. J. Hum. Genet. 96, 454–461 (2015). 
doi:10.1016/j.ajhg.2014.12.029 Medline 

80. B. Vernot, J. M. Akey, Complex history of admixture between modern humans 
and Neandertals. Am. J. Hum. Genet. 96, 448–453 (2015). 
doi:10.1016/j.ajhg.2015.01.006 Medline 

81. Q. Fu, C. Posth, M. Hajdinjak, M. Petr, S. Mallick, D. Fernandes, A. Furtwängler, W. 
Haak, M. Meyer, A. Mittnik, B. Nickel, A. Peltzer, N. Rohland, V. Slon, S. Talamo, I. 
Lazaridis, M. Lipson, I. Mathieson, S. Schiffels, P. Skoglund, A. P. Derevianko, N. 
Drozdov, V. Slavinsky, A. Tsybankov, R. G. Cremonesi, F. Mallegni, B. Gély, E. 
Vacca, M. R. Morales, L. G. Straus, C. Neugebauer-Maresch, M. Teschler-Nicola, 
S. Constantin, O. T. Moldovan, S. Benazzi, M. Peresani, D. Coppola, M. Lari, S. 
Ricci, A. Ronchitelli, F. Valentin, C. Thevenet, K. Wehrberger, D. Grigorescu, H. 
Rougier, I. Crevecoeur, D. Flas, P. Semal, M. A. Mannino, C. Cupillard, H. 
Bocherens, N. J. Conard, K. Harvati, V. Moiseyev, D. G. Drucker, J. Svoboda, M. P. 
Richards, D. Caramelli, R. Pinhasi, J. Kelso, N. Patterson, J. Krause, S. Pääbo, D. 
Reich, The genetic history of Ice Age Europe. Nature 534, 200–205 (2016). 
Medline 

82. T. C. S. and Analysis Consortium; Chimpanzee Sequencing and Analysis 
Consortium, Initial sequence of the chimpanzee genome and comparison with 
the human genome. Nature 437, 69–87 (2005). doi:10.1038/nature04072 
Medline 

83. R. A. Gibbs, J. Rogers, M. G. Katze, R. Bumgarner, G. M. Weinstock, E. R. Mardis, 
K. A. Remington, R. L. Strausberg, J. C. Venter, R. K. Wilson, M. A. Batzer, C. D. 
Bustamante, E. E. Eichler, M. W. Hahn, R. C. Hardison, K. D. Makova, W. Miller, A. 
Milosavljevic, R. E. Palermo, A. Siepel, J. M. Sikela, T. Attaway, S. Bell, K. E. 
Bernard, C. J. Buhay, M. N. Chandrabose, M. Dao, C. Davis, K. D. Delehaunty, Y. 
Ding, H. H. Dinh, S. Dugan-Rocha, L. A. Fulton, R. A. Gabisi, T. T. Garner, J. 
Godfrey, A. C. Hawes, J. Hernandez, S. Hines, M. Holder, J. Hume, S. N. 
Jhangiani, V. Joshi, Z. M. Khan, E. F. Kirkness, A. Cree, R. G. Fowler, S. Lee, L. R. 
Lewis, Z. Li, Y. S. Liu, S. M. Moore, D. Muzny, L. V. Nazareth, D. N. Ngo, G. O. 
Okwuonu, G. Pai, D. Parker, H. A. Paul, C. Pfannkoch, C. S. Pohl, Y.-H. Rogers, S. 
J. Ruiz, A. Sabo, J. Santibanez, B. W. Schneider, S. M. Smith, E. Sodergren, A. F. 
Svatek, T. R. Utterback, S. Vattathil, W. Warren, C. S. White, A. T. Chinwalla, Y. 
Feng, A. L. Halpern, L. W. Hillier, X. Huang, P. Minx, J. O. Nelson, K. H. Pepin, X. 
Qin, G. G. Sutton, E. Venter, B. P. Walenz, J. W. Wallis, K. C. Worley, S.-P. Yang, S. 
M. Jones, M. A. Marra, M. Rocchi, J. E. Schein, R. Baertsch, L. Clarke, M. Csürös, 
J. Glasscock, R. A. Harris, P. Havlak, A. R. Jackson, H. Jiang, Y. Liu, D. N. Messina, 
Y. Shen, H. X.-Z. Song, T. Wylie, L. Zhang, E. Birney, K. Han, M. K. Konkel, J. Lee, 
A. F. A. Smit, B. Ullmer, H. Wang, J. Xing, R. Burhans, Z. Cheng, J. E. Karro, J. Ma, 
B. Raney, X. She, M. J. Cox, J. P. Demuth, L. J. Dumas, S.-G. Han, J. Hopkins, A. 
Karimpour-Fard, Y. H. Kim, J. R. Pollack, T. Vinar, C. Addo-Quaye, J. Degenhardt, 
A. Denby, M. J. Hubisz, A. Indap, C. Kosiol, B. T. Lahn, H. A. Lawson, A. Marklein, 
R. Nielsen, E. J. Vallender, A. G. Clark, B. Ferguson, R. D. Hernandez, K. Hirani, H. 
Kehrer-Sawatzki, J. Kolb, S. Patil, L.-L. Pu, Y. Ren, D. G. Smith, D. A. Wheeler, I. 
Schenck, E. V. Ball, R. Chen, D. N. Cooper, B. Giardine, F. Hsu, W. J. Kent, A. Lesk, 
D. L. Nelson, W. E. O’brien, K. Prüfer, P. D. Stenson, J. C. Wallace, H. Ke, X.-M. 
Liu, P. Wang, A. P. Xiang, F. Yang, G. P. Barber, D. Haussler, D. Karolchik, A. D. 
Kern, R. M. Kuhn, K. E. Smith, A. S. Zwieg; Rhesus Macaque Genome Sequencing 
and Analysis Consortium, Evolutionary and biomedical insights from the rhesus 
macaque genome. Science 316, 222–234 (2007). doi:10.1126/science.1139247 
Medline 

