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Abstract

We present analyses of the genome of a ~34,000-year-old hominin skull cap discovered in the
Salkhit Valley in North East Mongolia. We show that this individual was a female member of a
modern human population that, following the split between East and West Eurasians, experienced
substantial gene flow from West Eurasians. Both she and a 40,000-year-old individual from
Tianyuan outside Beijing carried genomic segments of Denisovan ancestry. These segments derive
from the same Denisovan admixture event(s) that contributed to present-day mainland Asians but
are distinct from the Denisovan DNA segments in present-day Papuans and Aboriginal

Australians.

Introduction
Modern humans may have been present in East Asia as early as 80,000 years before present (BP)
(1, 2) but how they eventually settled in the region remains largely unknown (3-5). To date,

genomic data in East Asia exist from only a single Paleolithic individual, a ~40,000-year-old
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individual from Tianyuan Cave in the Beijing area in China (6). This individual was more closely
related to present-day East Asians than to ancient Europeans, but surprisingly shared more alleles
with a ~35,000-year-old individual from Belgium (Goyet Q116-1) than with other ancient
Europeans (7). In Siberia, that neighbors East Asia to the north, four modern human individuals
older than 20,000 years BP have been studied: a ~45,000-year-old individual from Ust’-Ishim in
West Siberia who did not contribute ancestry to present-day populations (8); a ~24,000-year-old
individual from Mal’ta in South-Central Siberia who was more related to Western Europeans than
to East Asians and was part of a population that contributed approximatively one third of the
ancestry of present-day Native Americans (9); and two ~31,000-year-old individuals from the
Yana Rhinoceros Horn Site (RHS) in North East Siberia who show affinities to early modern
humans in both West and East Eurasia (/0).

In 2006 a hominin skull cap was discovered during mining operations in the Salkhit Valley in
Northeastern Mongolia (48°16°17.9°N, 112°21°37.9”°E) (/1) (Fig. 1a). Its unusual morphology
led to that it was referred to as Mongolanthropus (11) and later to suggestions that it was affiliated
with Neandertals or Homo erectus (12—14). Recently, it was radiocarbon dated to 33,900-34,950
calibrated years BP (95% probability interval) and its mitochondrial (mt) DNA was shown to
belong to a group of mtDNASs that are widespread in Eurasia today (/5).

Results and Discussion

Data quality

To study the Salkhit individual’s nuclear genome, we generated shotgun sequence data from six
DNA libraries prepared from bone powder from the Salkhit skull cap (/6). Between 0.6% and
5.6% of the DNA fragments in the libraries mapped uniquely to the human reference genome
(hg19) (Table S2). Apparent cytosine (C) to thymine (T) substitutions, that are common at the ends
of ancient DNA molecules as a result of deamination of cytosine residues (/7), affect between
23% and 40% of the 5’-ends, and between 13% and 25% of the 3’-ends in the six libraries,
indicating the presence of ancient hominin DNA (Table S3, Fig S1-2). Using C to T substitution
patterns (/8), we estimate the extent of contamination by present-day human DNA to vary between
~5% and ~50% among the libraries (Table S3). Because of the high level of human contamination

subsequent analyses (unless specified otherwise) were performed using only DNA sequences
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showing evidence of cytosine deamination at their first or last base (referred as “deaminated

fragments”), among which contamination is estimated to 1-3% (Table S4).

Sex determination and lineage assignment

The average coverage of the autosomes is not significantly different from that of the X
chromosome, indicating that, despite the robust morphology of the skull, the Salkhit individual
was female (Table S8, Fig. S6). To determine to which major group of hominins she belonged, we
estimated the percentage of derived alleles shared with the genomes of a present-day human
(Mbuti, HGDP00982) (19), a Neandertal (Denisova 5) (20), and a Denisovan (Denisova 3) (21).
We find that 32% of informative positions covered by deaminated fragments carry alleles seen in
the present-day human, while 5% and 7% carry alleles seen in the Neandertal and Denisovan
genomes, respectively. This falls in the range seen for present-day Eurasian individuals (Table S9,
Fig. S7) indicating that the Salkhit individual was a modern human, in agreement with more recent

morphological analyses (13, 14).

Salkhit and ancient and present-day modern human

To investigate the relationship of the Salkhit individual to ancient and present-day modern humans,
we enriched the libraries for human DNA fragments by hybridization capture using
oligonucleotide probes targeting ~2.2 million single-nucleotide polymorphisms (SNPs) selected to
be informative about modern human population history (22-24). Of these, 28% were covered by
deaminated DNA fragments in the Salkhit libraries.

