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Chocoan, Guajiboan, Mataco–Guaicuru and Tupian15,16 (Fig. 2a, Sup-
plementary Data 10, Supplementary Information section 11). There is no 
evidence of excess allele-sharing with people from one language family 
relative to the others, or evidence of genetic drift specifically shared 
with present-day populations from Mesoamerica or North America 
(Fig. 2a, b, Supplementary Data 11). Archaic-associated individuals from 
Cuba share more alleles with each other than with Dominican individual 
I10126 (Supplementary Table 6), which demonstrates Archaic-related 
substructure; we separate individual I10126 as *Dominican_Andres_
Archaic for some analyses.

We could not replicate a previous claim that a migration by people 
with affinity to North American individuals also contributed ancestry 
to some Archaic Age Caribbean individuals4 (Supplementary Informa-
tion section 17). This claim was based on a finding of affinity between 
Early Period individuals from the Channel Islands of California (USA_
CA_Early_SanNicolas) and individual CIP009 from Cueva del Perico 
(Cuba) relative to individual GUY002 from Guayabo Blanco (Cuba). 
First, in the symmetry test f4(GUY002, CIP009; USA_CA_Early_San-
Nicolas, Bahamas_Taino), the deviation is not significant (Z = −0.9) 

(Supplementary Table 25). Second, a key statistic underlying this claim 
was that a qpWave-based symmetry test involving CIP009 and GUY 
(three individuals from Guayabo Blanco) yielded P = 0.013; however, 
this is not significant after correcting for the number of sample pairs 
tested. Third, we computed f4(outgroup, CIP009; USA_CA_Early_San-
Nicolas, Bahamas_Taino). The negative value of this statistic was 
previously interpreted as evidence for affinity between CIP009 and 
USA_CA_Early_SanNicolas; although we replicated the non-significant 
statistic (Z = −1.3) (Supplementary Table 23), it became positive when 
we replaced the Mbuti outgroup with diverse Eurasian individuals or 
Bahamas_Taino17 with ancient Bahamian shotgun data newly generated 
for this study, which should give qualitatively similar results (Supple-
mentary Tables 24, 26). Fourth, the non-significant Z-scores for attrac-
tion to CIP009 were as strong when South American ancient genomes 
were placed in the position of USA_CA_Early_SanNicolas, showing that 
there is no evidence for a North-American-specific relationship (Sup-
plementary Table 27). Fifth, CIP009 fits best in a simplified version 
of our qpGraph tree on the same node as other Archaic-associated 
individuals (Supplementary Information section 17, Supplementary 
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Fig. 1 | Geography and genetic structure. a, Newly reported data are shown as 
large bordered shapes; co-analysed data4 are shown as small nonbordered 
shapes. †Archaic-associated site of Cueva Roja (excluded from our main 
analyses owing to low coverage); # denotes a site with admixed individuals. 
Andrés is represented as *SECoastDR_Ceramic and *Dominican_Archaic. 
Numbers of individuals and temporal distribution are shown in Extended Data 

Fig. 1a. Map generated with the R package maps (https://CRAN.R-project.org/
package=maps). Scale bar, 1,000 km. b, Relationships reconstructed from 
allele-sharing (Supplementary Information section 8). Solid lines connect 
subgroupings comprising a larger group; dashed lines represent admixture. 
Coloured boxes represent final subclades; colour scheme matches that in a. Isl, 
island.
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evidence of excess allele-sharing with people from one language family 
relative to the others, or evidence of genetic drift specifically shared 
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Cuba share more alleles with each other than with Dominican individual 
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with affinity to North American individuals also contributed ancestry 
to some Archaic Age Caribbean individuals4 (Supplementary Informa-
tion section 17). This claim was based on a finding of affinity between 
Early Period individuals from the Channel Islands of California (USA_
CA_Early_SanNicolas) and individual CIP009 from Cueva del Perico 
(Cuba) relative to individual GUY002 from Guayabo Blanco (Cuba). 
First, in the symmetry test f4(GUY002, CIP009; USA_CA_Early_San-
Nicolas, Bahamas_Taino), the deviation is not significant (Z = −0.9) 

(Supplementary Table 25). Second, a key statistic underlying this claim 
was that a qpWave-based symmetry test involving CIP009 and GUY 
(three individuals from Guayabo Blanco) yielded P = 0.013; however, 
this is not significant after correcting for the number of sample pairs 
tested. Third, we computed f4(outgroup, CIP009; USA_CA_Early_San-
Nicolas, Bahamas_Taino). The negative value of this statistic was 
previously interpreted as evidence for affinity between CIP009 and 
USA_CA_Early_SanNicolas; although we replicated the non-significant 
statistic (Z = −1.3) (Supplementary Table 23), it became positive when 
we replaced the Mbuti outgroup with diverse Eurasian individuals or 
Bahamas_Taino17 with ancient Bahamian shotgun data newly generated 
for this study, which should give qualitatively similar results (Supple-
mentary Tables 24, 26). Fourth, the non-significant Z-scores for attrac-
tion to CIP009 were as strong when South American ancient genomes 
were placed in the position of USA_CA_Early_SanNicolas, showing that 
there is no evidence for a North-American-specific relationship (Sup-
plementary Table 27). Fifth, CIP009 fits best in a simplified version 
of our qpGraph tree on the same node as other Archaic-associated 
individuals (Supplementary Information section 17, Supplementary 
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Fig. 1a. Map generated with the R package maps (https://CRAN.R-project.org/
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whether DNA analysis might detect movements 
of whole populations during this period. 

They would have competition. In 2012, 
David Anthony, an archaeologist at Hartwick 
College in Oneonta, New York, loaded his car 
with boxes of human remains that he and his 
colleagues had excavated from the steppes near 
the Russian city of Samara, including bones 
associated with a Bronze Age pastoralist culture 
called the Yamnaya. He was bringing them to 
the ancient-DNA lab just established by Reich 
in Boston. Like Kristiansen, Anthony was com-
fortable theorizing about the past on a grand 
scale. His 2007 book The Horse, the Wheel and 
Language proposed that the Eurasian steppe 
had been a melting pot for the modern devel-
opments of horse domestication and wheeled 
transport, which propelled the spread of a fam-
ily of languages called Indo-European across 
Europe and parts of Asia.

In duelling 2015 Nature papers6,7, the teams 
arrived at broadly similar conclusions: an influx 
of herders from the grassland steppes of present-
day Russia and Ukraine — linked to Yamnaya 
cultural artefacts and practices such as pit burial 
mounds — had replaced much of the gene pool 
of central and Western Europe around 4,500–
5,000 years ago. This was coincident with the 
disappearance of Neolithic pottery, burial styles 
and other cultural expressions and the emer-
gence of Corded Ware cultural artefacts, which 
are distributed throughout northern and cen-
tral Europe. “These results were a shock to the 
archaeological community,” Kristiansen says. 

CORD CUTTERS
The conclusions immediately met with 
push-back. Some of it began even before the 
papers were published, says Reich. When he 
circulated a draft among his dozens of collabo-
rators, several archaeologists quit the project. 
To many, the idea that people linked to Corded 
Ware had replaced Neolithic groups in Western 
Europe was eerily reminiscent of the ideas of 
Gustaf Kossinna, the early-twentieth-century 
German archaeologist who had connected 
Corded Ware culture to the people of modern 
Germany and promoted a ‘Risk board’ view of 
prehistory known as settlement archaeology. 
The idea later fed into Nazi ideology. 

Reich won his co-authors back by explicitly 
rejecting Kossinna’s ideas in an essay included in 
the paper’s 141-page supplementary material7. 
He says the episode was eye-opening in showing 
how a wider audience would perceive genetic 
studies claiming large-scale ancient migrations. 

Still, not everyone was satisfied. In an essay8 
titled ‘Kossinna’s Smile’, archaeologist Volker 
Heyd at the University of Bristol, UK, disagreed, 
not with the conclusion that people moved west 
from the steppe, but with how their genetic 
signatures were conflated with complex cul-
tural expressions. Corded Ware and Yamnaya 
burials are more different than they are similar, 
and there is evidence of cultural exchange, at 
least, between the Russian steppe and regions 

west that predate Yamnaya culture, he says. 
None of these facts negates the conclusions of 
the genetics papers, but they underscore the 
insufficiency of the articles in addressing the 
questions that archaeologists are interested in, 
he argued. “While I have no doubt they are basi-
cally right, it is the complexity of the past that is 
not reflected,” Heyd wrote, before issuing a call 
to arms. “Instead of letting geneticists determine 
the agenda and set the message, we should teach 
them about complexity in past human actions.” 

Ann Horsburgh, a molecular anthropolo-
gist and prehistorian at Southern Methodist 
University in Dallas, Texas, attributes such ten-
sions to communication problems. Archaeol-
ogy and genetics say distinct things about the 
past, but often use similar terms, such as the 
name of a material culture. “It’s C. P. Snow all 
over again,” she says, referring to the influential 
‘Two Cultures’ lectures by the British scientist 
lamenting the deep intellectual divide between 
the sciences and the humanities. Horsburgh 
complains that genetic results are too often 
given precedence over inferences about the 
past from archaeology and anthropology, and 

that such “molecular chauvinism” prevents 
meaningful engagement9. “It’s as though genetic 
data, because they’re generated by people in lab 
coats, have some sort of unalloyed truth about 
the Universe.” 

Horsburgh, who is seeing her own field of 
African prehistory start to feel the tremors 
of ancient genomics, says that archaeologists 
frustrated at having their work misinterpreted 
should wield their power over archaeological 
remains to demand more equitable partnerships 
with geneticists. “Collaboration doesn’t mean I 
send you an e-mail saying ‘hey, you’ve got some 
really cool bones. I’ll get you a Nature paper.’ 
That’s not a collaboration,” she says.

Many archaeologists are also trying to 
understand and engage with the inconvenient 
findings from genetics. Carlin, for instance, says 
that the Bell Beaker genome study sent him on 
“a journey of reflection” in which he questioned 
his own views about the past. He has pored over 
the selection of DNA samples included in the 
study as well as the basis for its conclusion that 
the appearance of Bell Beaker artefacts coin-
cided with a greater than 90% replacement in 
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More than 1,300 genome 
sequences have been produced 
from the remains of ancient 
humans, sometimes challenging 
the historical narratives derived 
from artefacts.
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In the largest ancient-DNA study to 
date, scientists sequenced the remains 
of 400 Neolithic, Copper-Age and 
Bronze-Age Europeans, including 226 
associated with Bell Beaker artefacts.

A 4,500-year-old skeleton from a cave in 
Ethiopia provided the !rst ancient-human 
genome sequence from Africa, providing 
context on movements back from Eurasia. 
Scientists expect many more examples 
from Africa this year.
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Generating and authenticating aDNA data
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Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
permission, from REF. 102 © (2010) Gesellschaft für Urgeschichte und Förderverein des Urgeschichtlichen Museums 
Blaubeuren e.V. Bio, biotin; GA, Genome Analyzer; GS, Genome Sequencer.
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Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
permission, from REF. 102 © (2010) Gesellschaft für Urgeschichte und Förderverein des Urgeschichtlichen Museums 
Blaubeuren e.V. Bio, biotin; GA, Genome Analyzer; GS, Genome Sequencer.

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 12 | SEPTEMBER 2011 | 605

© 2011 Macmillan Publishers Limited. All rights reserved

Stoneking and Krause (2011) Nat Rev Genet

Ancient DNA sequencing

Extracted DNA



$NWPV�GPF�TGRCKT

0GCPFGTVJCN�&0#�
/KETQDKCN�&0#
*WOCP�EQPVCOKPCVKQP

0CVWTG�4GXKGYU�^�)GPGVKEU

#TTC[�J[DTKFK\CVKQP��

5KPING�RTKOGT�GZVGPUKQP

*KIJ�VJTQWIJRWV�UGSWGPEKPI�
G�I��4QEJG�)5�QT�+NNWOKPC�)#�++

$CEMITQWPF

*WOCP�EQPVCOKPCPV�� $CEMITQWPF$CEMITQWPF

0GCPFGTVJCN�&0#� 0GCPFGTVJCN�&0#�$CEMITQWPF

$CEMITQWPF$CEMITQWPF $CEMITQWPF

5JQVIWP
UGSWGPEKPI

2TKOGT�GZVGPUKQP�ECRVWTG#TTC[�ECRVWTG�

$KQ

$KQ

$GCF�ECRVWTG

����% ����%

0GCPFGTVJCN�&0#�
/KETQDKCN�&0#
*WOCP�EQPVCOKPCVKQP
7PKFGPVKȮGF�&0#

����OI

9JQNG�NKDTCT[�
CORNKȮECVKQP�

Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
permission, from REF. 102 © (2010) Gesellschaft für Urgeschichte und Förderverein des Urgeschichtlichen Museums 
Blaubeuren e.V. Bio, biotin; GA, Genome Analyzer; GS, Genome Sequencer.
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Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
permission, from REF. 102 © (2010) Gesellschaft für Urgeschichte und Förderverein des Urgeschichtlichen Museums 
Blaubeuren e.V. Bio, biotin; GA, Genome Analyzer; GS, Genome Sequencer.
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Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
permission, from REF. 102 © (2010) Gesellschaft für Urgeschichte und Förderverein des Urgeschichtlichen Museums 
Blaubeuren e.V. Bio, biotin; GA, Genome Analyzer; GS, Genome Sequencer.