84. D. P. Locke, L. W. Hillier, W. C. Warren, K. C. Worley, L. V. Nazareth, D. M. Muzny, 
S.-P. Yang, Z. Wang, A. T. Chinwalla, P. Minx, M. Mitreva, L. Cook, K. D. 
Delehaunty, C. Fronick, H. Schmidt, L. A. Fulton, R. S. Fulton, J. O. Nelson, V. 
Magrini, C. Pohl, T. A. Graves, C. Markovic, A. Cree, H. H. Dinh, J. Hume, C. L. 
Kovar, G. R. Fowler, G. Lunter, S. Meader, A. Heger, C. P. Ponting, T. Marques-
Bonet, C. Alkan, L. Chen, Z. Cheng, J. M. Kidd, E. E. Eichler, S. White, S. Searle, A. 
J. Vilella, Y. Chen, P. Flicek, J. Ma, B. Raney, B. Suh, R. Burhans, J. Herrero, D. 
Haussler, R. Faria, O. Fernando, F. Darré, D. Farré, E. Gazave, M. Oliva, A. 

on O
ctober 6, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1038/nature15393
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26432245&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26989198&dopt=Abstract
http://dx.doi.org/10.1038/nature09710
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21179161&dopt=Abstract
http://dx.doi.org/10.1093/molbev/msr048
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21325092&dopt=Abstract
http://dx.doi.org/10.1023/A:1008800423698
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26104010&dopt=Abstract
http://dx.doi.org/10.1126/science.aad2879
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26449472&dopt=Abstract
http://dx.doi.org/10.1371/journal.pone.0047765
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23082212&dopt=Abstract
http://dx.doi.org/10.1073/pnas.1313787111
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24550290&dopt=Abstract
http://dx.doi.org/10.1016/j.cub.2016.03.037
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27032491&dopt=Abstract
http://dx.doi.org/10.1016/j.ajhg.2014.12.029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25683122&dopt=Abstract
http://dx.doi.org/10.1016/j.ajhg.2015.01.006
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25683119&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27135931&dopt=Abstract
http://dx.doi.org/10.1038/nature04072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=16136131&dopt=Abstract
http://dx.doi.org/10.1126/science.1139247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=17431167&dopt=Abstract
http://science.sciencemag.org/


First release: 5 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 8 
 

Navarro, R. Roberto, O. Capozzi, N. Archidiacono, G. Della Valle, S. Purgato, M. 
Rocchi, M. K. Konkel, J. A. Walker, B. Ullmer, M. A. Batzer, A. F. A. Smit, R. 
Hubley, C. Casola, D. R. Schrider, M. W. Hahn, V. Quesada, X. S. Puente, G. R. 
Ordoñez, C. López-Otín, T. Vinar, B. Brejova, A. Ratan, R. S. Harris, W. Miller, C. 
Kosiol, H. A. Lawson, V. Taliwal, A. L. Martins, A. Siepel, A. Roychoudhury, X. Ma, 
J. Degenhardt, C. D. Bustamante, R. N. Gutenkunst, T. Mailund, J. Y. Dutheil, A. 
Hobolth, M. H. Schierup, O. A. Ryder, Y. Yoshinaga, P. J. de Jong, G. M. 
Weinstock, J. Rogers, E. R. Mardis, R. A. Gibbs, R. K. Wilson, Comparative and 
demographic analysis of orang-utan genomes. Nature 469, 529–533 (2011). 
doi:10.1038/nature09687 Medline 

85. A. Scally, J. Y. Dutheil, L. W. Hillier, G. E. Jordan, I. Goodhead, J. Herrero, A. 
Hobolth, T. Lappalainen, T. Mailund, T. Marques-Bonet, S. McCarthy, S. H. 
Montgomery, P. C. Schwalie, Y. A. Tang, M. C. Ward, Y. Xue, B. Yngvadottir, C. 
Alkan, L. N. Andersen, Q. Ayub, E. V. Ball, K. Beal, B. J. Bradley, Y. Chen, C. M. 
Clee, S. Fitzgerald, T. A. Graves, Y. Gu, P. Heath, A. Heger, E. Karakoc, A. Kolb-
Kokocinski, G. K. Laird, G. Lunter, S. Meader, M. Mort, J. C. Mullikin, K. Munch, T. 
D. O’Connor, A. D. Phillips, J. Prado-Martinez, A. S. Rogers, S. Sajjadian, D. 
Schmidt, K. Shaw, J. T. Simpson, P. D. Stenson, D. J. Turner, L. Vigilant, A. J. 
Vilella, W. Whitener, B. Zhu, D. N. Cooper, P. de Jong, E. T. Dermitzakis, E. E. 
Eichler, P. Flicek, N. Goldman, N. I. Mundy, Z. Ning, D. T. Odom, C. P. Ponting, M. 
A. Quail, O. A. Ryder, S. M. Searle, W. C. Warren, R. K. Wilson, M. H. Schierup, J. 
Rogers, C. Tyler-Smith, R. Durbin, Insights into hominid evolution from the gorilla 
genome sequence. Nature 483, 169–175 (2012). doi:10.1038/nature10842 
Medline 

86. K. Prüfer, K. Munch, I. Hellmann, K. Akagi, J. R. Miller, B. Walenz, S. Koren, G. 
Sutton, C. Kodira, R. Winer, J. R. Knight, J. C. Mullikin, S. J. Meader, C. P. Ponting, 
G. Lunter, S. Higashino, A. Hobolth, J. Dutheil, E. Karakoç, C. Alkan, S. Sajjadian, 
C. R. Catacchio, M. Ventura, T. Marques-Bonet, E. E. Eichler, C. André, R. Atencia, 
L. Mugisha, J. Junhold, N. Patterson, M. Siebauer, J. M. Good, A. Fischer, S. E. 
Ptak, M. Lachmann, D. E. Symer, T. Mailund, M. H. Schierup, A. M. Andrés, J. 
Kelso, S. Pääbo, The bonobo genome compared with the chimpanzee and human 
genomes. Nature 486, 527–531 (2012). Medline 