We inferred the extent of genetic similarity (using ‘outgroup’ f3-statistics and D-statistics (25))
between the Salkhit individual, modern human individuals older than 20,000 years (Table S1) and
131 present-day populations (/9). The Salkhit individual, similar to the ~40,000-year-old
Tianyuan individual from China, is more related to present-day East Eurasians and Native
Americans than to West Eurasians (Fig. 1B, Table S10, Fig. S9). Both early East Asians are equally
related to most present-day East Eurasians and Native Americans (Fig. 1C, Table S11) but differ
in their affinity to West Eurasians. Present-day West Eurasians share more alleles with the Salkhit
individual than with the Tianyuan individual (Fig. 1C). Additionally, the Salkhit individual shares
as many alleles with the Tianyuan individual as with the ~31,000-year-old Yana individuals from

Northeast Siberia (Table S12 and S14), yet the Tianyuan and the Yana individuals share fewer
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alleles with each other than with the Salkhit individual (Fig. 1C, Tables S12-S14). Those
observations suggest that gene flow occurred between populations ancestral to the Salkhit
individual and the Yana individuals before ~34,000 years BP, i.e. between early populations in
East Asia and in Siberia following the divergence of East and West Eurasians. The ~35,000-year-
old Goyet Q116 individual from Belgium shares more alleles with the Salkhit individual as well
as with the Tianyuan individual (7) than do other Europeans analyzed to date (Tables S15-S16).
The fact that the Salkhit individual shares even more alleles with the Goyet Q116 individual than
does the Tianyuan individual (Fig. 1C) is probably due to gene flow bringing western Eurasian

ancestry into the ancestors of the Salkhit individual.

Admixture model

Population admixture models that are compatible with genomic data from modern human
individuals older than 20,000 years were evaluated using qpGraph (25) (Fig. 2, Fig. S13). Our
models suggest that the Tianyuan individual is an unadmixed representative of an early East
Eurasian population and the ancient European individuals Kostenki 14, Sunghir 3 and Vestonice
16 are representatives of early West Eurasian populations. The Salkhit individual, who lived in
Mongolia about 6,000 years after the Tianyuan individual, carries ~75% of its ancestry from the
Tianyuan-related East Eurasian population and the remaining ~25% from a Siberian population
related to the Yana individuals, who lived some 3,000 years later than the Salkhit individual. In
agreement with previous results (/0), the Yana individuals are estimated to have about a third of
their ancestry from early East Eurasians and the remaining two thirds from the early West
Eurasians. Their relationship to the Salkhit individual is complex in that models without
bidirectional gene flow between an East Asian population (ancestral to the Salkhit and the
Tianyuan individuals or only to the Salkhit individual) and a population related to the Yana
individuals do not fit the data. Thus, sometime before 34,000 years ago, gene flow from West to
East Eurasia occurred, perhaps mediated by ancestors of the early colonizers of Siberia as

represented by the Yana individuals.

Archaic ancestry
We estimate the proportion of Neandertal ancestry in the Salkhit genome to ~1.7% (Table S17,

Fig. S14), similar to other early Eurasians. As for all other Eurasian individuals, the Neandertal
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ancestry in the Salkhit individual is more similar to the Vindija Neandertal from Croatia than to
the “Altai” Neandertal from Denisova Cave (20, 26) (Fig.S15).

In addition to the Neandertal ancestry, present-day individuals in East Asia carry ancestry from
Denisovans, although in mainland Asia the amount of Denisovan ancestry in present-day
populations is more than ten times lower than the amount of Neandertal ancestry (27—-29). This has
hitherto made it impossible to determine if ancient genomes from Asia, which are of lower quality
than present-day genomes, carry Denisovan ancestry. We applied a novel hidden Markov approach
(30) that is able to identify introgressed Neandertal and Denisovan genomic segments in low
coverage ancient genomes, using a genotype likelihood approach that incorporates contamination,
so that all fragments can be used for this analysis. Using data from ~1.7 million SNPs where
Neandertal and/or Denisovan genomes differ from present-day African genomes, we detect 18
segments of Denisovan ancestry longer than 0.2 cM in the Salkhit genome (Fig. 3, Table S18, Fig.
S16 and S27) and 20 such segments in the Tianyuan genome (Table S18, Fig. S17 and S27). We
detect about a third as many segments of Denisovan DNA in the genomes of the ancient Siberians
Yana I and Yana 2, and Mal’ta 1 (Table S18, Fig. S18-20 and S27), consistent with that they carry
lower proportions of East Asian ancestry. In contrast, no Denisovan ancestry is detected in the
genome of the ~45,000-year-old Siberian individual from Ust’Ishim in West Siberia, nor in any
European individual older than 20,000 years (Table S18, Fig. S21-24 and S27). Thus, the Salkhit
and Tianyuan genomes provide direct evidence that ancestors of modern humans who lived in East
Asia 40,000 years ago had met and mixed with Denisovans. The low number of these segments
do not provide enough power to date the introgression event. But given their relatively short length
(< 1.3 cM), the Denisovan introgression is likely to have happened at least ten thousand years
before these individuals lived.