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 12 | SEPTEMBER 2011 | 605

© 2011 Macmillan Publishers Limited. All rights reserved



$NWPV�GPF�TGRCKT

0GCPFGTVJCN�&0#�
/KETQDKCN�&0#
*WOCP�EQPVCOKPCVKQP

0CVWTG�4GXKGYU�^�)GPGVKEU

#TTC[�J[DTKFK\CVKQP��

5KPING�RTKOGT�GZVGPUKQP

*KIJ�VJTQWIJRWV�UGSWGPEKPI�
G�I��4QEJG�)5�QT�+NNWOKPC�)#�++

$CEMITQWPF

*WOCP�EQPVCOKPCPV�� $CEMITQWPF$CEMITQWPF

0GCPFGTVJCN�&0#� 0GCPFGTVJCN�&0#�$CEMITQWPF

$CEMITQWPF$CEMITQWPF $CEMITQWPF

5JQVIWP
UGSWGPEKPI

2TKOGT�GZVGPUKQP�ECRVWTG#TTC[�ECRVWTG�

$KQ

$KQ

$GCF�ECRVWTG

����% ����%

0GCPFGTVJCN�&0#�
/KETQDKCN�&0#
*WOCP�EQPVCOKPCVKQP
7PKFGPVKȮGF�&0#

����OI

9JQNG�NKDTCT[�
CORNKȮECVKQP�

Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
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Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
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Highly fragmented - short molecules (< 100bp)
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Fig. S24. VK533 excavation photo from 1966 of the burial A136. Note the small knife in situ 
on the clavicle. Courtesy of ATA (Antikvarisk Topografiska Arkivet), digitized by Torbjörn 
Lennerud and published with their kind permission.  
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Fig. S24. VK533 excavation photo from 1966 of the burial A136. Note the small knife in situ 
on the clavicle. Courtesy of ATA (Antikvarisk Topografiska Arkivet), digitized by Torbjörn 
Lennerud and published with their kind permission.  
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Fig. S24. VK533 excavation photo from 1966 of the burial A136. Note the small knife in situ 
on the clavicle. Courtesy of ATA (Antikvarisk Topografiska Arkivet), digitized by Torbjörn 
Lennerud and published with their kind permission.  
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Challenges - DNA accessibility

Thanks to the development of high-throughput sequencing
techniques within the last decade, ancient human genomes
have become accessible and now form an exciting resource

that allows the testing of archaeological hypotheses in situ.
However, sample preservation still represents a substantial
challenge, particularly the typically low fraction of endogenous
DNA within the overall recovered sequence data1–3.

The potential of ancient genomes to shed new light on
European human prehistory is illustrated by those individuals
whose complete or partial autosomal genomes have been
determined to date1,2,4–8. Nineteen of these samples are hunter-
gatherers, while only two complete and four partial ancient
farmers’ genomes (from Tyrol, Germany and Sweden) have been
sequenced to date2,5,6,8.

Although no diachronic series has yet investigated temporal
genome-wide dynamics within a defined European region, in
prior analyses hunter-gatherers’ genomes have fallen outside the
range of modern European variation, while farmers’ samples
showed an affinity to Southern Europeans, particularly present-
day Sardinians.

The Great Hungarian Plain, situated between Mediterranean
and temperate Europe, was throughout prehistory a place of
cultural and technological transformations as well as a major
meeting point of Eastern and Western European cultures9.
Farming began in this region with the Early Neolithic Körös
culture, 6,000–5,500 cal BC, which is part of the Early Neolithic of
Southeast Europe10–12, followed B5,500 cal BC by the Middle
Neolithic Linearbandkeramik (LBK) culture that consisted of two
synchronous regional groups: the Alföld Linear Pottery (ALP,
also Bükk) culture13,14 and the Transdanubian LBK variant in
West Hungary15, which later dispersed agriculture into Central
Europe and became the dominant farming culture of Europe.
Locally, it developed into the Late Neolithic (ca. 5,000–4,500 cal
BC) Lengyel culture.

In the Great Hungarian Plain, there is continuity in material
culture and settlements between the Late Neolithic and the
Copper Age Baden Culture. However, during the Early Bronze
Age (2,800–1,800 cal BC), growing demand for metal ores
throughout Europe gave rise to new pan-European and

intercontinental trading networks16. The Early Bronze Age
cultures of the Great Hungarian Plain incorporated technology,
settlement type and material cultural elements from the
contemporaneous Bronze Age cultures of the Near East, Steppe
and Central Europe. Finally, during the early phase of the Iron
Age (first millennium BC), a variant of the Central European
Hallstatt culture inhabited Transdanubia, whereas pre-Scythian
(‘Mez+ocsát communities’ of unknown origin) and later Scythian
cultures prevailed further East on the Great Hungarian Plain.

A compelling question is whether these major prehistoric
transitions involved exogenous population influxes. Particularly,
in the transition to agriculture in this gateway of the European
Neolithic, what level of interaction and intermarriage may have
occurred between local hunter-gatherer and non-local farmers?
Archaeological evidence for the presence of Mesolithic hunter-
gatherers in Southeast Europe is limited to a few small regions9

while a greater Mesolithic presence can be documented for parts
of Northern Hungary and further northwards.

Here we assess the imprint of this series of major cultural and
technological shifts on the genomes of Central European
prehistory through the analysis of a 5,000-year temporal transect
of complete and partial genomes of individuals from archae-
ological sites in the Great Hungarian Plain.

Results
The petrous bone and differential DNA yields. Although the
advantages of genome-wide analysis are numerous, such data
have not been routinely accessible due to the typically low
endogenous DNA content in human bones in most archae-
ological contexts1–3. We compared endogenous DNA content
from the petrous portion of the temporal bone, the densest bone
in the mammalian body17, and paired alternate skeletal elements
from six Hungarian skeletons sampled across diverse time depths
(Fig. 1 and Supplementary Table 2). The endogenous DNA yields
from the petrous samples exceeded those from the teeth by 4- to
16-fold and those from other bones up to 183-fold. Thus, while
other skeletal elements yielded human, non-clonal DNA contents
ranging from 0.3 to 20.7%, the levels for petrous bones ranged
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Figure 1 | Petrous bones versus non-petrous bones. Percentage of non-clonal endogenous DNA recovered after shotgun sequencing. The sampled bone/
tooth portion is circled in red. N.A. indicates that the library did not pass quality assessment for sequencing.
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a typical feature of ancient DNA molecules and confirms that the 
plague reads are authentic and of ancient origin. Although the abso-
lute deamination rates were slightly lower than observed in the orig-
inal paper, the relative C→T misincorporation rates (between- sample 
differences) match the pattern observed by Rasmussen et al. (2015). 
Moreover, we observed a random distribution of DNA reads mapped 
to the Y. pestis genome (i.e., not clustered around conserved regions), 
further supporting the authenticity of the mapped DNA fragments. 
As a further confirmation of cross- study comparability, we com-
pared the human mtDNA haplogroups obtained from our shotgun 
data with the previously published data representing the same in-
dividuals (Allentoft et al., 2015). Ten samples (representing four in-
dividuals) had enough mtDNA coverage to reliably call the human 
mitochondrial haplogroups, and all showed the same haplogroup as 
in the original study (Table 1). DNA reads that mapped to the human 
reference genome also showed typical ancient DNA deamination 
profiles with slightly higher C→T transition rates observed in the pe-
trous bones, as it was previously observed by Hansen et al. (2017).

3.2 | The Kraken approach

As an alternative method of assessing the levels of Y. pestis DNA in 
the libraries, we used Kraken (Wood & Salzberg, 2014) for a tax-
onomic classification of the reads. We applied a confidence scor-
ing threshold of 0.9, implying high classification precision but in 
the expense of sensitivity. This conservative confidence scoring 
threshold, removing ambiguous and unclassified k- mers (e.g., due 
to DNA deamination damage), probably explains why the number 

of identified plague reads was smaller than in the mapping analysis 
(Table 1). However, the relative between- sample distribution of iden-
tified Y. pestis sequences was highly similar with the two methods, 
confirming increased levels of Y. pestis DNA in teeth from Rise386, 
Rise397, Rise509, Rise511, and below the threshold for Rise00, and 
for all the petrous bones (Table 1).

We then investigated if the difference in Y. pestis DNA levels be-
tween teeth and petrous bones represented a general difference in 
microbial metagenomic composition in the two substrates. To test 
this in a homogenous sample set, representing the same age and 
preservation environment, we used data from the 10 plague- negative 
control skeletons from Holmens Kirke. We combined the trimmed 
reads from all 10 tooth cementum samples into one group and all 
reads from the 10 petrous bones into another, yielding 123,264,109 
and 105,615,747 reads for tooth and petrous bone, respectively. For 
comparative purposes, we then randomly down- sampled the tooth 
dataset to 105,615,747 reads (matching the petrous bone dataset) 
and ran the Kraken classification on both datasets.

These pooled metagenomic profiles are summarized in Table 
S2. As the vast majority of nonhuman reads were from bacteria, we 
focused on that domain in the downstream comparative analysis 
(Figure 2a). Moreover, we confined our comparative analysis to the 
genus level which was the lowest taxonomic level used by Wood and 
Salzberg (2014) for testing the sensitivity and accuracy of Kraken. 
We note that the accuracy of the Kraken classification depends on 
the diversity and number of reference sequences in the Kraken da-
tabase. This, coupled with the short and heavily deaminated aDNA 
molecules, could easily result in false- positive classification for some 

F IGURE  1 Normalized number of DNA sequences mapping to the Y. pestis reference genome. The DNA was extracted from teeth 
and petrous bones of five ancient skeletons known to be plague victims (Rise numbers) and 10 putative Y. pestis negative skeletons. 
Normalizations are based on the mapped fractions presented in Table 1 and assuming 10 million sequences pre-mapping, which represent 
a typical average data output per library in a shotgun screening experiment (e.g., Allentoft et al., 2015). We note that these normalized 
numbers do not account for a potential slight reduction or increase in sequence clonality, as expected with reduced or increased sequencing 
effort. The reported values of the negative control samples are averages of 10 samples with 95% confidence intervals indicated (for teeth 
and petrous bones, respectively). The Y axis is in log scale; the gray horizontal lines represent average values of the negative samples
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Figure 4. Observed and predicted rates of DNA decay. The predicted survival of DNA in bone through time, measured as
intact phosphodiester bonds in the DNA backbone (a), and survival of a 242 bp fragment (b). The depicted survival rates
are based on: (i) the average mtDNA decay rate measured directly from qPCR of 158 moa bones; (ii) the rate of depurination
measured from DNA in solution at pH 5 in Lindahl & Nyberg [22] but adjusted to 13.18C to allow comparison with the moa
data; (iii) the same rate adjusted further to pH 7.5, as expected inside a bone; (iv) mtDNA and nuDNA decay rates calculated
based on Illumina HiSeq data from two moa samples (HiSeq 1 from sample S40114, HiSeq 2 from sample S39946-3). The
estimated decay rate (k, per site per year) is listed for each of the seven datasets.

Table 1. Predictions of decay rates (k) of mtDNA in bone at various temperatures (based on equation (3.3)). Estimates of
mtDNA half-lives for three fragment lengths are indicated as well as the expected average read length (1/l, where l is damage
fraction) after 10 000 years. The decay rates do not account for the potential initial post-mortem phase of rapid DNA decay
governed by nucleases. Still, the results indicate that under the right conditions of preservation, short fragments of DNA should
be retrievable from very old bone (e.g. greater than 1 Myr). However, even under the best preservation conditions at 258C, our
model predicts that no intact bonds (average length¼ 1 bp) will remain in the DNA ‘strand’ after 6.8 Myr. This displays the
extreme improbability of being able to amplify a 174 bp DNA fragment from an 80–85 Myr old Cretaceous bone [1].

temperature
k per site per
year

half-life
(years), 30 bp

half-life
(years), 100 bp

half-life
(years), 500 bp

average length
at 10 kyr

time (years) until average
length ¼ 1 bp

258C 4.5 ! 10–5 500 150 30 2 bp 22 000
158C 7.6 ! 10–6 3000 900 180 13 bp 131 000
58C 1.1 ! 10–6 20 000 6000 1200 88 bp 882 000
258C 1.5 ! 10–7 158 000 47 000 9500 683 bp 6 830 000

6 M. E. Allentoft et al. The half-life of DNA
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Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
permission, from REF. 102 © (2010) Gesellschaft für Urgeschichte und Förderverein des Urgeschichtlichen Museums 
Blaubeuren e.V. Bio, biotin; GA, Genome Analyzer; GS, Genome Sequencer.

REVIEWS

NATURE REVIEWS | GENETICS  VOLUME 12 | SEPTEMBER 2011 | 605

© 2011 Macmillan Publishers Limited. All rights reserved

Stoneking and Krause (2011) Nat Rev Genet

Contamination possible at all stages of processing 
Low endogenous content 

$NWPV�GPF�TGRCKT

0GCPFGTVJCN�&0#�
/KETQDKCN�&0#
*WOCP�EQPVCOKPCVKQP

0CVWTG�4GXKGYU�^�)GPGVKEU

#TTC[�J[DTKFK\CVKQP��

5KPING�RTKOGT�GZVGPUKQP

*KIJ�VJTQWIJRWV�UGSWGPEKPI�
G�I��4QEJG�)5�QT�+NNWOKPC�)#�++

$CEMITQWPF

*WOCP�EQPVCOKPCPV�� $CEMITQWPF$CEMITQWPF

0GCPFGTVJCN�&0#� 0GCPFGTVJCN�&0#�$CEMITQWPF

$CEMITQWPF$CEMITQWPF $CEMITQWPF

5JQVIWP
UGSWGPEKPI

2TKOGT�GZVGPUKQP�ECRVWTG#TTC[�ECRVWTG�

$KQ

$KQ

$GCF�ECRVWTG

����% ����%

0GCPFGTVJCN�&0#�
/KETQDKCN�&0#
*WOCP�EQPVCOKPCVKQP
7PKFGPVKȮGF�&0#

����OI

9JQNG�NKDTCT[�
CORNKȮECVKQP�

Figure 2 | High-throughput sequencing of ancient DNA. A schematic representation of high-throughput 
sequencing of DNA from fossil remains, here depicted as a Neanderthal bone. The ancient DNA is first blunt-end 
repaired, and then DNA adaptors are added to each end. The final product, called the sequencing library, serves as  
the input for various high-throughput sequencing strategies and technologies. All ancient DNA molecules in the 
library will be first amplified using the adaptors as priming sites in PCR. Aliquots that contain copies of all original 
ancient DNA molecules can be directly sequenced on a high-throughput sequencer (centre panel) or used in targeted 
enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
permission, from REF. 102 © (2010) Gesellschaft für Urgeschichte und Förderverein des Urgeschichtlichen Museums 
Blaubeuren e.V. Bio, biotin; GA, Genome Analyzer; GS, Genome Sequencer.
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Commonly used laboratory reagents have microbial contamination

Salter et al (2014) BMC Biologynasopharyngeal samples (manuscript in preparation,
Salter S, Turner P, Turner C, Watthanaworawit W,
Goldblatt D, Nosten F, Mather A, Parkhill J, Bentley S).
This dataset, therefore, serves as a case study for the

significant, and potentially misleading, impact that con-
taminants originating from kits can have on microbiota
analyses and subsequent conclusions.