87. A. Kong, G. Thorleifsson, D. F. Gudbjartsson, G. Masson, A. Sigurdsson, A. 
Jonasdottir, G. B. Walters, A. Jonasdottir, A. Gylfason, K. T. Kristinsson, S. A. 
Gudjonsson, M. L. Frigge, A. Helgason, U. Thorsteinsdottir, K. Stefansson, Fine-
scale recombination rate differences between sexes, populations and 
individuals. Nature 467, 1099–1103 (2010). doi:10.1038/nature09525 Medline 

88. P. R. Staab, S. Zhu, D. Metzler, G. Lunter, scrm: Efficiently simulating long 
sequences using the approximated coalescent with recombination. 
Bioinformatics 31, 1680–1682 (2015). doi:10.1093/bioinformatics/btu861 
Medline 

89. J. Terhorst, J. A. Kamm, Y. S. Song, Robust and scalable inference of population 
history from hundreds of unphased whole genomes. Nat. Genet. 49, 303–309 
(2017). doi:10.1038/ng.3748 Medline 

90. S. Sankararaman, N. Patterson, H. Li, S. Pääbo, D. Reich, The date of 
interbreeding between Neandertals and modern humans. PLOS Genet. 8, 
e1002947 (2012). doi:10.1371/journal.pgen.1002947 Medline 

91. Q. Fu, M. Hajdinjak, O. T. Moldovan, S. Constantin, S. Mallick, P. Skoglund, N. 
Patterson, N. Rohland, I. Lazaridis, B. Nickel, B. Viola, K. Prüfer, M. Meyer, J. 
Kelso, D. Reich, S. Pääbo, An early modern human from Romania with a recent 
Neanderthal ancestor. Nature 524, 216–219 (2015). doi:10.1038/nature14558 
Medline 

92. P. H. Sudmant, J. Huddleston, C. R. Catacchio, M. Malig, L. W. Hillier, C. Baker, K. 
Mohajeri, I. Kondova, R. E. Bontrop, S. Persengiev, F. Antonacci, M. Ventura, J. 
Prado-Martinez, T. Marques-Bonet, E. E. Eichler; Great Ape Genome Project, 
Evolution and diversity of copy number variation in the great ape lineage. 
Genome Res. 23, 1373–1382 (2013). doi:10.1101/gr.158543.113 Medline 

93. P. H. Sudmant, S. Mallick, B. J. Nelson, F. Hormozdiari, N. Krumm, J. Huddleston, 
B. P. Coe, C. Baker, S. Nordenfelt, M. Bamshad, L. B. Jorde, O. L. Posukh, H. 
Sahakyan, W. S. Watkins, L. Yepiskoposyan, M. S. Abdullah, C. M. Bravi, C. 
Capelli, T. Hervig, J. T. S. Wee, C. Tyler-Smith, G. van Driem, I. G. Romero, A. R. 
Jha, S. Karachanak-Yankova, D. Toncheva, D. Comas, B. Henn, T. Kivisild, A. 
Ruiz-Linares, A. Sajantila, E. Metspalu, J. Parik, R. Villems, E. B. Starikovskaya, G. 
Ayodo, C. M. Beall, A. Di Rienzo, M. F. Hammer, R. Khusainova, E. Khusnutdinova, 
W. Klitz, C. Winkler, D. Labuda, M. Metspalu, S. A. Tishkoff, S. Dryomov, R. 

Sukernik, N. Patterson, D. Reich, E. E. Eichler, Global diversity, population 
stratification, and selection of human copy-number variation. Science 349, 
aab3761 (2015). doi:10.1126/science.aab3761 Medline 

94. P. H. Sudmant, T. Rausch, E. J. Gardner, R. E. Handsaker, A. Abyzov, J. 
Huddleston, Y. Zhang, K. Ye, G. Jun, M. H. Fritz, M. K. Konkel, A. Malhotra, A. M. 
Stütz, X. Shi, F. P. Casale, J. Chen, F. Hormozdiari, G. Dayama, K. Chen, M. Malig, 
M. J. P. Chaisson, K. Walter, S. Meiers, S. Kashin, E. Garrison, A. Auton, H. Y. K. 
Lam, X. J. Mu, C. Alkan, D. Antaki, T. Bae, E. Cerveira, P. Chines, Z. Chong, L. 
Clarke, E. Dal, L. Ding, S. Emery, X. Fan, M. Gujral, F. Kahveci, J. M. Kidd, Y. Kong, 
E.-W. Lameijer, S. McCarthy, P. Flicek, R. A. Gibbs, G. Marth, C. E. Mason, A. 
Menelaou, D. M. Muzny, B. J. Nelson, A. Noor, N. F. Parrish, M. Pendleton, A. 
Quitadamo, B. Raeder, E. E. Schadt, M. Romanovitch, A. Schlattl, R. Sebra, A. A. 
Shabalin, A. Untergasser, J. A. Walker, M. Wang, F. Yu, C. Zhang, J. Zhang, X. 
Zheng-Bradley, W. Zhou, T. Zichner, J. Sebat, M. A. Batzer, S. A. McCarroll, R. E. 
Mills, M. B. Gerstein, A. Bashir, O. Stegle, S. E. Devine, C. Lee, E. E. Eichler, J. O. 
Korbel; 1000 Genomes Project Consortium, An integrated map of structural 
variation in 2,504 human genomes. Nature 526, 75–81 (2015). 
doi:10.1038/nature15394 Medline 