One of the risks of inferring ancestry fragments from ancient genomes is that genome quality may
affect the ability to detect introgressed segments. Under the assumption that many of the factors
that affect the detection of Denisovan DNA will similarly affect the detection of Neandertal DNA,
the ratio of Denisovan to Neandertal ancestry segments detected by AdmixFrog may be a
reasonably robust metric of the relative amount of Denisovan ancestry. In the Salkhit and Tianyuan
genomes, these ratios are about 7.5% and 8.1%, respectively. For the North Siberians Yana I and
Yana 2 genomes, the ratios are about 3.9% and 4.7%. Because there is no substantial difference in

the amounts of Neandertal DNA in the two early East Asian and the two Yana genomes (Fig. S14),
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this observation indicates that the ancient Siberians individuals carry less Denisovan DNA than

the Salkhit and Tianyuan individuals.

Denisovan ancestry continuity

We compared the Denisovan segments in the Salkhit and Tianyuan genomes to those in present-
day people to estimate whether introgressed segments between genomes overlap more often than
expected by chance. Significance is assessed using 500 bootstrap reshuffles, where segments are
randomly relocated across the analyzed genomes (Supplementary Text 8). The Denisovan DNA
segments in the ancient East Asian genomes overlap more than expected with Denisovan segments
detected in the genomes of several present-day populations in Asia and in populations with some
Asian ancestry such as Hawaiians (Fig. 4, Table S19, Fig. S28-30). In contrast, we find no
significant overlap with Denisovan segments detected in Papuans or Aboriginal Australians,
although these groups carry on the order of twenty times more Denisovan DNA than mainland
Asians.

It has been shown that at least two Denisovan populations contributed ancestry to present-day East
Asian populations, and that Denisovan ancestry in populations in Oceania derived from only one
of these sources (28). The overlap of Denisovan DNA segments (Fig. 4, Table S19 Fig. S28-30)
is in agreement with this and suggests that the ancestral population of the Tianyuan and the Salkhit
individuals that mixed with Denisovans contributed ancestry to populations in large parts of Asia
today. The lack of any significant overlap with Aboriginal Australian and Papuans suggests that

these Oceanian populations received most of their Denisovan ancestry from a different source.

Conclusion

In conclusion, we show that the 34,000-year-old Salkhit individual carried more West Eurasian
ancestry than the 40,000-year-old Tianyuan individual, indicating that after the major West/East
Eurasians split, gene flow from West Eurasia to East Asia occurred prior to 34,000 years ago,
perhaps mediated by populations related to the Siberian Yana individuals. We also show that these
early East Asians carried segments of Denisovan DNA that come from admixture events that also
contributed Denisovan DNA to populations across mainland Asia today but not to Papuans and

Aboriginal Australians.
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Materials and Methods
Specimen sampling

The Salkhit skullcap was discovered in 2006 outside archaeological context during mining
operations in the Salkhit Valley of the Norovlin county in the Khentii province, eastern
Mongolia (48°16'17.9" N and 112°21'37.9" E). The specimen which consists of a mostly
complete frontal as well as two partially complete parietal and nasal bones was brought to the
attention of the Mongolian Academy of Sciences (/7). We sampled the specimen at the Institute
of Archaeology, Mongolian Academy of Sciences in Ulaanbaatar, Mongolia. After the removal
of approximately 1 mm of surface material using a sterile dentistry drill to reduce present-day
human DNA contamination, bone powder was drilled from three adjacent spots (A, B and C) at
the internal surface of the skull.

Data

The present-day data used include 288 individual genomes from 136 populations from the Simons
Genome Diversity Panel (SGDP) (79). The lineage assignment (Supplementary Material 3) was
done using 6 present-day Eurasians reported by Priifer et al., 2014 (20) (as Panel B) and the high
coverage archaic genomes from a Neandertal (26) and a Denisovan individual (2/). Ancient
modern human data used, and their original sources are presented in Table S1.