Discussion
Results presented here show that contamination with
bacterial DNA or cells in DNA extraction kit reagents,
and the wider laboratory environment, should not only
be a concern for 16S rRNA gene sequencing projects,
which require PCR amplification, but also for shotgun
metagenomics projects.
Contaminating DNA has been reported from PCR re-

agents, kits and water many times [3-15,17]. The taxa

identified are mostly soil- or water-dwelling bacteria and
are frequently associated with nitrogen fixation. One ex-
planation for this may be that nitrogen is often used instead
of air in ultrapure water storage tanks [3]. Contamination
of DNA extraction kit reagents has also been reported [16]
and kit contamination is a particular challenge for low bio-
mass studies, which may provide little template DNA to
compete with that in the reagents for amplification [12,39].
Issues of contamination have plagued studies, with high-
profile examples in the fields of novel virus discovery, such
as in the false association of XMRV and chronic fatigue
syndrome [40], and the study of ancient DNA of early
humans and pathogens [41,42]. The microbial content of
ancient ice core samples has also shown to be inconsistent
when analysed by different laboratories [39].
The importance of this issue when analysing low bio-

mass samples, despite such high-profile reports of reagent

Figure 3 Summary of the metagenomic data for the S. bongori ten-fold dilution series (initial undiluted samples contained approximately
108 cells), extracted with four different kits. Each column represents a single sample. A sample of ultrapure water, without DNA extraction, was also
sequenced (labelled ‘water’). a) As the starting material becomes more diluted, the proportion of sequenced reads mapping to the S. bongori
reference genome decreases for all kits and contamination becomes more prominent. b) The profile of the non-Salmonella reads (grouped by Family,
only those comprising >1% of reads from at least one kit are shown) is different for each of the four kits.

Salter et al. BMC Biology 2014, 12:87 Page 6 of 12
http://www.biomedcentral.com/1741-7007/12/87
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Use characteristics of ancient DNA to estimate fraction of 
contaminating reads

Renaud et al. Genome Biology  (2015) 16:224 Page 2 of 18

Fig. 1 Schematic illustration of mitochondrial sequences from an ancient DNA library. When DNA from an ancient human sample is sequenced,
DNA from the ancient human (endogenous fragments represented in green) as well as contaminant DNA fragments from the individuals who have
handled the bone (contaminating fragments represented in red) are included. Because DNA undergoes deamination over time, endogenous
fragments are likely to carry deaminated cytosines (represented as T’s in a blue frame), particularly near the ends of the DNA fragments. The
non-deaminated cytosines are represented as unframed blue C’s. Schmutzi first identifies the endogenous fragments and, in a second step, uses
these to quantify contamination. These steps are repeated until convergence is achieved and a single mitochondrial genome is identified

and Denisovans, but early modern human genomes typ-
ically carry too few fixed differences to permit a robust
estimate of contamination. For early modern humans,
various groups have, therefore, relied on sites in the
ancient sample that differ from a large dataset of present-
day human mitochondrial sequences [13]. Addition-
ally, a maximum-likelihood approach, which co-estimates
sequencing error rates and contamination, has been
applied to sequences originating from both early mod-
ern humans and archaic humans [14]. Deamination pat-
terns have also been used to estimate contamination from
present-day humans inmitochondrial DNA [10]. Software
tools are available to measure overall deamination [15],
identify the endogenous template [16], isolate deaminated
fragments [9] and perform nuclear contamination esti-
mates based on the X-chromosome [17]. However, there
is currently no software for estimating mitochondrial con-
tamination, which has been thoroughly tested to ascertain
its accuracy, available for download for the aDNA research
community.
We developed schmutzi, an iterative approach to assem-

bling the endogenous mitochondrial genome while simul-
taneously estimating present-day human mitochondrial
contamination in archaic and early modern human aDNA
datasets. Our approach to determining the endogenous
mitochondrial genome sequence relies on distinguishing
the endogenous and the contaminant nucleotides, given
a prior on: contamination, deamination frequency and
length distribution of the fragments. Contamination is
estimated using single nucleotide differences between the

endogenous mtDNA sequence and a database of potential
contaminant mitochondrial genomes. The consensus call-
ing and contamination estimation are run iteratively until
a stable contamination rate estimate is reached.
Schmutzi was tested on both simulated and empiri-

cal data. Our results show that schmutzi outperforms
currently available methods in terms of accuracy of the
endogenous call and contamination estimate, particularly
at high levels of contamination. An open-source imple-
mentation of schmutzi in C++ has been released under
the GPLv3.0 and is freely available together with the test
datasets that were used [18]. On a desktop computer,
schmutzi requires between 1 and 3 hours to reach con-
vergence for approximately 1 million fragments aligned
to the mitochondrial reference genome. Faster run times
(∼30 minutes) can be achieved using multi-core systems.

Results
Schmutzi iteratively calls (i) the endogenous mitochon-
drial consensus sequence and (ii) a contamination esti-
mate using two linked software programs (Fig. 2). The
input for endoCaller, the consensus caller, is a set of
aDNA sequences aligned to a mitochondrial genome ref-
erence, a contamination prior and deamination rates for
the potentially endogenous and potentially contaminat-
ing DNA fragments. In the first iteration, the deamina-
tion rates and the prior for contamination are obtained
using contDeam, a third sub-program of the schmutzi
package (Fig. 2). contDeam implements a methodology
described in previous studies [10], but incorporates some
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Damage profiles can be used to infer data composition

Al Asadi et al (2018) Bioinformatics
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et al., 2015) in assuming independence among features within

each cluster.

Putting this all together, and assuming independence of observa-

tions yields the likelihood:

Lðq; f ; xÞ ¼
Y

i;j;l

X

k

fk;lðxi;j;lÞqi;k: (3)

We fit this model, and estimate the individual parameters (q) and

cluster parameters (f) by maximum likelihood using an accelerated

EM algorithm. We use the same EM updates as in Equations 2–4 in

(Shiraishi et al., 2015), and we add first-order quasi-Newton accel-

eration to improve convergence (Alexander et al., 2009; Lange,

1995; Taddy, 2012).

For each cluster k, we visualize the cluster parameters fk using an

EDLogo plot (Dey et al., 2017a) (see Fig. 1). The EDLogo plot

allows one to visualize both enrichment and depletion of mismatch

features scaled against a reference frequency. In our application, the

reference frequency was computed by averaging the proportion of

the five aRchaic features across individuals in the 1000 Genomes

Project. This allows us to compute an enrichment score which effect-

ively compares mismatch profiles in our samples against that of

modern individuals from 1000 Genomes Project Consortium

(2012). We use a STRUCTURE plot (Rosenberg et al., 2002) to

visualize the estimates of qi;k for each sample.

3 Results

We demonstrate the utility of aRchaic using three case-studies.

3.1 aRchaic clustering of modern and ancient
individuals
We applied aRchaic to a combined dataset of 52 ancient samples

from four recent studies (Gamba et al., 2014; Lazaridis et al., 2016;

Lipson et al., 2017; Skoglund et al., 2014a) and 60 modern samples

from 1000 Genomes Project Consortium (2012) (n¼50) and 10

individuals from HGDP (Cann et al., 2002) individuals sequenced

by Meyer et al. (2012). Two of the aDNA studies used partial-UDG

treated libraries, which removes most—but not all—of the C-to-T

deamination (Rohland et al., 2015).

Figure 2 shows results from aRchaic with K¼3 (see

Supplementary Fig. S2 for K¼4, 5, 6). To give a sense of computa-

tional requirements, these results took approximately 23 min to gen-

erate on a single modern compute node. The results clearly highlight

(a)

(b)

Fig. 1. Illustration of the aRchaic grades of membership and mismatch profiles. (a) The features of a mismatch modeled by aRchaic. (b) A depiction of an an-

cient DNA sample that has 80% of its reads assigned to cluster 1 and 20% of its reads assigned to cluster 2. Each cluster is defined by a mismatch profile showing

the enrichment of the mismatch type, bases flanking the mismatch, the distance of the mismatch from the nearest end of the read, and the base immediately 50

to the strand-break. To produce a mismatch profile for a cluster, mismatch features are aggregated across reads assigned to the cluster, and their frequencies are

represented by an EDLogo plot (Dey et al., 2017a). In the EDLogo plot, the frequencies are scaled against a background frequency computed from 1000 Genomes

Project Consortium (2012)

Inference and visualization of DNA damage patterns 3
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Damage profiles can be used to infer data composition

Al Asadi et al (2018) Bioinformatics
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differences between modern, ancient (UDG) and ancient (non-UDG)

samples. The modern samples show very strong membership in a

single cluster (red). As expected, this ‘modern’ cluster shows only

modest enrichment in its mismatch type, flanking base composition

and mismatch location, relative to the modern background.

Ancient (non-UDG) samples show high membership in a second

cluster (blue). This cluster is characterized by a very strong enrich-

ment of C-to-T mismatches at the ends of the reads, which is a typ-

ical sign of DNA damage (Rohland et al., 2015), and this

enrichment is accompanied by a depletion of guanine just 30 to the

mismatch. We see this depletion in guanine because the blue cluster

is driven by mismatches at cytosine sites which seldom precedes a

guanine because CpG sites occur less frequently than expected (Shen

et al., 1994).

The ancient UDG-treated individuals show high membership in

the third (orange) cluster, and partial membership in the first (red)

cluster. The membership in the red cluster presumably reflects the

fact that the UDG-treatment repairs much of the damage in these

samples, making them look more ‘modern’ in their mismatch pro-

files. The orange cluster is characterized by enrichment of C-to-T

mismatches very close to the ends of reads, with a strong enrichment

of guanine at the right flanking base. That is, an enrichment of

CpG-to-TpG mismatches at the ends of reads. This may be

explained by the fact that when a methylated cytosine undergoes de-

amination it becomes thymine (in contrast to unmethylated cyto-

sines, which deaminate to uracil) and these thymines are not

repaired by the UDG-treatment (Duncan and Miller, 1980).

Furthermore, we see a depletion of thymine 50 upstream of the

strand-break, which consequently is manifested as a depletion of

thymine at the left flanking base.

3.2 The effects of contamination on inferred grades of
membership
We next sought to examine the effects of exogenous modern con-

tamination on inferred grades of memberships in ancient samples.

We performed an in-silico experiment to artificially contaminate

ancient samples with modern data from the 1000 Genomes Project

(1000 Genomes Project Consortium, 2012). We selected one BAM

file from an ancient sample [K01 from (Gamba et al., 2014)], and

split its reads into 10 equal subsets. We then contaminated each sub-

set with reads from a distinct modern individual from the 1000

Fig. 2. aRchaic clearly distinguishes between modern, ancient (UDG) and ancient (non-UDG) samples. aRchaic is applied with K¼3 to a collection of ancient

individuals from four studies (Gamba et al., 2014; Lazaridis et al., 2016; Lipson et al., 2017; Skoglund et al., 2014a) along with modern individuals randomly

sampled from the 1000 Genomes Project and 10 individuals from the Human Genome Diversity Panel (1000 Genomes Project Consortium, 2012; Cann et al.,

2002; Meyer et al., 2012). Modern samples have high membership in the red cluster. The EDLogo representation of this cluster does not show strong enrichment

against a modern background. The ancient (non-UDG) samples are representative of the blue cluster. The EDLogo plot for the blue cluster shows a strong enrich-

ment in C-to-T mismatches at the end of reads, a depletion of guanine in the right flanking base, and a depletion of cytosine at the 50 strand-break. The ancient

(UDG) samples have partial membership both in the red cluster and in the gold cluster. The EDLogo plot for the gold cluster is enriched in C-to-T mismatches at

the terminal ends of the reads, shows an enrichment of guanine at the right flanking base, and a depletion of thymine one base 50 upstream of the strand break

4 H.Al-Asadi et al.
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GATK best practices

Low6pass*sequencing*design*

Exon I Exon IIIntron IIntergenic Intergenic

Targeted bases ~3 Gb

Coverage Avg. 4x

# sequenced bases 20 Gb

# lanes of HiSeq ~1.25

Variants found per sample ~3M

Percent of variation in genome ~90%

Pr{singleton discovery} <50%

Pr{common allele discovery} ~99%

Data requirements per sample Variant detection among multiple samples

~4x 
reads

Variant site

Variants missed 
by sampling

Heterozygotes can 
be mistaken for 

homozygotes due 
to sampling

Significantly better power to 
detect homozygous sites

Use pre-ascertained variants to reduce false-positive variants 
Use single read as “pseudo-haploid” genotype for each sample



Large panel of individuals covering the genetic diversity 
relevant for my scientific question

The total number of observed non-reference sites differs greatly
among populations (Fig. 1b). Individuals from African ancestry
populations harbour the greatest numbers of variant sites, as pre-
dicted by the out-of-Africa model of human origins. Individuals from
recently admixed populations show great variability in the number of
variants, roughly proportional to the degree of recent African ancestry
in their genomes.