95. M. Y. Dennis, X. Nuttle, P. H. Sudmant, F. Antonacci, T. A. Graves, M. Nefedov, J. 
A. Rosenfeld, S. Sajjadian, M. Malig, H. Kotkiewicz, C. J. Curry, S. Shafer, L. G. 
Shaffer, P. J. de Jong, R. K. Wilson, E. E. Eichler, Evolution of human-specific 
neural SRGAP2 genes by incomplete segmental duplication. Cell 149, 912–922 
(2012). doi:10.1016/j.cell.2012.03.033 Medline 

96. M. Florio, M. Albert, E. Taverna, T. Namba, H. Brandl, E. Lewitus, C. Haffner, A. 
Sykes, F. K. Wong, J. Peters, E. Guhr, S. Klemroth, K. Prüfer, J. Kelso, R. 
Naumann, I. Nüsslein, A. Dahl, R. Lachmann, S. Pääbo, W. B. Huttner, Human-
specific gene ARHGAP11B promotes basal progenitor amplification and 
neocortex expansion. Science 347, 1465–1470 (2015). 
doi:10.1126/science.aaa1975 Medline 

97. X. Nuttle, G. Giannuzzi, M. H. Duyzend, J. G. Schraiber, I. Narvaiza, P. H. 
Sudmant, O. Penn, G. Chiatante, M. Malig, J. Huddleston, C. Benner, F. 
Camponeschi, S. Ciofi-Baffoni, H. A. F. Stessman, M. C. N. Marchetto, L. 
Denman, L. Harshman, C. Baker, A. Raja, K. Penewit, N. Janke, W. J. Tang, M. 
Ventura, L. Banci, F. Antonacci, J. M. Akey, C. T. Amemiya, F. H. Gage, A. 
Reymond, E. E. Eichler, Emergence of a Homo sapiens-specific gene family and 
chromosome 16p11.2 CNV susceptibility. Nature 536, 205–209 (2016). 
doi:10.1038/nature19075 Medline 

98. F. Hach, F. Hormozdiari, C. Alkan, F. Hormozdiari, I. Birol, E. E. Eichler, S. C. 
Sahinalp, mrsFAST: A cache-oblivious algorithm for short-read mapping. Nat. 
Methods 7, 576–577 (2010). doi:10.1038/nmeth0810-576 Medline 

99. T. Fiskerstrand, D. H’mida-Ben Brahim, S. Johansson, A. M’zahem, B. I. 
Haukanes, N. Drouot, J. Zimmermann, A. J. Cole, C. Vedeler, C. Bredrup, M. 
Assoum, M. Tazir, T. Klockgether, A. Hamri, V. M. Steen, H. Boman, L. A. Bindoff, 
M. Koenig, P. M. Knappskog, Mutations in ABHD12 cause the neurodegenerative 
disease PHARC: An inborn error of endocannabinoid metabolism. Am. J. Hum. 
Genet. 87, 410–417 (2010). doi:10.1016/j.ajhg.2010.08.002 Medline 

100. W. M. Knowlton, D. D. McKemy, TRPM8: From cold to cancer, peppermint to 
pain. Curr. Pharm. Biotechnol. 12, 68–77 (2011). 
doi:10.2174/138920111793937961 Medline 

101. M. Ugarte, C. Pérez-Cerdá, P. Rodríguez-Pombo, L. R. Desviat, B. Pérez, E. 
Richard, S. Muro, E. Campeau, T. Ohura, R. A. Gravel, Overview of mutations in 
the PCCA and PCCB genes causing propionic acidemia. Hum. Mutat. 14, 275–
282 (1999). doi:10.1002/(SICI)1098-1004(199910)14:4<275:AID-
HUMU1>3.0.CO;2-N Medline 

102. P. Danecek, A. Auton, G. Abecasis, C. A. Albers, E. Banks, M. A. DePristo, R. E. 
Handsaker, G. Lunter, G. T. Marth, S. T. Sherry, G. McVean, R. Durbin; 1000 
Genomes Project Analysis Group, The variant call format and VCFtools. 
Bioinformatics 27, 2156–2158 (2011). doi:10.1093/bioinformatics/btr330 
Medline 

103. D. Welter, J. MacArthur, J. Morales, T. Burdett, P. Hall, H. Junkins, A. Klemm, P. 
Flicek, T. Manolio, L. Hindorff, H. Parkinson, The NHGRI GWAS Catalog, a curated 
resource of SNP-trait associations. Nucleic Acids Res. 42 (D1), D1001–D1006 
(2014). doi:10.1093/nar/gkt1229 Medline 

104. R. M. Kuhn, D. Haussler, W. J. Kent, The UCSC genome browser and associated 
tools. Brief. Bioinform. 14, 144–161 (2013). doi:10.1093/bib/bbs038 Medline 

on O
ctober 6, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1038/nature09687
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21270892&dopt=Abstract
http://dx.doi.org/10.1038/nature10842
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22398555&dopt=Abstract
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22722832&dopt=Abstract
http://dx.doi.org/10.1038/nature09525
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20981099&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btu861
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25596205&dopt=Abstract
http://dx.doi.org/10.1038/ng.3748
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=28024154&dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1002947
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23055938&dopt=Abstract
http://dx.doi.org/10.1038/nature14558
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26098372&dopt=Abstract
http://dx.doi.org/10.1101/gr.158543.113
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23825009&dopt=Abstract
http://dx.doi.org/10.1126/science.aab3761
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26249230&dopt=Abstract
http://dx.doi.org/10.1038/nature15394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26432246&dopt=Abstract
http://dx.doi.org/10.1016/j.cell.2012.03.033
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22559943&dopt=Abstract
http://dx.doi.org/10.1126/science.aaa1975
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25721503&dopt=Abstract
http://dx.doi.org/10.1038/nature19075
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=27487209&dopt=Abstract
http://dx.doi.org/10.1038/nmeth0810-576
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20676076&dopt=Abstract
http://dx.doi.org/10.1016/j.ajhg.2010.08.002
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20797687&dopt=Abstract
http://dx.doi.org/10.2174/138920111793937961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=20932257&dopt=Abstract
http://dx.doi.org/10.1002/(SICI)1098-1004(199910)14:4%3c275::AID-HUMU1%3e3.0.CO;2-N
http://dx.doi.org/10.1002/(SICI)1098-1004(199910)14:4%3c275::AID-HUMU1%3e3.0.CO;2-N
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=10502773&dopt=Abstract
http://dx.doi.org/10.1093/bioinformatics/btr330
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=21653522&dopt=Abstract
http://dx.doi.org/10.1093/nar/gkt1229
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24316577&dopt=Abstract
http://dx.doi.org/10.1093/bib/bbs038
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22908213&dopt=Abstract
http://science.sciencemag.org/