DNA extraction

DNA extracts and libraries were made in a clean room facility dedicated to the analysis of ancient
DNA at the Max Planck Institute for Evolutionary Anthropology in Leipzig. DNA was extracted
from 33.1 mg, 30.9 mg and 27 mg of drilled powder from each of the 3 sampling spots A, B and
C, respectively, using a silica-based protocol optimized for the recovery of short molecules from
ancient material (37, 32) and eluted in 50uL of TET buffer. Additionally, 51.9 mg, 53.2 mg and
54.9 mg of drilled powder from each of the sampling spot A, B and C, respectively, were incubated
with 1 mL of 0.5% of sodium hypochlorite at room temperature for 15 minutes. After
centrifugation and removal of the bleach supernatant, the pellet was washed 3 times with 1 mL of
water for 3 min to remove residual bleach (33, 34). DNA were extracted from the bleached treated
pellet following the same silica-based protocol as for the non-bleached extracts. Extraction
negative controls were carried through each step of DNA extraction for both the bleach treated and

the non-treated DNA extracts.
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Library preparation
10uL of each extract were converted into single stranded DNA libraries, developed for highly
degraded ancient DNA, as previously described (35) using an automated liquid handling platform
(36). One positive control and one negative control were included with each set of library
preparation. No uracil-DNA glycosylase treatment was performed to preserve the C to T
substitution patterns to authenticate DNA sequences.
Nuclear SNPs capture
We applied in solution hybridization capture to enrich our libraries for DNA fragments containing
single nucleotide polymorphism (SNPs) of interest (22-24). After quantification using a NanoDrop
ND-1000 (NanoDrop Technologies) photospectrometer, 1 ug of each of the 6 libraries were
hybridized to 3 panels of 52-oligonucleotides probes targeting a total of ~2.2 million SNPs
ascertained to investigate modern human population history and a 4th panel of ~1.7 million SNPs
to study relationship with Neandertals and Denisovans (22-24).
Panel 1 “390k”: 394,577 SNPs, about 90% of which are on the Affymetrix Human Origins
arrays (23, 295).
Panel 2 “840k”: 842,630 SNPs, included the rest of the SNPs on the Affymetrix Human
Origins array, all SNPs from the Illumina 610-Quad array, all SNPs on the Affimetrix 50k
array (22-24).
Panel 3 “1000k”: 997,780 SNPs constituting all transversion polymorphisms seen in two
Yoruba males from Nigeria and transversion polymorphisms seen in the Altai Neanderthal
genome (22-24).
Panel 4 “Archaic”: 1,749,385 where the West-African Yoruba population carry a high
frequency of one allele while at least one archaic individual carries an alternative allele
(22-24).
Sequencing, mapping and processing
We generated between 2.31 and 5.18 million shotgun sequencing reads from the 6 libraries and
between 32.2 and 68.8 million reads for the 24 enriched libraries (6 libraries x 4 oligonucleotide
probe panels) (Table S2) using a paired-end configuration of 2 x 76 bp + 7 cycles for each insert
and index read on an Illumina HiSeq2500. Base calling was performed using Bustard (Illumina)
and sequences that did not exactly match one of the expected index combinations were discarded.

Adapter sequences were removed and overlapping paired-end reads were merged using leeHom
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with the parameter « --ancientdna » (37). The raw data were mapped to the revised human
reference genome sequence hgl/9 available from the UCSC genome browser using Burrows-
Wheeler Aligner (BWA) (38) with parameter « -n 0.01 —o 2 —1 16500 » (27). Mapped sequences
with identical alignment start and end were removed by collapsing into single sequences by
consensus calling using bam-rmdup (https://github.com/mpieva/biohazard-tools). Sequences
longer than 35 bases with a mapping quality higher than 25 were retained for subsequent analyses.
In order to assess the impact of present-day human contamination, sequences showing evidence
for cytosine (C) to thymine (T) mismatch at their first or last terminal position were filtered and
analyzed. For each library dataset, summary statistics including number of reads generated,
endogenous DNA content and complexity, proportion of sequences carrying apparent C to T
mismatch at their extremities as well as the contribution of each library to the final coverage were
obtained using in house perl scripts as previously described (24, 35) (Table S2). For each library,
we retained all sequences covering the targeted SNPs from which we filtered the sequences
showing evidence of C to T mismatch at their extremities. The genotyping was made by randomly

sampling one sequence for each SNP covered.


https://github.com/mpieva/biohazard-tools
https://doi.org/10.1101/2020.06.03.131995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.03.131995; this version posted June 3, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

References

1. W. Liu, M. Martinén-Torres, Y. Cai, S. Xing, H. Tong, S. Pei, M. J. Sier, X. Wu, R. L. Edwards, H. Cheng,
Y. Li, X. Yang, J. M. B. de Castro, X. Wu, The earliest unequivocally modern humans in southern China. Nature.
526, 696699 (2015).

2. V. Michel, H. Valladas, G. Shen, W. Wang, J. Zhao, C.-C. Shen, P. Valensi, C. J. Bae, The earliest modern
Homo sapiens in China? J. Hum. Evol. 101, 101-104 (2016).