The majority of variants in the data set are rare: ,64 million auto-
somal variants have a frequency ,0.5%, ,12 million have a frequency
between 0.5% and 5%, and only ,8 million have a frequency .5%
(Extended Data Fig. 3a). Nevertheless, the majority of variants observed
in a single genome are common: just 40,000 to 200,000 of the variants in
a typical genome (1–4%) have a frequency ,0.5% (Fig. 1c and
Extended Data Fig. 3b). As such, we estimate that improved rare variant
discovery by deep sequencing our entire sample would at least double
the total number of variants in our sample but increase the number of
variants in a typical genome by only ,20,000 to 60,000.

Putatively functional variation
When we restricted analyses to the variants most likely to affect gene
function, we found a typical genome contained 149–182 sites with
protein truncating variants, 10,000 to 12,000 sites with peptide-
sequence-altering variants, and 459,000 to 565,000 variant sites over-
lapping known regulatory regions (untranslated regions (UTRs),

promoters, insulators, enhancers, and transcription factor binding
sites). African genomes were consistently at the high end of these
ranges. The number of alleles associated with a disease or phenotype
in each genome did not follow this pattern of increased diversity in
Africa (Extended Data Fig. 4): we observed ,2,000 variants per gen-
ome associated with complex traits through genome-wide association
studies (GWAS) and 24–30 variants per genome implicated in rare
disease through ClinVar; with European ancestry genomes at the
high-end of these counts. The magnitude of this difference is unlikely
to be explained by demography10,11, but instead reflects the ethnic bias
of current genetic studies. We expect that improved characterization
of the clinical and phenotypic consequences of non-European alleles
will enable better interpretation of genomes from all individuals and
populations.

Sharing of genetic variants among populations
Systematic analysis of the patterns in which genetic variants are
shared among individuals and populations provides detailed accounts
of population history. Although most common variants are shared
across the world, rarer variants are typically restricted to closely
related populations (Fig. 1a); 86% of variants were restricted to a
single continental group. Using a maximum likelihood approach12,
we estimated the proportion of each genome derived from several
putative ‘ancestral populations’ (Fig. 2a and Extended Data Fig. 5).
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Figure 1 | Population sampling. a, Polymorphic variants within sampled
populations. The area of each pie is proportional to the number of poly-
morphisms within a population. Pies are divided into four slices, representing
variants private to a population (darker colour unique to population), private to
a continental area (lighter colour shared across continental group), shared

across continental areas (light grey), and shared across all continents (dark
grey). Dashed lines indicate populations sampled outside of their ancestral
continental region. b, The number of variant sites per genome. c, The average
number of singletons per genome.
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What is principal component analysis?

Ringner (2008) Nature Biotech
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SAMPLE�IS�PROJECTED�ONTO�THESE�COMPONENTS�IN�
&IGURE��E��4HE�RESULT�IS�THAT�THE�DIMENSIONAL
ITY�CAN�BE�REDUCED�FROM�THE�NUMBER�OF�GENES�
DOWN�TO�TWO�DIMENSIONS��WHILE�STILL�RETAINING�
INFORMATION�THAT�SEPARATES�ESTROGEN�RECEP
TORnPOSITIVE�FROM�ESTROGEN�RECEPTORnNEGATIVE�
SAMPLES��%STROGEN�RECEPTOR�STATUS�IS�KNOWN�
TO�HAVE�A�LARGE�INFLUENCE�ON�THE�GENE�EXPRES
SION�PROFILES�OF�BREAST�CANCER�CELLS���(OWEVER��
NOTE�THAT�0#!�DID�NOT�GENERATE�TWO�SEPARATE�
CLUSTERS��&IG���E	�� INDICATING� THAT�DISCOVER
ING�UNKNOWN�GROUPS�USING�0#!�IS�DIFFICULT��
-OREOVER��GENE�EXPRESSION�PROFILES�CAN�ALSO�
BE� USED� TO� CLASSIFY� BREAST� CANCER� TUMORS�
ACCORDING�TO�WHETHER�THEY�HAVE�GAINED�$.!�
COPIES�OF�%2""��OR�NOT��AND�THIS�INFORMA
TION�IS�LOST�WHEN�REDUCING�THIS�DATA�SET�TO�THE�
FIRST�TWO�PRINCIPAL�COMPONENTS��&IG���F	��4HIS�
REMINDS�US�THAT�0#!�IS�DESIGNED�TO�IDENTIFY�
DIRECTIONS�WITH�THE�LARGEST�VARIATION�AND�NOT�
DIRECTIONS� RELEVANT� FOR� SEPARATING� CLASSES�
OF�SAMPLES��!LSO��IT� IS� IMPORTANT�TO�BEAR�IN�
MIND�THAT�MUCH�OF�THE�VARIATION�IN�DATA�FROM�
HIGHTHROUGHPUT�TECHNOLOGIES�MAY�BE�DUE�TO�
SYSTEMATIC�EXPERIMENTAL�ARTIFACTS�n���RESULT
ING�IN�DOMINANT�PRINCIPAL�COMPONENTS�THAT�
CORRELATE�WITH�ARTIFACTS�

!S�THE�PRINCIPAL�COMPONENTS�HAVE�A�SAM
PLELIKE�PATTERN�WITH�A�WEIGHT�FOR�EACH�GENE��
WE�CAN�USE�THE�WEIGHTS�TO�VISUALIZE�EACH�GENE�
IN� THE�0#!�PLOT���-OST�GENES�WILL�BE�CLOSE�
TO�THE�ORIGIN�IN�SUCH�A�BIPLOT�OF�GENES�AND�
SAMPLES��WHEREAS�THE�GENES�HAVING�THE�LARG
EST� WEIGHTS� FOR� THE� DISPLAYED� COMPONENTS�
WILL� EXTEND� OUT� IN� THEIR� RESPECTIVE� DIREC
TIONS��� "IPLOTS� PROVIDE� ONE� WAY� TO� USE� THE�
CORRESPONDENCE�BETWEEN�THE�GENELIKE�AND�
SAMPLELIKE� PATTERNS� REVEALED� BY� 0#!� TO�
IDENTIFY�GROUPS�OF�GENES�HAVING�EXPRESSION�
LEVELS�CHARACTERISTIC�FOR�A�GROUP�OF�SAMPLES��
!S�AN�EXAMPLE��TWO�GENES�WITH�LARGE�WEIGHTS�
ARE�DISPLAYED�IN�&IGURE��E�

!PPLICATIONS�IN�COMPUTATIONAL�BIOLOGY
!N�OBVIOUS�APPLICATION�OF�0#!�IS�TO�EXPLORE�
HIGHDIMENSIONAL�DATA�SETS��AS�OUTLINED�ABOVE��
-OST�OFTEN��THREEDIMENSIONAL�VISUALIZATIONS�
ARE�USED�FOR�SUCH�EXPLORATIONS��AND�SAMPLES�
ARE�EITHER�PROJECTED�ONTO�THE�COMPONENTS��AS�
IN� THE� EXAMPLES� HERE�� OR� PLOTTED� ACCORDING�
TO�THEIR�CORRELATION�WITH�THE�COMPONENTS����
!S�MUCH� INFORMATION�WILL� TYPICALLY�BE� LOST�
IN�TWO�OR�THREEDIMENSIONAL�VISUALIZATIONS��
IT�IS�IMPORTANT�TO�SYSTEMATICALLY�TRY�DIFFERENT�

COMBINATIONS�OF�COMPONENTS�WHEN�VISUAL
IZING�A�DATA�SET��!S�THE�PRINCIPAL�COMPONENTS�
ARE�UNCORRELATED��THEY�MAY�REPRESENT�DIFFERENT�
ASPECTS�OF�THE�SAMPLES��4HIS�SUGGESTS�THAT�0#!�
CAN�SERVE�AS�A�USEFUL�FIRST�STEP�BEFORE�CLUSTERING�
OR�CLASSIFICATION�OF�SAMPLES��(OWEVER��DECID
ING�HOW�MANY�AND�WHICH�COMPONENTS�TO�USE�
IN� THE� SUBSEQUENT�ANALYSIS� IS�A�MAJOR�CHAL
LENGE�THAT�CAN�BE�ADDRESSED�IN�SEVERAL�WAYS���
&OR�EXAMPLE��ONE�CAN�USE�COMPONENTS�THAT�
CORRELATE�WITH�A�PHENOTYPE�OF�INTEREST��OR�USE�
ENOUGH�COMPONENTS�TO�INCLUDE�MOST�OF�THE�
VARIATION�IN�THE�DATA����0#!�RESULTS�DEPEND�
CRITICALLY�ON�PREPROCESSING�OF� THE�DATA�AND�
ON� SELECTION� OF� VARIABLES�� 4HUS�� INSPECTING�
0#!�PLOTS�CAN�POTENTIALLY�PROVIDE� INSIGHTS�
INTO�DIFFERENT�CHOICES�OF�PREPROCESSING�AND�
VARIABLE�SELECTION�

0#!�IS�OFTEN�IMPLEMENTED�USING�THE�SIN
GULAR� VALUE� DECOMPOSITION� �36$	� OF� THE�
DATA� MATRIX��� 4HE� SAMPLELIKE� EIGENARRAY�
AND� THE� GENELIKE� EIGENGENE� PATTERNS� ARE�
BOTH�UNCOVERED�SIMULTANEOUSLY�BY�36$�������
-ANY� APPLICATIONS� BEYOND� DIMENSIONAL�
REDUCTION��CLASSIFICATION�AND�CLUSTERING�HAVE�
TAKEN�ADVANTAGE�OF�GLOBAL�REPRESENTATIONS�OF�
EXPRESSION�PROFILES�GENERATED�BY�THIS�DECOM
POSITION�� !PPLICATIONS� INCLUDE� IDENTIFYING�
PATTERNS� THAT� CORRELATE� WITH� EXPERIMENTAL�
ARTIFACTS�AND�FILTERING�THEM�OUT���ESTIMATING�
MISSING�DATA��ASSOCIATING�GENES�AND�EXPRES
SION� PATTERNS� WITH� ACTIVITIES� OF� REGULATORS�
AND�HELPING�TO�UNCOVER�THE�DYNAMIC�ARCHI
TECTURE� OF� CELLULAR� PHENOTYPES��������� 4HE�
RAPID�GROWTH�IN�TECHNOLOGIES�THAT�GENERATE�
HIGHDIMENSIONAL� MOLECULAR� BIOLOGY� DATA�
WILL� LIKELY� PROVIDE� MANY� NEW� APPLICATIONS�
FOR�0#!�IN�THE�YEARS�TO�COME�
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What is principal component analysis?

Ringner (2008) Nature Biotech

Identify new axes (linear combinations of original 
variables) that maximise variation in the data 

���� 6/,5-%������.5-"%2�����-!2#(��������.!452%�")/4%#(./,/'9

SAMPLE�IS�PROJECTED�ONTO�THESE�COMPONENTS�IN�
&IGURE��E��4HE�RESULT�IS�THAT�THE�DIMENSIONAL
ITY�CAN�BE�REDUCED�FROM�THE�NUMBER�OF�GENES�
DOWN�TO�TWO�DIMENSIONS��WHILE�STILL�RETAINING�
INFORMATION�THAT�SEPARATES�ESTROGEN�RECEP
TORnPOSITIVE�FROM�ESTROGEN�RECEPTORnNEGATIVE�
SAMPLES��%STROGEN�RECEPTOR�STATUS�IS�KNOWN�
TO�HAVE�A�LARGE�INFLUENCE�ON�THE�GENE�EXPRES
SION�PROFILES�OF�BREAST�CANCER�CELLS���(OWEVER��
NOTE�THAT�0#!�DID�NOT�GENERATE�TWO�SEPARATE�
CLUSTERS��&IG���E	�� INDICATING� THAT�DISCOVER
ING�UNKNOWN�GROUPS�USING�0#!�IS�DIFFICULT��
-OREOVER��GENE�EXPRESSION�PROFILES�CAN�ALSO�
BE� USED� TO� CLASSIFY� BREAST� CANCER� TUMORS�
ACCORDING�TO�WHETHER�THEY�HAVE�GAINED�$.!�
COPIES�OF�%2""��OR�NOT��AND�THIS�INFORMA
TION�IS�LOST�WHEN�REDUCING�THIS�DATA�SET�TO�THE�
FIRST�TWO�PRINCIPAL�COMPONENTS��&IG���F	��4HIS�
REMINDS�US�THAT�0#!�IS�DESIGNED�TO�IDENTIFY�
DIRECTIONS�WITH�THE�LARGEST�VARIATION�AND�NOT�
DIRECTIONS� RELEVANT� FOR� SEPARATING� CLASSES�
OF�SAMPLES��!LSO��IT� IS� IMPORTANT�TO�BEAR�IN�
MIND�THAT�MUCH�OF�THE�VARIATION�IN�DATA�FROM�
HIGHTHROUGHPUT�TECHNOLOGIES�MAY�BE�DUE�TO�
SYSTEMATIC�EXPERIMENTAL�ARTIFACTS�n���RESULT
ING�IN�DOMINANT�PRINCIPAL�COMPONENTS�THAT�
CORRELATE�WITH�ARTIFACTS�

!S�THE�PRINCIPAL�COMPONENTS�HAVE�A�SAM
PLELIKE�PATTERN�WITH�A�WEIGHT�FOR�EACH�GENE��
WE�CAN�USE�THE�WEIGHTS�TO�VISUALIZE�EACH�GENE�
IN� THE�0#!�PLOT���-OST�GENES�WILL�BE�CLOSE�
TO�THE�ORIGIN�IN�SUCH�A�BIPLOT�OF�GENES�AND�
SAMPLES��WHEREAS�THE�GENES�HAVING�THE�LARG
EST� WEIGHTS� FOR� THE� DISPLAYED� COMPONENTS�
WILL� EXTEND� OUT� IN� THEIR� RESPECTIVE� DIREC
TIONS��� "IPLOTS� PROVIDE� ONE� WAY� TO� USE� THE�
CORRESPONDENCE�BETWEEN�THE�GENELIKE�AND�
SAMPLELIKE� PATTERNS� REVEALED� BY� 0#!� TO�
IDENTIFY�GROUPS�OF�GENES�HAVING�EXPRESSION�
LEVELS�CHARACTERISTIC�FOR�A�GROUP�OF�SAMPLES��
!S�AN�EXAMPLE��TWO�GENES�WITH�LARGE�WEIGHTS�
ARE�DISPLAYED�IN�&IGURE��E�

!PPLICATIONS�IN�COMPUTATIONAL�BIOLOGY
!N�OBVIOUS�APPLICATION�OF�0#!�IS�TO�EXPLORE�
HIGHDIMENSIONAL�DATA�SETS��AS�OUTLINED�ABOVE��
-OST�OFTEN��THREEDIMENSIONAL�VISUALIZATIONS�
ARE�USED�FOR�SUCH�EXPLORATIONS��AND�SAMPLES�
ARE�EITHER�PROJECTED�ONTO�THE�COMPONENTS��AS�
IN� THE� EXAMPLES� HERE�� OR� PLOTTED� ACCORDING�
TO�THEIR�CORRELATION�WITH�THE�COMPONENTS����
!S�MUCH� INFORMATION�WILL� TYPICALLY�BE� LOST�
IN�TWO�OR�THREEDIMENSIONAL�VISUALIZATIONS��
IT�IS�IMPORTANT�TO�SYSTEMATICALLY�TRY�DIFFERENT�

COMBINATIONS�OF�COMPONENTS�WHEN�VISUAL
IZING�A�DATA�SET��!S�THE�PRINCIPAL�COMPONENTS�
ARE�UNCORRELATED��THEY�MAY�REPRESENT�DIFFERENT�
ASPECTS�OF�THE�SAMPLES��4HIS�SUGGESTS�THAT�0#!�
CAN�SERVE�AS�A�USEFUL�FIRST�STEP�BEFORE�CLUSTERING�
OR�CLASSIFICATION�OF�SAMPLES��(OWEVER��DECID
ING�HOW�MANY�AND�WHICH�COMPONENTS�TO�USE�
IN� THE� SUBSEQUENT�ANALYSIS� IS�A�MAJOR�CHAL
LENGE�THAT�CAN�BE�ADDRESSED�IN�SEVERAL�WAYS���
&OR�EXAMPLE��ONE�CAN�USE�COMPONENTS�THAT�
CORRELATE�WITH�A�PHENOTYPE�OF�INTEREST��OR�USE�
ENOUGH�COMPONENTS�TO�INCLUDE�MOST�OF�THE�
VARIATION�IN�THE�DATA����0#!�RESULTS�DEPEND�
CRITICALLY�ON�PREPROCESSING�OF� THE�DATA�AND�
ON� SELECTION� OF� VARIABLES�� 4HUS�� INSPECTING�
0#!�PLOTS�CAN�POTENTIALLY�PROVIDE� INSIGHTS�
INTO�DIFFERENT�CHOICES�OF�PREPROCESSING�AND�
VARIABLE�SELECTION�

0#!�IS�OFTEN�IMPLEMENTED�USING�THE�SIN
GULAR� VALUE� DECOMPOSITION� �36$	� OF� THE�
DATA� MATRIX��� 4HE� SAMPLELIKE� EIGENARRAY�
AND� THE� GENELIKE� EIGENGENE� PATTERNS� ARE�
BOTH�UNCOVERED�SIMULTANEOUSLY�BY�36$�������
-ANY� APPLICATIONS� BEYOND� DIMENSIONAL�
REDUCTION��CLASSIFICATION�AND�CLUSTERING�HAVE�
TAKEN�ADVANTAGE�OF�GLOBAL�REPRESENTATIONS�OF�
EXPRESSION�PROFILES�GENERATED�BY�THIS�DECOM
POSITION�� !PPLICATIONS� INCLUDE� IDENTIFYING�
PATTERNS� THAT� CORRELATE� WITH� EXPERIMENTAL�
ARTIFACTS�AND�FILTERING�THEM�OUT���ESTIMATING�
MISSING�DATA��ASSOCIATING�GENES�AND�EXPRES
SION� PATTERNS� WITH� ACTIVITIES� OF� REGULATORS�
AND�HELPING�TO�UNCOVER�THE�DYNAMIC�ARCHI
TECTURE� OF� CELLULAR� PHENOTYPES��������� 4HE�
RAPID�GROWTH�IN�TECHNOLOGIES�THAT�GENERATE�
HIGHDIMENSIONAL� MOLECULAR� BIOLOGY� DATA�
WILL� LIKELY� PROVIDE� MANY� NEW� APPLICATIONS�
FOR�0#!�IN�THE�YEARS�TO�COME�
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What is principal component analysis?

Ringner (2008) Nature Biotech
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DIRECTIONS�WITH�THE�LARGEST�VARIATION�AND�NOT�
DIRECTIONS� RELEVANT� FOR� SEPARATING� CLASSES�
OF�SAMPLES��!LSO��IT� IS� IMPORTANT�TO�BEAR�IN�
MIND�THAT�MUCH�OF�THE�VARIATION�IN�DATA�FROM�
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!S�THE�PRINCIPAL�COMPONENTS�HAVE�A�SAM
PLELIKE�PATTERN�WITH�A�WEIGHT�FOR�EACH�GENE��
WE�CAN�USE�THE�WEIGHTS�TO�VISUALIZE�EACH�GENE�
IN� THE�0#!�PLOT���-OST�GENES�WILL�BE�CLOSE�
TO�THE�ORIGIN�IN�SUCH�A�BIPLOT�OF�GENES�AND�
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WILL� EXTEND� OUT� IN� THEIR� RESPECTIVE� DIREC
TIONS��� "IPLOTS� PROVIDE� ONE� WAY� TO� USE� THE�
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LEVELS�CHARACTERISTIC�FOR�A�GROUP�OF�SAMPLES��
!S�AN�EXAMPLE��TWO�GENES�WITH�LARGE�WEIGHTS�
ARE�DISPLAYED�IN�&IGURE��E�

!PPLICATIONS�IN�COMPUTATIONAL�BIOLOGY
!N�OBVIOUS�APPLICATION�OF�0#!�IS�TO�EXPLORE�
HIGHDIMENSIONAL�DATA�SETS��AS�OUTLINED�ABOVE��
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IZING�A�DATA�SET��!S�THE�PRINCIPAL�COMPONENTS�
ARE�UNCORRELATED��THEY�MAY�REPRESENT�DIFFERENT�
ASPECTS�OF�THE�SAMPLES��4HIS�SUGGESTS�THAT�0#!�
CAN�SERVE�AS�A�USEFUL�FIRST�STEP�BEFORE�CLUSTERING�
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ING�HOW�MANY�AND�WHICH�COMPONENTS�TO�USE�
IN� THE� SUBSEQUENT�ANALYSIS� IS�A�MAJOR�CHAL
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Usage case: Population structure inference

Novembre (2008) Nature

Genes mirror geography in Europe



Usage case: QC

The 1000 Genomes Consortium (2012) Nature

Figure S4.  Geography and technology stratify patterns of genetic variation. 
PCA plots (1st and 2nd components: estimated from release genotypes, see Methods) for all 
samples (left hand side) and those within EUR (right hand side).  In the top row individuals are 
coloured by population of origin.  In the bottom row samples are coloured by primary technology 
from which low-coverage data have been generated.  At the continental level, the PCA plots mirror 
previous observations regarding to the relationships between groups.  Within Europe, however, 
technology is an important component driving differentiation between the release haplotypes. 

WWW.NATURE.COM/ NATURE | 102



Usage case: QC

The 1000 Genomes Consortium (2012) Nature

Figure S4.  Geography and technology stratify patterns of genetic variation. 
PCA plots (1st and 2nd components: estimated from release genotypes, see Methods) for all 
samples (left hand side) and those within EUR (right hand side).  In the top row individuals are 
coloured by population of origin.  In the bottom row samples are coloured by primary technology 
from which low-coverage data have been generated.  At the continental level, the PCA plots mirror 
previous observations regarding to the relationships between groups.  Within Europe, however, 
technology is an important component driving differentiation between the release haplotypes. 

WWW.NATURE.COM/ NATURE | 102

PCA can reveal batch effects in datasets



Usage case: Ancient DNA

Guenther and Jakobbson (2016) Curr Op Genet Devgeographic areas in Europe have been investigated. The
genomic make-up of these hunter-gatherers falls outside
of the genetic variation of modern-day people, including
western Eurasians (Figure 1B). The genomic patterns of
western [23,26] and central European Mesolithic individ-
uals [24!!,25!] appear distinct from eastern European
Mesolithic individuals who showed a stronger influence

from ancient north Eurasian populations [5!!,7!,27!]
(Figure 2). Scandinavian Mesolithic individuals
[22!!,24!!] show genetic affinities to both the western
and the eastern Mesolithic groups, suggesting a continu-
um of genetic variation, possibly caused by admixture
from both geographic areas. Such a scenario would be
consistent with patterns seen in many animal and plant

116 Genetics of human origin

Figure 1
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Infer principal components using high quality modern data 
Project low coverage ancient samples onto inferred components



What do we study with aDNA?



Migrations 
How did modern humans disperse 
throughout history? 

Networks 
How were pre-historic human societies 
structured?

Microbes 
What pathogens were affecting humans 
throughout history?

Estimates of the time of divergence between Siberians and Native 
Americans, based on whole-genome sequences, point to the formation 
of the Native American gene pool as early as around 23 kyr ago93, which 
lends further support to the early entrance of ancestors of Native Ameri-
cans into the Americas. When the accepted dates for the earliest archaeo-
logical sites in the Americas are taken into consideration, ancestors of 
Native Americans could have remained in isolation until around 8 kyr ago 
in Siberia or Beringia, following the split from their Siberian ancestors, 
before moving eastwards into the Americas. Although modern Siberians 
are the closest relatives of Native Americans outside of the Americas, 
genome sequencing of a 24-kyr-old Mal’ta skeleton73 suggests that Native 
Americans are derived from a mixture of populations that are related to 
the Mal’ta lineage as well as one or more unknown East-Asian lineages. 
Because the Clovis-associated genome and contemporary Native Ameri-
cans contain similar amounts of the Mal’ta genetic signature (14–38%), 
the admixture event happened more than 12.6 kyr ago. However, whether 
it took place inside or outside the Americas remains unclear.

In Native Americans, genomic data have been used to locate a basal 
division that can be dated to about 14–13 kyr ago73,91. The southern 
branch includes groups of Amerindian-language-speaking people and 
the northern branch includes groups of Athabascan-language-speaking 
people as well as other groups that speak languages such as Cree or 
Algonquin. Divergence estimates based on analyses of whole-genome 
sequencing data suggest that both groups diversified from Siberians 
concurrently, implying that there was only one founding event for both 
Amerindian and Athabascan populations that was followed by subse-
quent gene flow from Asia93. Whether the divergence between the two 
Native American branches took place in Siberia or the north or south of 
the American ice sheets is still under debate, and the analysis of further 
ancient genomes will be needed to resolve this. Similarly, it remains 
undetermined whether the discovery of the Australo-Melanesian sig-
nature in some contemporary Brazilian Native Americans (Fig. 3) can 

be attributed to gene flow at a later time93 or an unknown early founding 
population94. So far, no studies of the genomes of ancient humans from 
the Americas have shown this genetic signature.

The Inuit of the American Arctic have been shown to originate from 
a migration separate to that of other Native Americans95,96. However, it 
has long been discussed whether the first people to inhabit the Arctic, 
the now extinct Paleo-Eskimo culture, which appeared about 5 kyr ago 
in the Americas, represent the ancestors of the present-day Inuit or an 
independent founder population from Siberia96 (Fig. 3). Sequencing 
of DNA from a 4-kyr-old tuft of hair from Greenland5 showed that 
the population the individual belonged to had migrated from Siberia 
to the North American Arctic independently of the Native American 
and Inuit migrations97. The group then survived in the Arctic for about 
4 kyr by reinventing their subsistence strategies and technology but were 
eventually replaced by the Inuit around 700 yr ago.

The meeting with Denisovans
As well as the Neanderthals, at least one other type of archaic 
human — the enigmatic Denisovans — lived in Eurasia when the first 
modern humans started to appear on the continent. Little is known 
about the morphology and distribution of Denisovans, who are known 
only from the genome sequences of a finger bone and three teeth that 
were found in the Denisova Cave in Siberia98–100. They are most closely 
related to Neanderthals, with a genetic differentiation that is simi-
lar to the deepest splits between modern humans48 but an estimated 
time of divergence that possibly dates back 200–400 kyr48. Denisovans 
have many peculiarities; for instance, they may carry genetic material 
(obtained through admixture) from individuals related to earlier types 
of humans (Fig. 2), possibly Homo erectus48. Arguably, Denisovans can 
be considered to be the eastern or southern end of a spectrum of archaic 
humans that lived in Eurasia (and possibly beyond), with Neanderthals 
representing the western end.

Figure 3 | Major human migrations across the world inferred through 
analyses of genomic data. Some migration routes remain under debate. 
For example, there is still some uncertainty regarding the migration 
routes used to populate the Americas. Genomic data are limited in their 
resolution to determine paths of migration because further population 

movements, subsequent to the initial migrations, may obscure the 
geographic patterns that can be discerned from the genomic data. 
Proposed routes of migration that remain controversial are indicated 
by dashed lines. CA, Central Anatolia; FC, Fertile Crescent; IP, Iberian 
Peninsula; PCS, Pontic–Caspian steppe.