First release: 5 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 9 
 

105. E. Huerta-Sánchez, X. Jin, Z. Asan, Z. Bianba, B. M. Peter, N. Vinckenbosch, Y. 
Liang, X. Yi, M. He, M. Somel, P. Ni, B. Wang, X. Ou, J. Huasang, J. Luosang, Z. X. 
Cuo, K. Li, G. Gao, Y. Yin, W. Wang, X. Zhang, X. Xu, H. Yang, Y. Li, J. Wang, J. 
Wang, R. Nielsen, Altitude adaptation in Tibetans caused by introgression of 
Denisovan-like DNA. Nature 512, 194–197 (2014). doi:10.1038/nature13408 
Medline 

106. C. J. Willer, E. M. Schmidt, S. Sengupta, G. M. Peloso, S. Gustafsson, S. Kanoni, 
A. Ganna, J. Chen, M. L. Buchkovich, S. Mora, J. S. Beckmann, J. L. Bragg-
Gresham, H. Y. Chang, A. Demirkan, H. M. Den Hertog, R. Do, L. A. Donnelly, G. B. 
Ehret, T. Esko, M. F. Feitosa, T. Ferreira, K. Fischer, P. Fontanillas, R. M. Fraser, D. 
F. Freitag, D. Gurdasani, K. Heikkilä, E. Hyppönen, A. Isaacs, A. U. Jackson, Å. 
Johansson, T. Johnson, M. Kaakinen, J. Kettunen, M. E. Kleber, X. Li, J. Luan, L. P. 
Lyytikäinen, P. K. E. Magnusson, M. Mangino, E. Mihailov, M. E. Montasser, M. 
Müller-Nurasyid, I. M. Nolte, J. R. O’Connell, C. D. Palmer, M. Perola, A. K. 
Petersen, S. Sanna, R. Saxena, S. K. Service, S. Shah, D. Shungin, C. Sidore, C. 
Song, R. J. Strawbridge, I. Surakka, T. Tanaka, T. M. Teslovich, G. Thorleifsson, E. 
G. Van den Herik, B. F. Voight, K. A. Volcik, L. L. Waite, A. Wong, Y. Wu, W. Zhang, 
D. Absher, G. Asiki, I. Barroso, L. F. Been, J. L. Bolton, L. L. Bonnycastle, P. 
Brambilla, M. S. Burnett, G. Cesana, M. Dimitriou, A. S. F. Doney, A. Döring, P. 
Elliott, S. E. Epstein, G. Ingi Eyjolfsson, B. Gigante, M. O. Goodarzi, H. Grallert, M. 
L. Gravito, C. J. Groves, G. Hallmans, A. L. Hartikainen, C. Hayward, D. 
Hernandez, A. A. Hicks, H. Holm, Y. J. Hung, T. Illig, M. R. Jones, P. Kaleebu, J. J. 
P. Kastelein, K. T. Khaw, E. Kim, N. Klopp, P. Komulainen, M. Kumari, C. 
Langenberg, T. Lehtimäki, S. Y. Lin, J. Lindström, R. J. F. Loos, F. Mach, W. L. 
McArdle, C. Meisinger, B. D. Mitchell, G. Müller, R. Nagaraja, N. Narisu, T. V. M. 
Nieminen, R. N. Nsubuga, I. Olafsson, K. K. Ong, A. Palotie, T. Papamarkou, C. 
Pomilla, A. Pouta, D. J. Rader, M. P. Reilly, P. M. Ridker, F. Rivadeneira, I. Rudan, 
A. Ruokonen, N. Samani, H. Scharnagl, J. Seeley, K. Silander, A. Stančáková, K. 
Stirrups, A. J. Swift, L. Tiret, A. G. Uitterlinden, L. J. van Pelt, S. Vedantam, N. 
Wainwright, C. Wijmenga, S. H. Wild, G. Willemsen, T. Wilsgaard, J. F. Wilson, E. 
H. Young, J. H. Zhao, L. S. Adair, D. Arveiler, T. L. Assimes, S. Bandinelli, F. 
Bennett, M. Bochud, B. O. Boehm, D. I. Boomsma, I. B. Borecki, S. R. Bornstein, 
P. Bovet, M. Burnier, H. Campbell, A. Chakravarti, J. C. Chambers, Y. I. Chen, F. S. 
Collins, R. S. Cooper, J. Danesh, G. Dedoussis, U. de Faire, A. B. Feranil, J. 
Ferrières, L. Ferrucci, N. B. Freimer, C. Gieger, L. C. Groop, V. Gudnason, U. 
Gyllensten, A. Hamsten, T. B. Harris, A. Hingorani, J. N. Hirschhorn, A. Hofman, 
G. K. Hovingh, C. A. Hsiung, S. E. Humphries, S. C. Hunt, K. Hveem, C. Iribarren, 
M. R. Järvelin, A. Jula, M. Kähönen, J. Kaprio, A. Kesäniemi, M. Kivimaki, J. S. 
Kooner, P. J. Koudstaal, R. M. Krauss, D. Kuh, J. Kuusisto, K. O. Kyvik, M. Laakso, 
T. A. Lakka, L. Lind, C. M. Lindgren, N. G. Martin, W. März, M. I. McCarthy, C. A. 
McKenzie, P. Meneton, A. Metspalu, L. Moilanen, A. D. Morris, P. B. Munroe, I. 
Njølstad, N. L. Pedersen, C. Power, P. P. Pramstaller, J. F. Price, B. M. Psaty, T. 
Quertermous, R. Rauramaa, D. Saleheen, V. Salomaa, D. K. Sanghera, J. 
Saramies, P. E. H. Schwarz, W. H. Sheu, A. R. Shuldiner, A. Siegbahn, T. D. 
Spector, K. Stefansson, D. P. Strachan, B. O. Tayo, E. Tremoli, J. Tuomilehto, M. 
Uusitupa, C. M. van Duijn, P. Vollenweider, L. Wallentin, N. J. Wareham, J. B. 
Whitfield, B. H. R. Wolffenbuttel, J. M. Ordovas, E. Boerwinkle, C. N. A. Palmer, U. 
Thorsteinsdottir, D. I. Chasman, J. I. Rotter, P. W. Franks, S. Ripatti, L. A. 
Cupples, M. S. Sandhu, S. S. Rich, M. Boehnke, P. Deloukas, S. Kathiresan, K. L. 
Mohlke, E. Ingelsson, G. R. Abecasis; Global Lipids Genetics Consortium, 
Discovery and refinement of loci associated with lipid levels. Nat. Genet. 45, 
1274–1283 (2013). doi:10.1038/ng.2797 Medline 