3. N. Zwyns, B. Viola, L'Asie centrale et la Sibérie durant la pléistocéne supérieur in Neandertal/Cro-Magnon;
La Rencontre, M. Otte, Ed. (Errances., 2013), pp. 267-294.

4, M. M. Lahr, R. Foley, Multiple dispersals and modern human origins. Evol. Anthropol. Issues, News, Rev. 3,
48-60 (2005).

5. P. Mellars, Going East: New Genetic and Archaeological Perspectives on the Modern Human Colonization
of Eurasia. Science. 313, 796-800 (2006).

6. Q. Fu, M. Meyer, X. Gao, U. Stenzel, H. A. Burbano, J. Kelso, S. Pddbo, DNA analysis of an early modern
human from Tianyuan Cave, China. Proc. Natl. Acad. Sci. U. S. A. 110, 2223-7 (2013).

7. M. A. Yang, X. Gao, C. Theunert, H. Tong, A. Aximu-Petri, B. Nickel, M. Slatkin, M. Meyer, S. P&ébo, J.
Kelso, Q. Fu, 40,000-Year-Old Individual from Asia Provides Insight into Early Population Structure in Eurasia. Curr.
Biol. 27, 3202-3208.e9 (2017).

8. Q. Fu, H. Li, P. Moorjani, F. Jay, S. M. Slepchenko, A. A. Bondarev, P. L. F. Johnson, A. Aximu-Petri, K.
Priifer, C. de Filippo, M. Meyer, N. Zwyns, D. C. Salazar-Garcia, 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. Padbo, Genome sequence of a 45,000-year-old modern human from western Siberia. Nature.
514, 445-449 (2014).

9. M. Raghavan, P. Skoglund, K. E. Graf, M. Metspalu, A. Albrechtsen, I. Moltke, S. Rasmussen, T. W. Stafford
Jr, L. Orlando, E. Metspalu, M. Karmin, K. Tambets, S. Rootsi, R. Magi, P. F. Campos, E. Balanovska, O. Balanovsky,
E. Khusnutdinova, S. Litvinov, L. P. Osipova, S. A. Fedorova, M. I. Voevoda, M. DeGiorgio, T. Sicheritz-Ponten, S.
Brunak, S. Demeshchenko, T. Kivisild, R. Villems, R. Nielsen, M. Jakobsson, E. Willerslev, Upper Palaeolithic
Siberian genome reveals dual ancestry of Native Americans. Nature. 505, 87-91 (2014).

10. M. Sikora, V. V. Pitulko, V. C. Sousa, M. E. Allentoft, L. Vinner, S. Rasmussen, A. Margaryan, P. de Barros
Damgaard, C. de la Fuente, G. Renaud, M. A. Yang, Q. Fu, I. Dupanloup, K. Giampoudakis, D. Nogués-Bravo, C.
Rahbek, G. Kroonen, M. Peyrot, H. McColl, S. V. Vasilyev, E. Veselovskaya, M. Gerasimova, E. Y. Pavlova, V. G.
Chasnyk, P. A. Nikolskiy, A. V. Gromov, V. I. Khartanovich, V. Moiseyev, P. S. Grebenyuk, A. Y. Fedorchenko, A.
I. Lebedintsev, S. B. Slobodin, B. A. Malyarchuk, R. Martiniano, M. Meldgaard, L. Arppe, J. U. Palo, T. Sundell, K.
Mannermaa, M. Putkonen, V. Alexandersen, C. Primeau, N. Baimukhanov, R. S. Malhi, K.-G. Sjdgren, K.
Kristiansen, A. Wessman, A. Sajantila, M. M. Lahr, R. Durbin, R. Nielsen, D. J. Meltzer, L. Excoffier, E. Willerslev,
The population history of northeastern Siberia since the Pleistocene. Nature, 570, 182-188 (2019).

11. D. Tseveendorj, N. Batbold, T. Amgalantugs, Mongolanthropus was Discovered in Mongolia. Stud. Archeol.
Instituti Hist. Acad. Sci. Mongolici. 3, 20 (2007).
12. Y. Coppens, D. Tseveendorj, F. Demeter, T. Turbat, P.-H. Giscard, Discovery of an archaic Homo sapiens

skullcap in Northeast Mongolia. Comptes Rendus Palevol. 7, 51-60 (2008).
13. S.-H. Lee, Homo erectus in Salkhit, Mongolia? HOMO. 66, 287-298 (2015).

14. D. Tseveendorj, B. Gunchinsuren, E. Gelegdorj, S. Yi, S. H. Lee, Patterns of human evolution in northeast
Asia with a particular focus on Salkhit. Quat. Int. 400, 175-179 (2016).