Paleo-Eskimo expansion 4–5 kyr ago

Inuit expansion 3–4 kyr ago

Polynesian expansion 3–5 kyr ago

Peopling of America across

Beringia 15–23 kyr ago

Neolithic 
expansion 
10 kyr ago

Alternative route to America

Possible 
pre-Columbian 

contact

Migration into Sahul
47.5–55 kyr ago

Palaeolithic 
Eurasians 
45–55 kyr ago

Migration 
of click-
language 
speakers 
50 kyr ago

Northern–southern split 
13 kyr ago

Yamnaya 
expansion 4.5 kyr ago

Out of Africa 
55–65 kyr ago

Sintashta expansion 
2.5–3.5 kyr ago

IP CA

Kyr ago
0

20

40

60

PCS

FC

3 0 6  |  N A T U R E  |  5 4 1  |  1 9  J A N U A R Y  2 0 1 7

REVIEWINSIGHT

ǟ
ɥ
ƐƎƏƗ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"Ʀ

ɥ
/�13

ɥ
.$
ɥ
�/1(-%#1

ɥ
��341#ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ ǟ

ɥ
ƐƎƏƗ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"Ʀ

ɥ
/�13

ɥ
.$
ɥ
�/1(-%#1

ɥ
��341#ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ



Migrations 
How did modern humans disperse 
throughout history? 

Networks 
How were pre-historic human societies 
structured?

Microbes 
What pathogens were affecting humans 
throughout history?

Estimates of the time of divergence between Siberians and Native 
Americans, based on whole-genome sequences, point to the formation 
of the Native American gene pool as early as around 23 kyr ago93, which 
lends further support to the early entrance of ancestors of Native Ameri-
cans into the Americas. When the accepted dates for the earliest archaeo-
logical sites in the Americas are taken into consideration, ancestors of 
Native Americans could have remained in isolation until around 8 kyr ago 
in Siberia or Beringia, following the split from their Siberian ancestors, 
before moving eastwards into the Americas. Although modern Siberians 
are the closest relatives of Native Americans outside of the Americas, 
genome sequencing of a 24-kyr-old Mal’ta skeleton73 suggests that Native 
Americans are derived from a mixture of populations that are related to 
the Mal’ta lineage as well as one or more unknown East-Asian lineages. 
Because the Clovis-associated genome and contemporary Native Ameri-
cans contain similar amounts of the Mal’ta genetic signature (14–38%), 
the admixture event happened more than 12.6 kyr ago. However, whether 
it took place inside or outside the Americas remains unclear.

In Native Americans, genomic data have been used to locate a basal 
division that can be dated to about 14–13 kyr ago73,91. The southern 
branch includes groups of Amerindian-language-speaking people and 
the northern branch includes groups of Athabascan-language-speaking 
people as well as other groups that speak languages such as Cree or 
Algonquin. Divergence estimates based on analyses of whole-genome 
sequencing data suggest that both groups diversified from Siberians 
concurrently, implying that there was only one founding event for both 
Amerindian and Athabascan populations that was followed by subse-
quent gene flow from Asia93. Whether the divergence between the two 
Native American branches took place in Siberia or the north or south of 
the American ice sheets is still under debate, and the analysis of further 
ancient genomes will be needed to resolve this. Similarly, it remains 
undetermined whether the discovery of the Australo-Melanesian sig-
nature in some contemporary Brazilian Native Americans (Fig. 3) can 

be attributed to gene flow at a later time93 or an unknown early founding 
population94. So far, no studies of the genomes of ancient humans from 
the Americas have shown this genetic signature.

The Inuit of the American Arctic have been shown to originate from 
a migration separate to that of other Native Americans95,96. However, it 
has long been discussed whether the first people to inhabit the Arctic, 
the now extinct Paleo-Eskimo culture, which appeared about 5 kyr ago 
in the Americas, represent the ancestors of the present-day Inuit or an 
independent founder population from Siberia96 (Fig. 3). Sequencing 
of DNA from a 4-kyr-old tuft of hair from Greenland5 showed that 
the population the individual belonged to had migrated from Siberia 
to the North American Arctic independently of the Native American 
and Inuit migrations97. The group then survived in the Arctic for about 
4 kyr by reinventing their subsistence strategies and technology but were 
eventually replaced by the Inuit around 700 yr ago.

The meeting with Denisovans
As well as the Neanderthals, at least one other type of archaic 
human — the enigmatic Denisovans — lived in Eurasia when the first 
modern humans started to appear on the continent. Little is known 
about the morphology and distribution of Denisovans, who are known 
only from the genome sequences of a finger bone and three teeth that 
were found in the Denisova Cave in Siberia98–100. They are most closely 
related to Neanderthals, with a genetic differentiation that is simi-
lar to the deepest splits between modern humans48 but an estimated 
time of divergence that possibly dates back 200–400 kyr48. Denisovans 
have many peculiarities; for instance, they may carry genetic material 
(obtained through admixture) from individuals related to earlier types 
of humans (Fig. 2), possibly Homo erectus48. Arguably, Denisovans can 
be considered to be the eastern or southern end of a spectrum of archaic 
humans that lived in Eurasia (and possibly beyond), with Neanderthals 
representing the western end.

Figure 3 | Major human migrations across the world inferred through 
analyses of genomic data. Some migration routes remain under debate. 
For example, there is still some uncertainty regarding the migration 
routes used to populate the Americas. Genomic data are limited in their 
resolution to determine paths of migration because further population 

movements, subsequent to the initial migrations, may obscure the 
geographic patterns that can be discerned from the genomic data. 
Proposed routes of migration that remain controversial are indicated 
by dashed lines. CA, Central Anatolia; FC, Fertile Crescent; IP, Iberian 
Peninsula; PCS, Pontic–Caspian steppe.
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Supplementary Table 6). Unexpectedly, Viking Age individuals from 
Jutland (Denmark) lack Swedish-like and Norwegian-like genetic 
components (Supplementary Fig. 11.12). We also find that gene flow 
within Scandinavia was broadly from south to north, dominated by 
movement from Denmark into Norway and Sweden (Supplementary  
Table 11.2).

We identified two ancient individuals from northern Norway (des-
ignated VK518 and VK519) with affinities to present-day Saami popula-
tions in Norway and Sweden. The VK519 individual probably also had 
Norwegian-like ancestors, which indicates genetic contacts between 
Saami groups and other Scandinavian populations.

The genetic data are structured by topographical boundaries rather 
than by the borders of present-day countries. Thus, the southwestern 
part of Sweden in the Viking Age is genetically more similar to Viking 
Age populations of Denmark than to those of central mainland Sweden, 
probably owing to geographical barriers that prevented gene flow.

We quantified genetic diversity using two measures: conditional 
nucleotide diversity (Supplementary Note 9) and variation in inferred 
ancestry on the basis of ChromoPainter results (Extended Data Fig. 6, 
Supplementary Note 11, Supplementary Fig. 11.13). We also visualized 
this diversity as the spread of individuals on a multidimensional scal-
ing plot based on a pairwise identity-by-state sharing matrix (Fig. 3b).

Diversity varies markedly from the more-homogeneous inland and 
northern parts of Scandinavia to the diverse Kattegat (eastern Denmark 
and western Sweden) and Baltic Sea regions, which suggests an important 
role for these maritime regions in interaction and trade during the Viking 
Age. On Gotland, there are many more Danish-like and North-Atlantic-like 
genetic components (as well as an additional ‘Finnish-like’ ancestry com-
ponent) than Swedish-like components, which indicates extensive mari-
time contacts for Gotland during the Viking Age.

Our results for Gotland and Öland agree with archaeological indi-
cations that these were important maritime communities from the 
Roman period (AD 1–400) onwards13,14. A similar pattern is observed 
on the central Danish islands (such as Langeland) but at a lower level. 
The data indicate that genetic diversity on the islands increased from 
the early (about eighth century AD) to the late Viking Age (about tenth 

to eleventh centuries AD), which suggests increasing interregional 
interaction over time. Evidence for genetic structure within Viking 
Age Scandinavia2,4,15–17—with diversity in cosmopolitan centres such 
as Skara, and trade-oriented islands such as Gotland—highlight the 
importance of sea routes during this period.

Viking migrations
Our fine-scale ancestry analyses of genomic data are consistent with 
patterns documented by historians and archaeologists (Figs. 3, 4, 
Supplementary Fig. 11.12): eastward movements mainly involved 
Swedish-like ancestry, whereas individuals with Norwegian-like 
ancestry travelled to Iceland, Greenland, Ireland and the Isle of Man. 
The first settlement in Iceland and Greenland also included individ-
uals with North-Atlantic-like ancestry18,19. A Danish-like ancestry is 
seen in present-day England, in accordance with historical records20, 
place names21, surnames22 and modern genetics23,24, but Viking Age 
Danish-like ancestry in the British Isles cannot be distinguished from 
that of the Angles and Saxons, who migrated in the fifth to sixth cen-
turies AD from Jutland and northern Germany.

Viking Age execution sites in Dorset and Oxford (England) contain 
North-Atlantic-like ancestry, as well as Danish-like and Norwegian-like 
ancestries. If these sites represent Viking raiding parties that were 
defeated and captured25,26, then these raids were composed of indi-
viduals of different origins. This pattern is also suggested by isotopic 
data from a warrior cemetery in Trelleborg (Denmark)27. Similarly, the 
presence of Danish-like ancestry in an ancient sample from Gnezdovo in 
present-day Russia indicates that eastern migrations were not entirely 
composed of Viking individuals from Sweden.

Our results show that ‘Viking’ identity was not limited to individu-
als of Scandinavian genetic ancestry. Two individuals from Orkney 
who were buried in Scandinavian fashion are genetically similar to 
present-day Irish and Scottish populations, and are probably the first 
Pictish genomes published (see ‘Evidence for Pictish genomes’ in Sup-
plementary Note 11, Supplementary Figs. 11.3, 11.12, 11.14, Supplemen-
tary Table 6). Two other individuals from Orkney had 50% Scandinavian 
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Fig. 2 | Genetic structure of Viking Age samples. a, Multidimensional scaling 
(MDS) of n = 1,305 ancient genomes, on the basis of a pairwise identity-by-state 
sharing matrix of the Viking Age and other ancient samples (Supplementary 
Table 3). Outlier individuals with hunter-gatherer (VK531) or Saami-related 

ancestry (VK518 and VK519) are highlighted. b, UMAP analysis of the same 
dataset as in a, with fine-scale ancestry groups highlighted. HG, 
hunter-gatherer.
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region, and the genes SLC45A2 and SLC22A441. We also find additional 
candidate regions for selection that have associated trajectories that 
start before the Viking Age, which suggests shared phenotypes between 
ancient Viking and present-day Scandinavian populations (Supplemen-
tary Note 14). These regions include one that overlaps DCC and that is 
implicated in colorectal cancer42, as well as one that overlaps AKNA and 
is involved in the secondary immune response43.

Evolution of complex traits in Scandinavia
To search for signals of recent population differentiation at SNP markers 
associated with complex traits, we compared genotypes of Viking Age 
individuals with those of a panel of present-day Danish individuals44. We 
obtained summary statistics from 16 well-powered genome-wide associa-
tion studies through the GWAS ATLAS45 and tested for a difference in the 
distribution of polygenic scores between the two groups (Supplementary 

Note 15). The polygenic scores of Viking Age individuals and present-day 
Danish individuals differed for three traits: black hair colour (P = 0.00089), 
standing height (P = 0.019) and schizophrenia (P = 0.0096), although the 
latter two were not significant after accounting for the number of tests 
(Extended Data Fig. 7). Currently, we cannot conclude whether the observed 
differences in allele frequencies are due to selection acting on these alleles 
between the Viking Age and the present time or to some other factors (such 
as more ethnic diversity in the Viking Age sample). A binomial test of the 
number of black hair colour risk alleles at higher frequency in the Viking Age 
sample and the present-day sample was also significant (65/41; P = 0.025), 
which suggests that the signal is not entirely driven by a few large-effect loci.

Viking genetic legacy in populations today
To test whether present-day Scandinavian populations share increased 
ancestry with their respective counterparts in the Viking Age, we first 

Iron Age Early Viking Age Viking Age

Southern
European

Southern
European

Southern
European

Danish-
like

Norwegian-
like

0
0.25
0.50
0.75
1.00

0
0.25
0.50
0.75
1.00

0
0.25
0.50
0.75
1.00

0
0.25
0.50
0.75
1.00

0

0.25

0.50

0.75

1.00

0

0.25

0.50

0.75

1.00

0

0.25

0.50

0.75

1.00

0
0.25
0.50
0.75
1.00

0
0.25
0.50
0.75
1.00

0
0.25
0.50
0.75
1.00

Danish-
like

Norwegian-
like

North
Atlantic

Swedish-
like

North
Atlantic

Fig. 4 | Spatiotemporal patterns of Viking and non-Viking ancestry in 
Europe during the Iron Age, Early Viking Age and Viking Age. We performed 
inverse distance-weighting interpolation of the ancestry painting proportions 
of each individual genome on a dense grid of points covering the European 
continent, to better visualize the distribution of ancestry paintings at different 
periods (Supplementary Note 12). Top, distinct spheres of influence in the 
Viking world. Middle, Danish Viking ancestry in southern Britain, Norwegian 

Viking ancestry in Ireland and Isle of Man and non-Scandinavian (‘North 
Atlantic’) ancestry in Orkney, Ireland and southern Britain. Bottom, Late 
southern European ancestry in southern Scandinavia. The Swedish-like 
ancestry is the highest in present-day Estonia owing to the ancient samples 
from the Salme ship burial, which originated from the Mälaren valley of Sweden 
(according to archaeological sources). n = 289 genomes used for interpolation.
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Estimates of the time of divergence between Siberians and Native 
Americans, based on whole-genome sequences, point to the formation 
of the Native American gene pool as early as around 23 kyr ago93, which 
lends further support to the early entrance of ancestors of Native Ameri-
cans into the Americas. When the accepted dates for the earliest archaeo-
logical sites in the Americas are taken into consideration, ancestors of 
Native Americans could have remained in isolation until around 8 kyr ago 
in Siberia or Beringia, following the split from their Siberian ancestors, 
before moving eastwards into the Americas. Although modern Siberians 
are the closest relatives of Native Americans outside of the Americas, 
genome sequencing of a 24-kyr-old Mal’ta skeleton73 suggests that Native 
Americans are derived from a mixture of populations that are related to 
the Mal’ta lineage as well as one or more unknown East-Asian lineages. 
Because the Clovis-associated genome and contemporary Native Ameri-
cans contain similar amounts of the Mal’ta genetic signature (14–38%), 
the admixture event happened more than 12.6 kyr ago. However, whether 
it took place inside or outside the Americas remains unclear.