107. D. Mozaffarian, E. K. Kabagambe, C. O. Johnson, R. N. Lemaitre, A. Manichaikul, 
Q. Sun, M. Foy, L. Wang, H. Wiener, M. R. Irvin, S. S. Rich, H. Wu, M. K. Jensen, D. 
I. Chasman, A. Y. Chu, M. Fornage, L. Steffen, I. B. King, B. McKnight, B. M. Psaty, 
L. Djoussé, I. Y.-D. Chen, J. H. Wu, D. S. Siscovick, P. M. Ridker, M. Y. Tsai, E. B. 
Rimm, F. B. Hu, D. K. Arnett, Genetic loci associated with circulating 
phospholipid trans fatty acids: A meta-analysis of genome-wide association 
studies from the CHARGE Consortium. Am. J. Clin. Nutr. 101, 398–406 (2015). 
doi:10.3945/ajcn.114.094557 Medline 

108. S. M. Lutz, M. H. Cho, K. Young, C. P. Hersh, P. J. Castaldi, M.-L. McDonald, E. 
Regan, M. Mattheisen, D. L. DeMeo, M. Parker, M. Foreman, B. J. Make, R. L. 
Jensen, R. Casaburi, D. A. Lomas, S. P. Bhatt, P. Bakke, A. Gulsvik, J. D. Crapo, T. 
H. Beaty, N. M. Laird, C. Lange, J. E. Hokanson, E. K. Silverman; ECLIPSE 
Investigators; COPDGene Investigators, A genome-wide association study 

identifies risk loci for spirometric measures among smokers of European and 
African ancestry. BMC Genet. 16, 138 (2015). doi:10.1186/s12863-015-0299-4 
Medline 

109. P. L. Chen, S.-R. Shih, P.-W. Wang, Y.-C. Lin, C.-C. Chu, J.-H. Lin, S.-C. Chen, C.-
C. Chang, T.-S. Huang, K. S. Tsai, F.-Y. Tseng, C.-Y. Wang, J.-Y. Lu, W.-Y. Chiu, C.-
C. Chang, Y.-H. Chen, Y.-T. Chen, C. S.-J. Fann, W.-S. Yang, T.-C. Chang, Genetic 
determinants of antithyroid drug-induced agranulocytosis by human leukocyte 
antigen genotyping and genome-wide association study. Nat. Commun. 6, 7633 
(2015). doi:10.1038/ncomms8633 Medline 

110. G. Lauc, J. E. Huffman, M. Pučić, L. Zgaga, B. Adamczyk, A. Mužinić, M. 
Novokmet, O. Polašek, O. Gornik, J. Krištić, T. Keser, V. Vitart, B. Scheijen, H.-W. 
Uh, M. Molokhia, A. L. Patrick, P. McKeigue, I. Kolčić, I. K. Lukić, O. Swann, F. N. 
van Leeuwen, L. R. Ruhaak, J. J. Houwing-Duistermaat, P. E. Slagboom, M. 
Beekman, A. J. M. de Craen, A. M. Deelder, Q. Zeng, W. Wang, N. D. Hastie, U. 
Gyllensten, J. F. Wilson, M. Wuhrer, A. F. Wright, P. M. Rudd, C. Hayward, Y. 
Aulchenko, H. Campbell, I. Rudan, Loci associated with N-glycosylation of human 
immunoglobulin G show pleiotropy with autoimmune diseases and 
haematological cancers. PLOS Genet. 9, e1003225 (2013). 
doi:10.1371/journal.pgen.1003225 Medline 

111. P. F. Sullivan, D. Lin, J.-Y. Tzeng, E. van den Oord, D. Perkins, T. S. Stroup, M. 
Wagner, S. Lee, F. A. Wright, F. Zou, W. Liu, A. M. Downing, J. Lieberman, S. L. 
Close, Genomewide association for schizophrenia in the CATIE study: Results of 
stage 1. Mol. Psychiatry 13, 570–584 (2008). doi:10.1038/mp.2008.25 Medline 