15. T. Deviése, D. Massilani, S. Yi, D. Comeskey, S. Nagel, B. Nickel, E. Ribechini, J. Lee, D. Tseveendorj, B.
Gunchinsuren, M. Meyer, S. P&abo, T. Higham, Compound-specific radiocarbon dating and mitochondrial DNA
analysis of the Pleistocene hominin from Salkhit Mongolia. Nat. Commun. 10, 274 (2019).

16. Materials and methods are available as supplementary materials at the Science website.

10


https://doi.org/10.1101/2020.06.03.131995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.03.131995; this version posted June 3, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

17. A. W. Briggs, U. Stenzel, P. L. F. Johnson, R. E. Green, J. Kelso, K. Prufer, M. Meyer, J. Krause, M. T.
Ronan, M. Lachmann, S. Paabo, Patterns of damage in genomic DNA sequences from a Neandertal. Proc. Natl. Acad.
Sci. 104, 14616-14621 (2007).

18. M. Meyer, Q. Fu, A. Aximu-Petri, I. Glocke, B. Nickel, J.-L. Arsuaga, |. Martinez, A. Gracia, J. M. B. de
Castro, E. Carbonell, S. Paébo, A mitochondrial genome sequence of a hominin from Sima de los Huesos. Nature.
505, 403-406 (2014).

19. 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. Paabo, J. Kelso, N. Patterson, D. Reich, The Simons Genome Diversity Project: 300 genomes from 142
diverse populations. Nature. 538, 201-206 (2016).

20. K. Prufer, 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. VVohr, 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.
Paébo, The complete genome sequence of a Neanderthal from the Altai Mountains. Nature. 505, 43-49 (2014).

21. M. Meyer, M. Kircher, M.-T. Gansauge, H. Li, F. Racimo, S. Mallick, J. G. Schraiber, F. Jay, K. Prifer, 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. P&abo, A high-coverage genome sequence from an
archaic Denisovan individual. Science. 338, 222-6 (2012).

22. Q. Fu, M. Hajdinjak, O. T. Moldovan, S. Constantin, S. Mallick, P. Skoglund, N. Patterson, N. Rohland, I.
Lazaridis, B. Nickel, B. Viola, K. Priifer, M. Meyer, J. Kelso, D. Reich, S. Paabo, An early modern human from
Romania with a recent Neanderthal ancestor. Nature. 524, 216-219 (2015).

23. W. Haak, I. Lazaridis, N. Patterson, N. Rohland, S. Mallick, B. Llamas, G. Brandt, S. Nordenfelt, E. Harney,
K. Stewardson, Q. Fu, A. Mittnik, E. Banffy, C. Economou, M. Francken, S. Friederich, R. G. Pena, F. Hallgren, V.
Khartanovich, A. Khokhlov, M. Kunst, P. Kuznetsov, H. Meller, O. Mochalov, V. Moiseyev, N. Nicklisch, S. L.
Pichler, R. Risch, M. A. Rojo Guerra, C. Roth, A. Szécsényi-Nagy, J. Wahl, M. Meyer, J. Krause, D. Brown, D.
Anthony, A. Cooper, K. W. Alt, D. Reich, Massive migration from the steppe was a source for Indo-European
languages in Europe. Nature. 522, 207-211 (2015).

24, Q. Fu, C. Posth, M. Hajdinjak, M. Petr, S. Mallick, D. Fernandes, A. Furtwéngler, 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. G. 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. Paébo, D. Reich, The genetic history of Ice Age Europe. Nature. 534, 200-205 (2016).

25. 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, 1065-93 (2012).

26. K. Priifer, C. de Filippo, S. Grote, F. Mafessoni, P. Korlevi¢, M. Hajdinjak, B. Vernot, L. Skov, P. Hsieh, S.
Peyrégne, D. Reher, C. Hopfe, S. Nagel, T. Mari;ic, Q. Fu, C. Theunert, R. Rogers, P. Skoglund, M. Chintalapati, M.
Dannemann, B. J. Nelson, F. M. Key, P. Rudan, Z. Kuéan, I. Gusi¢, L. V Golovanova, V. B. Doronichev, N. Patterson,

11


https://doi.org/10.1101/2020.06.03.131995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.03.131995; this version posted June 3, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

D. Reich, E. E. Eichler, M. Slatkin, M. H. Schierup, A. M. Andrés, J. Kelso, M. Meyer, S. Paabo, A high-coverage
Neandertal genome from Vindija Cave in Croatia. Science. 358, 655-658 (2017).

217. 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. Paébo, Genetic history of an archaic hominin group from Denisova Cave in Siberia. Nature. 468, 1053-1060 (2010).