In Native Americans, genomic data have been used to locate a basal 
division that can be dated to about 14–13 kyr ago73,91. The southern 
branch includes groups of Amerindian-language-speaking people and 
the northern branch includes groups of Athabascan-language-speaking 
people as well as other groups that speak languages such as Cree or 
Algonquin. Divergence estimates based on analyses of whole-genome 
sequencing data suggest that both groups diversified from Siberians 
concurrently, implying that there was only one founding event for both 
Amerindian and Athabascan populations that was followed by subse-
quent gene flow from Asia93. Whether the divergence between the two 
Native American branches took place in Siberia or the north or south of 
the American ice sheets is still under debate, and the analysis of further 
ancient genomes will be needed to resolve this. Similarly, it remains 
undetermined whether the discovery of the Australo-Melanesian sig-
nature in some contemporary Brazilian Native Americans (Fig. 3) can 

be attributed to gene flow at a later time93 or an unknown early founding 
population94. So far, no studies of the genomes of ancient humans from 
the Americas have shown this genetic signature.

The Inuit of the American Arctic have been shown to originate from 
a migration separate to that of other Native Americans95,96. However, it 
has long been discussed whether the first people to inhabit the Arctic, 
the now extinct Paleo-Eskimo culture, which appeared about 5 kyr ago 
in the Americas, represent the ancestors of the present-day Inuit or an 
independent founder population from Siberia96 (Fig. 3). Sequencing 
of DNA from a 4-kyr-old tuft of hair from Greenland5 showed that 
the population the individual belonged to had migrated from Siberia 
to the North American Arctic independently of the Native American 
and Inuit migrations97. The group then survived in the Arctic for about 
4 kyr by reinventing their subsistence strategies and technology but were 
eventually replaced by the Inuit around 700 yr ago.

The meeting with Denisovans
As well as the Neanderthals, at least one other type of archaic 
human — the enigmatic Denisovans — lived in Eurasia when the first 
modern humans started to appear on the continent. Little is known 
about the morphology and distribution of Denisovans, who are known 
only from the genome sequences of a finger bone and three teeth that 
were found in the Denisova Cave in Siberia98–100. They are most closely 
related to Neanderthals, with a genetic differentiation that is simi-
lar to the deepest splits between modern humans48 but an estimated 
time of divergence that possibly dates back 200–400 kyr48. Denisovans 
have many peculiarities; for instance, they may carry genetic material 
(obtained through admixture) from individuals related to earlier types 
of humans (Fig. 2), possibly Homo erectus48. Arguably, Denisovans can 
be considered to be the eastern or southern end of a spectrum of archaic 
humans that lived in Eurasia (and possibly beyond), with Neanderthals 
representing the western end.

Figure 3 | Major human migrations across the world inferred through 
analyses of genomic data. Some migration routes remain under debate. 
For example, there is still some uncertainty regarding the migration 
routes used to populate the Americas. Genomic data are limited in their 
resolution to determine paths of migration because further population 

movements, subsequent to the initial migrations, may obscure the 
geographic patterns that can be discerned from the genomic data. 
Proposed routes of migration that remain controversial are indicated 
by dashed lines. CA, Central Anatolia; FC, Fertile Crescent; IP, Iberian 
Peninsula; PCS, Pontic–Caspian steppe.

Paleo-Eskimo expansion 4–5 kyr ago

Inuit expansion 3–4 kyr ago

Polynesian expansion 3–5 kyr ago

Peopling of America across

Beringia 15–23 kyr ago

Neolithic 
expansion 
10 kyr ago

Alternative route to America

Possible 
pre-Columbian 

contact

Migration into Sahul
47.5–55 kyr ago

Palaeolithic 
Eurasians 
45–55 kyr ago

Migration 
of click-
language 
speakers 
50 kyr ago

Northern–southern split 
13 kyr ago

Yamnaya 
expansion 4.5 kyr ago

Out of Africa 
55–65 kyr ago

Sintashta expansion 
2.5–3.5 kyr ago

IP CA

Kyr ago
0

20

40

60

PCS

FC

3 0 6  |  N A T U R E  |  5 4 1  |  1 9  J A N U A R Y  2 0 1 7

REVIEWINSIGHT

ǟ
ɥ
ƐƎƏƗ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"Ʀ

ɥ
/�13

ɥ
.$
ɥ
�/1(-%#1

ɥ
��341#ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ ǟ

ɥ
ƐƎƏƗ

ɥ
�!,(++�-

ɥ
�4 +(2'#12

ɥ
�(,(3#"Ʀ

ɥ
/�13

ɥ
.$
ɥ
�/1(-%#1

ɥ
��341#ƥ

ɥ
�++
ɥ
1(%'32

ɥ
1#2#15#"ƥ



Kinship and ancestry in a late Neolithic mass grave

Schroeder et al. (2019) PNAS

Results and Discussion
DNA was isolated from teeth and petrous bones, using established
protocols, and the libraries were sequenced on Illumina HiSeq 2500
platforms. The sequence data showed all the hallmarks of damaged
ancient DNA, and modern contamination was estimated to be very
low (Table 1). The human endogenous DNA contents ranged be-
tween 13% and 75% (Dataset S3). According to the sequencing
data, eight of the individuals in the grave were males and seven
were females (Table 1). This is consistent with previously published
results based on skeletal traits, with the exception of one male
(individual 4) who had previously been identified as a probable
female and five juveniles who could not be sexed previously (2).
Data on phenotypic traits based on imputed genotypes (Dataset S5)
revealed that the individuals had mostly brown eyes, dark or dark-
blonde hair, and intermediate to dark skin.

Genetic Affinities. To investigate their genetic ancestry, we merged
the 15 Koszyce genomes with the Human Origins data set (3), as
well as 168 previously published ancient genomes (Dataset S6). In
addition, we included genome-wide data for nine individuals from

four contemporary, neighboring sites in southern Poland belonging
to the Globular Amphora culture and its Złota group variant that
we sequenced to between 0.2- and 1-fold coverage (Dataset S3).
We then performed a principal component analysis and found that
all 24 Globular Amphora/Złota group individuals clustered with
other previously sequenced Globular Amphora individuals (4, 5)
and other Neolithic groups (Fig. 2A). This confirms earlier sug-
gestions that the Globular Amphora people belonged to the
Neolithic gene pool of Europe, as typified by early Anatolian
farmers (4, 5).
To further investigate the ancestry of the Globular Amphora

individuals, we performed a supervised ADMIXTURE (6) analysis,
specifying typical western European hunter-gatherers (Loschbour),
early Neolithic Anatolian farmers (Barcın), and early Bronze Age
steppe populations (Yamnaya) as ancestral source populations (Fig.
2B). The results indicate that the Globular Amphora/Złota group
individuals harbor ca. 30% western hunter-gatherer and 70%
Neolithic farmer ancestry, but lack steppe ancestry. To formally
test different admixture models and estimate mixture propor-
tions, we then used qpAdm (7) and find that the Polish Globular

Table 1. Sequencing results for the Koszyce individuals

Individual
no.

Age at
death, y

Average depth
of coverage

Genome
coverage (%)

Chromosomal
sex

5′ C-T
(%)

Contamination
rate (%)

mtDNA
haplogroup

ChrY
haplogroup

1 25–30 2.8× 82 XX 19 0.3 T2b —

2 1.5–2 1.9× 75 XY 24 0.7 T2b I2a-L801
3 30–35 1.3× 67 XX 24 0.1 H27+16093 —

4 16–17 3.0× 83 XY 21 0.1 K1a1b1e I2a-L801
5 20–25 3.9× 85 XY 19 0.0 HV0a I2a-L801
6 13–14 1.1× 60 XX 20 0.4 K1a1b1e —

7 2–2.5 2.1× 77 XY 21 0.0 HV16 I2a-L801
8 30–35 3.0× 83 XX 22 0.2 J1c3f —

9 15–16 2.5× 81 XX 21 0.2 J1c3f —

10 18–20 2.4× 80 XY 20 0.1 HV0a I2a-L801
11 40–50 1.1× 60 XY 26 0.0 HV0a I2a-L801
12 30–40 3.7× 85 XX 22 0.4 K1a1b1e —

13 5–6 2.6× 81 XY 19 0.0 J1c3f I2a-L801
14 50–60 3.0× 83 XX 24 0.3 HV0a —

15 40–50 2.9× 82 XY 21 0.0 HV0a I2a-L801

Age at death was estimated based on standard osteological methods (47, 48). Genetic sex estimates were obtained by assessing the reads mapping to the Y
versus X chromosome (49). Deamination rates (5′ C-T) were estimated using MapDamage (34). Contamination rates are based on Schmutzi (35). For more
information, see Materials and Methods.
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Fig. 1. The mass grave at Koszyce, southern Poland. (A) Photograph of the 15 skeletons and grave goods buried at Koszyce site 3 (reproduced with per-
mission from ref. 2). (B) Map of Poland showing the location of Koszyce and four other Globular Amphora/Złota group sites included in this study.
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Late Neolithic ancestry peoples of Europe

Amphora/Złota group individuals can be modeled as a mix of
western European hunter-gatherer (17%) and Anatolian Neo-
lithic farmer (83%) ancestry (SI Appendix, Table S2), mirroring
the results of previous studies (4, 5).

Kinship and Consanguinity. Analyses of ancient genomes can
provide detailed information on the kinship structures and social
organization of past communities (8–10). At Koszyce, mito-
chondrial DNA (mtDNA) analysis revealed the presence of six
different maternal lineages, whereas analysis of the non-
recombining region of the Y chromosome showed that all males
carried the same Y chromosome haplotype: I2a-L801 (Table 1).
We then estimated genomic runs of homozygosity (ROH) and
found that the Koszyce individuals were not particularly inbred.
Although a slightly larger section of the Koszyce genomes is
contained within ROH compared with typical modern European
populations (SI Appendix, Fig. S7), this signal is mainly driven by
an increased fraction of short ROH (<2 Mb), which is indicative
of ancestral restrictions in population size rather than recent
inbreeding. On the basis of genome-wide patterns of allelic identity-
by-state (IBS), we computed kinship coefficients between all pairs
of individuals and applied established cutoff values for possible
kinship categories (Materials and Methods). We find that the
Koszyce burial represents a large extended family connected via
several first- and second-degree relationships (Fig. 3 and SI
Appendix, Fig. S9).
Overall, we identified four nuclear families in the grave, which

are for the most part represented by mothers and their children
(Fig. 3). Closely related kin were buried next to each other: a
mother was buried cradling her child, and siblings were placed
side by side. Evidently, these individuals were buried by people
who knew them well and who carefully placed them in the grave
according to familial relationships. For example, individual 14,
the oldest individual in the grave, was buried close to her two
sons (individuals 5 and 15), whereas individual 8, a 30–35-y-old
woman, was buried with her teenage daughter (individual 9) and

5-y-old son (individual 13). Using genome-wide patterns of IBS,
we were also able to reconstruct more complex relationships:
individuals 5, 10, 11, and 15 all appear to be brothers, and yet
they do not have the same mother (individual 14 is the mother of
individuals 5 and 15, but not 10 and 11), suggesting that they
might be half-brothers. However, all four of them share the same
mitochondrial DNA haplotype, suggesting that their mothers
might also have been related.
Interestingly, the older males/fathers are mostly missing from

the grave, suggesting that it might have been them who buried
their kin. The only father present in the grave is individual 10,
whose partner and son are placed together opposite him in the
grave. In addition, there is a young boy (individual 7), aged 2–2.5 y,
whose parents are not in the grave, but he is placed next to other
individuals to whom he is closely related through various second-
degree relationships. Finally, there is individual 3, an adult fe-
male, who does not seem to be genetically related to anyone in
the group. However, her position in the grave close to individual
4, a young man, suggests that she may have been as close to him in
life as she was in death. These biological data and burial arrange-
ments show that the social relationships held to be most significant
in these societies were identical with genetic and reproductive re-
lationships. However, they also demonstrate that nuclear families
were nested in larger, extended family groups, either permanently
or for parts of the year.