112. K. Aberg, D. E. Adkins, J. Bukszár, B. T. Webb, S. N. Caroff, D. D. Miller, J. Sebat, 
S. Stroup, A. H. Fanous, V. I. Vladimirov, J. L. McClay, J. A. Lieberman, P. F. 
Sullivan, E. J. C. G. van den Oord, Genomewide association study of movement-
related adverse antipsychotic effects. Biol. Psychiatry 67, 279–282 (2010). 
doi:10.1016/j.biopsych.2009.08.036 Medline 

113. Y. Okada, D. Wu, G. Trynka, T. Raj, C. Terao, K. Ikari, Y. Kochi, K. Ohmura, A. 
Suzuki, S. Yoshida, R. R. Graham, A. Manoharan, W. Ortmann, T. Bhangale, J. C. 
Denny, R. J. Carroll, A. E. Eyler, J. D. Greenberg, J. M. Kremer, D. A. Pappas, L. 
Jiang, J. Yin, L. Ye, D.-F. Su, J. Yang, G. Xie, E. Keystone, H.-J. Westra, T. Esko, A. 
Metspalu, X. Zhou, N. Gupta, D. Mirel, E. A. Stahl, D. Diogo, J. Cui, K. Liao, M. H. 
Guo, K. Myouzen, T. Kawaguchi, M. J. H. Coenen, P. L. C. M. van Riel, M. A. F. J. 
van de Laar, H.-J. Guchelaar, T. W. J. Huizinga, P. Dieudé, X. Mariette, S. L. 
Bridges Jr., A. Zhernakova, R. E. M. Toes, P. P. Tak, C. Miceli-Richard, S.-Y. Bang, 
H.-S. Lee, J. Martin, M. A. Gonzalez-Gay, L. Rodriguez-Rodriguez, S. Rantapää-
Dahlqvist, L. Ärlestig, H. K. Choi, Y. Kamatani, P. Galan, M. Lathrop, S. Eyre, J. 
Bowes, A. Barton, N. de Vries, L. W. Moreland, L. A. Criswell, E. W. Karlson, A. 
Taniguchi, R. Yamada, M. Kubo, J. S. Liu, S.-C. Bae, J. Worthington, L. Padyukov, 
L. Klareskog, P. K. Gregersen, S. Raychaudhuri, B. E. Stranger, P. L. De Jager, L. 
Franke, P. M. Visscher, M. A. Brown, H. Yamanaka, T. Mimori, A. Takahashi, H. 
Xu, T. W. Behrens, K. A. Siminovitch, S. Momohara, F. Matsuda, K. Yamamoto, R. 
M. Plenge; RACI consortium; GARNET consortium, Genetics of rheumatoid 
arthritis contributes to biology and drug discovery. Nature 506, 376–381 (2014). 
doi:10.1038/nature12873 Medline 

114. T. D. Wade, S. Gordon, S. Medland, C. M. Bulik, A. C. Heath, G. W. Montgomery, 
N. G. Martin, Genetic variants associated with disordered eating. Int. J. Eat. 
Disord. 46, 594–608 (2013). doi:10.1002/eat.22133 Medline 

115. C. S. Fox, Y. Liu, C. C. White, M. Feitosa, A. V. Smith, N. Heard-Costa, K. Lohman, 
A. D. Johnson, M. C. Foster, D. M. Greenawalt, P. Griffin, J. Ding, A. B. Newman, F. 
Tylavsky, I. Miljkovic, S. B. Kritchevsky, L. Launer, M. Garcia, G. Eiriksdottir, J. J. 
Carr, V. Gudnason, T. B. Harris, L. A. Cupples, I. B. Borecki; GIANT Consortium; 
MAGIC Consortium; GLGC Consortium, Genome-wide association for abdominal 
subcutaneous and visceral adipose reveals a novel locus for visceral fat in 
women. PLOS Genet. 8, e1002695 (2012). doi:10.1371/journal.pgen.1002695 
Medline 

116. D. Anderson, B. J. Holt, C. E. Pennell, P. G. Holt, P. H. Hart, J. M. Blackwell, 
Genome-wide association study of vitamin D levels in children: Replication in the 
Western Australian Pregnancy Cohort (Raine) study. Genes Immun. 15, 578–583 
(2014). doi:10.1038/gene.2014.52 Medline 

117. S. L. Park, S. G. Carmella, M. Chen, Y. Patel, D. O. Stram, C. A. Haiman, L. Le 
Marchand, S. S. Hecht, Mercapturic acids derived from the toxicants acrolein 
and crotonaldehyde in the urine of cigarette smokers from five ethnic groups 
with differing risks for lung cancer. PLOS ONE 10, e0124841 (2015). 

on O
ctober 6, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1038/nature13408
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25043035&dopt=Abstract
http://dx.doi.org/10.1038/ng.2797
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24097068&dopt=Abstract
http://dx.doi.org/10.3945/ajcn.114.094557
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25646338&dopt=Abstract
http://dx.doi.org/10.1186/s12863-015-0299-4
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26634245&dopt=Abstract
http://dx.doi.org/10.1038/ncomms8633
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26151496&dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1003225
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23382691&dopt=Abstract
http://dx.doi.org/10.1038/mp.2008.25
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=18347602&dopt=Abstract
http://dx.doi.org/10.1016/j.biopsych.2009.08.036
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=19875103&dopt=Abstract
http://dx.doi.org/10.1038/nature12873
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=24390342&dopt=Abstract
http://dx.doi.org/10.1002/eat.22133
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=23568457&dopt=Abstract
http://dx.doi.org/10.1371/journal.pgen.1002695
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=22589738&dopt=Abstract
http://dx.doi.org/10.1038/gene.2014.52
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=25208829&dopt=Abstract
http://science.sciencemag.org/