28. S. R. Browning, B. L. Browning, Y. Zhou, S. Tucci, J. M. Akey, Analysis of Human Sequence Data Reveals
Two Pulses of Archaic Denisovan Admixture. Cell. 173, 53-61.€9 (2018).

29. 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. Padbo, J. M.
Akey, Excavating Neandertal and Denisovan DNA from the genomes of Melanesian individuals. Science. 352, 235-
239 (2016).

30. B. M. Peter, bioRxiv, doi:10.1101/2020.03.13.990523.

3L J. Dabney, M. Knapp, I. Glocke, M.-T. Gansauge, A. Weihmann, B. Nickel, C. Valdiosera, N. Garcia, S.
Paabo, 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, 15758-63 (2013).

32. N. Rohland, I. Glocke, A. Aximu-Petri, M. Meyer, Extraction of highly degraded DNA from ancient bones,
teeth and sediments for high-throughput sequencing. Nat. Protoc. 13, 2447-2461 (2018).

33. P. Korlevi¢, 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 (2015),
d0i:10.2144/000114320.

34. M. Hajdinjak, Q. Fu, A. Hubner, M. Petr, F. Mafessoni, S. Grote, P. Skoglund, V. Narasimham, H. Rougier,
I. Crevecoeur, P. Semal, M. Soressi, S. Talamo, J.-J. Hublin, I. Gu$i¢, Z. Kuéan, P. Rudan, L. V. Golovanova, V. B.
Doronichev, C. Posth, J. Krause, P. Korlevi¢, S. Nagel, B. Nickel, M. Slatkin, N. Patterson, D. Reich, K. Priifer, M.
Meyer, S. Paédbo, J. Kelso, Reconstructing the genetic history of late Neanderthals. Nature. 555, 652—656 (2018).

35. 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,
€79 (2017).

36. M. T. Gansauge, M. Meyer, Manual and automated preparation of single-stranded DNA libraries for the
sequencing of DNA from ancient biological remains and other sources of highly degraded DNA. Nat. Protoc., in
press.

37. G. Renaud, U. Stenzel, J. Kelso, leeHom: adaptor trimming and merging for lllumina sequencing reads.
Nucleic Acids Res. 42, e141-e141 (2014).

38. H. Li, R. Durbin, Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics.

25, 1754-60 (2009).

12


https://doi.org/10.1101/2020.06.03.131995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.03.131995; this version posted June 3, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Acknowledgments

We thank Montgomery Slatkin (UC Berkeley, USA), Pontus Skoglund (Crick Institute, London,
UK), Qiaomei Fu (IVPP, Chinese Academy of sciences, China), David Reich (Harvard Medical
School, Boston, USA) and Bence Viola (University of Toronto, Canada) for helpful discussions.
Funding: Funding was provided by the Max Planck Society and the European Research Council
through ERC grant 694707 (100 Archaic Genomes) to SP and grant 324139 (PalacoChron) to TH
and TD. Author contributions: D.M., S.N. and B.N. performed the laboratory work. D.M., L.S.,
M.H., M.M., J K., B.P. and S.P. generated, analyzed and interpreted the data. D.M, L.S, M.H. and
B.P performed the computational work. D.T., B.G., S.Y. carried out morphological analyses of the
fossil. T.D, T.H carried out radiocarbon dating. S.Y., D.T., B.G. and J.L. analyzed all
archaeological data. D.M. wrote the manuscript with input from all authors. Competing interests:
Authors declare no competing interests. Data and materials availability: The sequence data
generated for the current study are available in the European Nucleotide Archive (ENA) under
accession XXXX. All data needed to evaluate the conclusions in the paper are present in the paper
and/or the Supplementary Materials. Additional data related to this paper may be requested from
the authors.

Supplementary Informations:

S1 Data quality

S2 Human DNA contamination estimates

S3 Sex determination and hominin group assignment

S4 The Salkhit individual and present-day populations

S5 The Salkhit individual and ancient modern humans

S6 Neandertal ancestry in the Salkhit individual

S7 Tracks of Neandertal and Denisovan ancestry in the Salkhit and other modern human
genomes

S8 Continuity of the Denisovan ancestry between early East Asians and present-day populations

Figures S1-S30
Tables S1-S19

13


https://doi.org/10.1101/2020.06.03.131995
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.06.03.131995; this version posted June 3, 2020. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Salkhit skullcap, Mongolia
© Institute of History and Archaeology & Academy of Sciences (Mongolia)