First release: 5 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 10 
 

doi:10.1371/journal.pone.0124841 Medline 
118. S. R. Williams, F.-C. Hsu, K. L. Keene, W.-M. Chen, S. Nelson, A. M. Southerland, 

E. B. Madden, B. Coull, S. M. Gogarten, K. L. Furie, G. Dzhivhuho, J. L. Rowles, P. 
Mehndiratta, R. Malik, J. Dupuis, H. Lin, S. Seshadri, S. S. Rich, M. M. Sale, B. B. 
Worrall; METASTROKE, The Genomics and Randomized Trials Network 
(GARNET) Collaborative Research Group; METASTROKE The Genomics and 
Randomized Trials Network GARNET Collaborative Research Group, Shared 
genetic susceptibility of vascular-related biomarkers with ischemic and 
recurrent stroke. Neurology 86, 351–359 (2016). 
doi:10.1212/WNL.0000000000002319 Medline 

 

ACKNOWLEDGMENTS 

We thank J. Lenardić, and D. Brajković for expert assistance in the Institute for 
Quaternary Paleontology and Geology in Zagreb, B. Hoeber and A. Weihmann for 
DNA sequencing, and U. Stenzel for help with computational analyses. Q.F. is 
funded in part by National Key R&D Program of China (2016YFE0203700), CAS 
(XDB13000000, QYZDB-SS W-DQC003, XDPB05), NSFC (91731303,41672021, 
41630102) and the Howard Hughes Medical Institute (grant no. 55008731), D.R. 
was supported by the U.S. National Science Foundation (grant BCS-1032255) 
and is an investigator of the Howard Hughes Medical Institute, E.E.E. was 
supported by the U.S. National Institutes of Health (NIH R01HG002385) and is 
an investigator of the Howard Hughes Medical Institute. This project was funded 
by the European Research Council (grant agreement no. 694707 to S.P.) and the 
Max Planck Foundation (grant 31-12LMP Pääbo to S.P.). P.K., M.H., C.H., S.N., 
T.M., Q.F. performed experiments. K.P., C.dF., S.G., F.M., M.H., B.V., L.S., P.H., 
St.P., Da.R., C.T., R.R., P.S., M.C., M.D., B.J.N., F.M.K., N.P., D.R., E.E.E., M.S., 
M.H.S., A.A., J.K., M.M. and S.P. analyzed data. P.R., Ž.K., I.G., L.V.G. and V.B.D. 
provided samples. K.P. and S.P. wrote and edited the manuscript with input from 
all authors. Sequencing data for Vindija 33.19 and Mezmaiskaya 1 are available in 
the European Nucleotide Archive under the study accession numbers 
PRJEB21157 and PRJEB21195, respectively, and the Vindija genome can be 
viewed at https://bioinf.eva.mpg.de/jbrowse. 

SUPPLEMENTARY MATERIALS 
www.sciencemag.org/cgi/content/full/science.aao1887/DC1 
Materials and Methods 
Supplementary text 
Figs. S1 to S103 
Tables S1 to S52 
References (26–118) 
 
26 June 2017; accepted 27 September 2017 
Published online 5 October 2017 
10.1126/science.aao1887 
 

on O
ctober 6, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

http://www.sciencemag.org/
http://dx.doi.org/10.1371/journal.pone.0124841
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26053186&dopt=Abstract
http://dx.doi.org/10.1212/WNL.0000000000002319
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&list_uids=26718567&dopt=Abstract
https://bioinf.eva.mpg.de/jbrowse
http://www.sciencemag.org/cgi/content/full/science.xxxxxxx%20/DC1
http://science.sciencemag.org/


First release: 5 October 2017  www.sciencemag.org  (Page numbers not final at time of first release) 11 
 

 
  

Fig. 1. Heterozygosity and inbreeding 
in the Vindija Neandertal. (A) 
Distribution of heterozygosity over all 
autosomes in the three archaic 
hominins, 12 Non-Africans and 3 
Africans. Each dot represents the 
heterozygosity measured for one 
autosome. The center bar indicates the 
mean heterozygosity across the 
autosomal genome. (B) Genome 
covered by shorter (2.5-10cM, red) and 
longer (>10cM, yellow) runs of 
homozygosity in the three archaic 
hominins. 
 

Fig. 2. Approximate ages of specimens and population 
split times. Age estimates for the genomes estimated from 
branch shortening, i.e. the absence of mutations in the 
archaic genomes, are indicated by dashed lines. Population 
split time estimates are indicated by dashed lines. The 
majority of Neandertal DNA in present-day people comes 
from a population that split from the branch indicated in 
red. All reported ages assume a human-chimpanzee 
divergence of 13 million years. Numbers show ranges over 
point estimates (split times), or ranges over different data 
filters (branch shortening). 
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Fig. 3. Allele sharing between archaic and modern humans. (A) Derived allele-
sharing in percent of 19 African populations with the Altai and Denisovan, and Vindija 
and Denisovan genomes, respectively. (B) Sharing of derived alleles in each of the 19 
African populations with the Vindija and Altai genomes. (C) Allele sharing of 
Neandertals with non-Africans and Africans. Points show derived allele sharing in 
percent for all pairwise comparisons between non-Africans (OAA: French, Sardinian, 
Han, Dai, Karitiana, Mixe, Australian, Papuan) and Africans (AFR: San, Mbuti, Yoruba). 
Mezmaiskaya 1 data were restricted to sequences showing evidence of deamination to 
reduce the influence of present-day human DNA contamination. Lines show two 
standard errors from the mean in all plots. 

Fig. 4. Estimates of fraction of Neandertal DNA for present-day populations. (A) Colors indicate 
Neandertal ancestry estimates (20). Oceanian populations show high estimates due to Denisovan 
ancestry that is difficult to distinguish from Neandertal ancestry. (B) Amount of Neandertal sequence in 
present-day Europeans, South Asians and East Asians (20). 
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