Q Ancient

O Present-day . <

Ancient
Pl Present-day Present-day Present-day Present-day Present-day
individual
Europeans  Middle-Eastern Asians QOceanians Native Americans
= 20 ky BP
0.06-
t4 -
=
0.03 +§§ + - =
RS +¢§¢§§?¥§§¢§§<}<} I w
'Lg 0.00 A 5. 535 % % e (I><>¢_¢¢__
29 T I IR FERAP ® =
é [}
-0.034| Zscore 2
S0 |2 <2 c
<r2s)z|$3 E
& |Z|23
-0.06
EiC e U REGSEo5C855525 50286558 55c8 558555858 8¢8¢d9¢839238¢8
ES T EEttassE Rt T EE S E HGTg P UFE P25 IS SR 20255588 EE35% 3
§EgISFES0R 22250883855 5 8% -EoTif5i- 535350470 58
£z 5
3%za 3§ Fue P8 EEZ 2 BT S £ g2 BE Nes= 8
x O 8 < o [e] 3 o

Fig. 1. The Salkhit individual and her relationship to ancient and present-day humans.

A) The Salkhit skull cap. B) Heat map illustrating the genetic similarity between the Salkhit
individual and modern humans from Eurasia older than 20,000 years (diamonds) as well as
present-day human populations (circles) determined by f3-statistic of the form f3(Salkhit, X;
Mbuti). The warmer the color, the higher is the genetic similarity between the Salkhit individual
and a population/individual. C) Relative amounts of allele sharing between the Salkhit and
Tianyuan genomes and ancient and present-day humans determined by D-statistics of the form
D(Salkhit, Tianyuan, X, Mbuti). The D-statistic is positive when the individual/population shares
more alleles with the Salkhit individual than with the Tianyuan individual. The colors of the
diamonds indicate whether the Z-score is significant (red), weakly significant (pink), or not
significant (white).
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Fig. 2. Simplified demographic model including the Salkhit individual and Eurasians older
than 20,000 years. The model depicted is the combinations of fit admixture graph models.
Admixture between East and West Eurasians are represented by red arrows. The bidirectional gene
flow affecting ancestors of the Yana individual may have involved ancestors of the Salkhit
individual as indicated or the common ancestors of Tianyuan and Salkhit individuals (not
indicated; see Fig. S13). Neandertal and Denisovan admixtures are indicated by blue and orange
arrows, respectively.
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Fig. 3. Archaic ancestry in the Salkhit genome. A) Genomic distribution of Denisovan (orange)
and Neandertal (blue) DNA segments in the Salkhit genome. B) Allele frequencies in the longest
Denisovan ancestry segment (chr4:4.16-5.31cM, marked by an asterisk in A). The bars in the top
panel give the proportions of Salkhit DNA fragments carrying archaic alleles at sites where alleles
are fixed between Africans and the Denisovan genome (red), or between Africans and two
Neandertal genomes (blue). The total number of fragments are given on top. SNP bars outside the
inferred Denisovan segment are faded. Note that in the called region, all Denisovan-like alleles
except two occur in the Salkhit genome.
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Fig.4. Overlap of Denisovan segments in the Salkhit genome and present-day non-African
populations. A) Correlation coefficient of the overlap between the Denisovan segments > 0.2 cM
in the Salkhit genome and Denisovan segments > 0.05 cM in 45 present-day Eurasian population
(see Fig. S28 for the same with 111 present-day populations). Numbers above the bars give the
number of overlapping segments and the number of segments in the present-day population. The
range of correlation coefficients generated by 500 bootstraps are indicated. B) Geographic
locations of present-day populations for which Denisovan ancestry segments overlap significantly
with the Salkhit individual (orange circles). The size of circles is proportional to the correlation
coefficients.

17


https://doi.org/10.1101/2020.06.03.131995
http://creativecommons.org/licenses/by-nc-nd/4.0/

	Materials and Methods
	References
	Acknowledgments
	Supplementary Informations:
	Fig. 1. The Salkhit individual and her relationship to ancient and present-day humans.
	Fig. 2. Simplified demographic model including the Salkhit individual and Eurasians older than 20,000 years. The model depicted is the combinations of fit admixture graph models. Admixture between East and West Eurasians are represented by red arrows....
	A)
	B)
	Fig. 3. Archaic ancestry in the Salkhit genome. A) Genomic distribution of Denisovan (orange) and Neandertal (blue) DNA segments in the Salkhit genome. B) Allele frequencies in the longest Denisovan ancestry segment (chr4:4.16-5.31cM, marked by an ast...
	A)
	Fig.4. Overlap of Denisovan segments in the Salkhit genome and present-day non-African populations. A) Correlation coefficient of the overlap between the Denisovan segments > 0.2 cM in the Salkhit genome and Denisovan segments > 0.05 cM in 45 present-...