Social Organization, Residence Patterns, and Subsistence Strategies.
The presence of unrelated females and related males in the
grave is interesting because it suggests that the community at
Koszyce was organized along patrilineal lines of descent, adding
to the mounting evidence that this was the dominant form of
social organization among Late Neolithic communities in Central
Europe (11, 12). Usually, patrilineal forms of social organization
go hand in hand with female exogamy (i.e., the practice of women
marrying outside their social group). Indeed, several studies (11,
12) have shown that patrilocal residence patterns and female

BA

Fig. 2. Genetic affinities of the Koszyce individuals and other GAC groups (here including Złota) analyzed in this study. (A) Principal component analysis of
previously published and newly sequenced ancient individuals. Ancient genomes were projected onto modern reference populations, shown in gray. (B)
Ancestry proportions based on supervised ADMIXTURE analysis (K = 3), specifying Western hunter-gatherers, Anatolian Neolithic farmers, and early Bronze
Age steppe populations as ancestral source populations. LP, Late Paleolithic; M, Mesolithic; EN, Early Neolithic; MN, Middle Neolithic; LN, Late Neolithic; EBA,
Early Bronze Age; PWC, Pitted Ware culture; TRB, Trichterbecherkultur/Funnelbeaker culture; LBK, Linearbandkeramik/Linear Pottery culture; GAC, Globular
Amphora culture; Złota, Złota culture.
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Social structure of a late Neolithic community

exogamy prevailed in several parts of Central Europe during the
Late Neolithic. At Koszyce, there is no clear difference in enamel
87Sr/86Sr ratios between males and females (SI Appendix, Fig. S6)
that would suggest that the females are nonlocal. However, the
high diversity of mtDNA lineages, combined with the presence of
only a single Y chromosome lineage, is certainly consistent with a
patrilocal residence system.
Social organization is most often aligned with settlement and

subsistence patterns, and several studies (13–15) suggest that
Globular Amphora communities and other related groups spe-
cialized in animal husbandry, often with a main focus on cattle,
and that they moved around the landscape to seek new pastures
for their animals at different times of the year (see SI Appendix,
section 1 for a more detailed discussion). This form of mobility is
likely to have included fission-fusion dynamics in which a larger
social unit, similar to the extended family, would split up into
smaller groups, perhaps nuclear families, for certain purposes
and parts of the year (16). This dynamic could explain the relatively
high variation we observe in the 87Sr/86Sr isotope signatures at
Koszyce. Similar to strongly patrilineal modes of social organiza-
tion, such pastoral economic strategies have often been linked to
Corded Ware groups that introduced steppe genetic ancestry into
Europe (7, 17), and the two (social organization and economic
strategy) are probably linked: Pastoral ways of life involve a high
level of mobility within vaguely defined territories and with the
groups’ main economic capital, their animal herds, exposed across
the landscape, and thus harbor a significant potential for conflict

with neighboring groups. One ethnographically known cultural
response to this situation is to adopt an aggressive strategy toward
competing groups in which male dominance, including patrilineal
kin alliance, and warrior-like values prevail (18). Although we cannot
be certain that the people at Koszyce shared these values, we
show that they were organized around patrilineal descent groups,
demonstrating that this form of social organization was already
present in communities before the expansion of the Corded
Ware complex in Central and Eastern Europe (13, 14).

Intergroup Conflict and Violence.All individuals buried in the mass
grave at Koszyce exhibit extensive evidence of perimortem in-
juries (SI Appendix, section 3). The most common injuries are
cranial fractures (SI Appendix, Fig. S2), which indicate that the
individuals were killed by blows to the head. Overall, the nature
of the injuries and the near absence of so-called parry fractures
(i.e., injuries sustained to the upper limbs) suggest that the indi-
viduals were captured and executed, rather than killed in hand-to-
hand combat. The evidence for violence at Koszyce fits within a
wider pattern of extensive, frequent violence during specific stages
in European prehistory (19). Evidence from the Neolithic indicates
that lethal violence and massacres prevailed during periods of pop-
ulation pressure, competition over resources, and/or the expansion
of new groups into already-occupied territories (20, 21), a pattern
also observed in well-known cases from the New World (22).
Neolithic cases of intergroup violence appear to fall into one of

two categories, either targeting whole communities (11, 20) or
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Fig. 3. Kinship. (A) Artistic reconstruction of the Koszyce mass burial based partly on phenotypic traits inferred from the ancient genomes (reconstruction by
Michał Podsiadło); (B) Schematic representation of the burial and pedigree plots showing kinship relations between the Koszyce individuals inferred from
genetic data. (C) kinship network based on kinship coefficients inferred from IBS scores for pairs of Koszyce individuals showing first- and second-degree
relationships. Kinship coefficients and R scores are reported in Dataset S7 and plotted in SI Appendix, Fig. S9.
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exogamy prevailed in several parts of Central Europe during the
Late Neolithic. At Koszyce, there is no clear difference in enamel
87Sr/86Sr ratios between males and females (SI Appendix, Fig. S6)
that would suggest that the females are nonlocal. However, the
high diversity of mtDNA lineages, combined with the presence of
only a single Y chromosome lineage, is certainly consistent with a
patrilocal residence system.
Social organization is most often aligned with settlement and

subsistence patterns, and several studies (13–15) suggest that
Globular Amphora communities and other related groups spe-
cialized in animal husbandry, often with a main focus on cattle,
and that they moved around the landscape to seek new pastures
for their animals at different times of the year (see SI Appendix,
section 1 for a more detailed discussion). This form of mobility is
likely to have included fission-fusion dynamics in which a larger
social unit, similar to the extended family, would split up into
smaller groups, perhaps nuclear families, for certain purposes
and parts of the year (16). This dynamic could explain the relatively
high variation we observe in the 87Sr/86Sr isotope signatures at
Koszyce. Similar to strongly patrilineal modes of social organiza-
tion, such pastoral economic strategies have often been linked to
Corded Ware groups that introduced steppe genetic ancestry into
Europe (7, 17), and the two (social organization and economic
strategy) are probably linked: Pastoral ways of life involve a high
level of mobility within vaguely defined territories and with the
groups’ main economic capital, their animal herds, exposed across
the landscape, and thus harbor a significant potential for conflict

with neighboring groups. One ethnographically known cultural
response to this situation is to adopt an aggressive strategy toward
competing groups in which male dominance, including patrilineal
kin alliance, and warrior-like values prevail (18). Although we cannot
be certain that the people at Koszyce shared these values, we
show that they were organized around patrilineal descent groups,
demonstrating that this form of social organization was already
present in communities before the expansion of the Corded
Ware complex in Central and Eastern Europe (13, 14).

Intergroup Conflict and Violence.All individuals buried in the mass
grave at Koszyce exhibit extensive evidence of perimortem in-
juries (SI Appendix, section 3). The most common injuries are
cranial fractures (SI Appendix, Fig. S2), which indicate that the
individuals were killed by blows to the head. Overall, the nature
of the injuries and the near absence of so-called parry fractures
(i.e., injuries sustained to the upper limbs) suggest that the indi-
viduals were captured and executed, rather than killed in hand-to-
hand combat. The evidence for violence at Koszyce fits within a
wider pattern of extensive, frequent violence during specific stages
in European prehistory (19). Evidence from the Neolithic indicates
that lethal violence and massacres prevailed during periods of pop-
ulation pressure, competition over resources, and/or the expansion
of new groups into already-occupied territories (20, 21), a pattern
also observed in well-known cases from the New World (22).
Neolithic cases of intergroup violence appear to fall into one of

two categories, either targeting whole communities (11, 20) or
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Social structure of a late Neolithic community

exogamy prevailed in several parts of Central Europe during the
Late Neolithic. At Koszyce, there is no clear difference in enamel
87Sr/86Sr ratios between males and females (SI Appendix, Fig. S6)
that would suggest that the females are nonlocal. However, the
high diversity of mtDNA lineages, combined with the presence of
only a single Y chromosome lineage, is certainly consistent with a
patrilocal residence system.
Social organization is most often aligned with settlement and

subsistence patterns, and several studies (13–15) suggest that
Globular Amphora communities and other related groups spe-
cialized in animal husbandry, often with a main focus on cattle,
and that they moved around the landscape to seek new pastures
for their animals at different times of the year (see SI Appendix,
section 1 for a more detailed discussion). This form of mobility is
likely to have included fission-fusion dynamics in which a larger
social unit, similar to the extended family, would split up into
smaller groups, perhaps nuclear families, for certain purposes
and parts of the year (16). This dynamic could explain the relatively
high variation we observe in the 87Sr/86Sr isotope signatures at
Koszyce. Similar to strongly patrilineal modes of social organiza-
tion, such pastoral economic strategies have often been linked to
Corded Ware groups that introduced steppe genetic ancestry into
Europe (7, 17), and the two (social organization and economic
strategy) are probably linked: Pastoral ways of life involve a high
level of mobility within vaguely defined territories and with the
groups’ main economic capital, their animal herds, exposed across
the landscape, and thus harbor a significant potential for conflict

with neighboring groups. One ethnographically known cultural
response to this situation is to adopt an aggressive strategy toward
competing groups in which male dominance, including patrilineal
kin alliance, and warrior-like values prevail (18). Although we cannot
be certain that the people at Koszyce shared these values, we
show that they were organized around patrilineal descent groups,
demonstrating that this form of social organization was already
present in communities before the expansion of the Corded
Ware complex in Central and Eastern Europe (13, 14).

Intergroup Conflict and Violence.All individuals buried in the mass
grave at Koszyce exhibit extensive evidence of perimortem in-
juries (SI Appendix, section 3). The most common injuries are
cranial fractures (SI Appendix, Fig. S2), which indicate that the
individuals were killed by blows to the head. Overall, the nature
of the injuries and the near absence of so-called parry fractures
(i.e., injuries sustained to the upper limbs) suggest that the indi-
viduals were captured and executed, rather than killed in hand-to-
hand combat. The evidence for violence at Koszyce fits within a
wider pattern of extensive, frequent violence during specific stages
in European prehistory (19). Evidence from the Neolithic indicates
that lethal violence and massacres prevailed during periods of pop-
ulation pressure, competition over resources, and/or the expansion
of new groups into already-occupied territories (20, 21), a pattern
also observed in well-known cases from the New World (22).
Neolithic cases of intergroup violence appear to fall into one of

two categories, either targeting whole communities (11, 20) or
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exogamy prevailed in several parts of Central Europe during the
Late Neolithic. At Koszyce, there is no clear difference in enamel
87Sr/86Sr ratios between males and females (SI Appendix, Fig. S6)
that would suggest that the females are nonlocal. However, the
high diversity of mtDNA lineages, combined with the presence of
only a single Y chromosome lineage, is certainly consistent with a
patrilocal residence system.
Social organization is most often aligned with settlement and

subsistence patterns, and several studies (13–15) suggest that
Globular Amphora communities and other related groups spe-
cialized in animal husbandry, often with a main focus on cattle,
and that they moved around the landscape to seek new pastures
for their animals at different times of the year (see SI Appendix,
section 1 for a more detailed discussion). This form of mobility is
likely to have included fission-fusion dynamics in which a larger
social unit, similar to the extended family, would split up into
smaller groups, perhaps nuclear families, for certain purposes
and parts of the year (16). This dynamic could explain the relatively
high variation we observe in the 87Sr/86Sr isotope signatures at
Koszyce. Similar to strongly patrilineal modes of social organiza-
tion, such pastoral economic strategies have often been linked to
Corded Ware groups that introduced steppe genetic ancestry into
Europe (7, 17), and the two (social organization and economic
strategy) are probably linked: Pastoral ways of life involve a high
level of mobility within vaguely defined territories and with the
groups’ main economic capital, their animal herds, exposed across
the landscape, and thus harbor a significant potential for conflict

with neighboring groups. One ethnographically known cultural
response to this situation is to adopt an aggressive strategy toward
competing groups in which male dominance, including patrilineal
kin alliance, and warrior-like values prevail (18). Although we cannot
be certain that the people at Koszyce shared these values, we
show that they were organized around patrilineal descent groups,
demonstrating that this form of social organization was already
present in communities before the expansion of the Corded
Ware complex in Central and Eastern Europe (13, 14).

Intergroup Conflict and Violence.All individuals buried in the mass
grave at Koszyce exhibit extensive evidence of perimortem in-
juries (SI Appendix, section 3). The most common injuries are
cranial fractures (SI Appendix, Fig. S2), which indicate that the
individuals were killed by blows to the head. Overall, the nature
of the injuries and the near absence of so-called parry fractures
(i.e., injuries sustained to the upper limbs) suggest that the indi-
viduals were captured and executed, rather than killed in hand-to-
hand combat. The evidence for violence at Koszyce fits within a
wider pattern of extensive, frequent violence during specific stages
in European prehistory (19). Evidence from the Neolithic indicates
that lethal violence and massacres prevailed during periods of pop-
ulation pressure, competition over resources, and/or the expansion
of new groups into already-occupied territories (20, 21), a pattern
also observed in well-known cases from the New World (22).
Neolithic cases of intergroup violence appear to fall into one of

two categories, either targeting whole communities (11, 20) or
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Burial positions shows individuals were buried by their kin

Schroeder et al. (2019) PNAS



Migrations 
How did modern humans disperse 
throughout history? 

Networks 
How were pre-historic human societies 
structured?

Microbes 
What pathogens were affecting humans 
throughout history?

Estimates of the time of divergence between Siberians and Native 
Americans, based on whole-genome sequences, point to the formation 
of the Native American gene pool as early as around 23 kyr ago93, which 
lends further support to the early entrance of ancestors of Native Ameri-
cans into the Americas. When the accepted dates for the earliest archaeo-
logical sites in the Americas are taken into consideration, ancestors of 
Native Americans could have remained in isolation until around 8 kyr ago 
in Siberia or Beringia, following the split from their Siberian ancestors, 
before moving eastwards into the Americas. Although modern Siberians 
are the closest relatives of Native Americans outside of the Americas, 
genome sequencing of a 24-kyr-old Mal’ta skeleton73 suggests that Native 
Americans are derived from a mixture of populations that are related to 
the Mal’ta lineage as well as one or more unknown East-Asian lineages. 
Because the Clovis-associated genome and contemporary Native Ameri-
cans contain similar amounts of the Mal’ta genetic signature (14–38%), 
the admixture event happened more than 12.6 kyr ago. However, whether 
it took place inside or outside the Americas remains unclear.

In Native Americans, genomic data have been used to locate a basal 
division that can be dated to about 14–13 kyr ago73,91. The southern 
branch includes groups of Amerindian-language-speaking people and 
the northern branch includes groups of Athabascan-language-speaking 
people as well as other groups that speak languages such as Cree or 
Algonquin. Divergence estimates based on analyses of whole-genome 
sequencing data suggest that both groups diversified from Siberians 
concurrently, implying that there was only one founding event for both 
Amerindian and Athabascan populations that was followed by subse-
quent gene flow from Asia93. Whether the divergence between the two 
Native American branches took place in Siberia or the north or south of 
the American ice sheets is still under debate, and the analysis of further 
ancient genomes will be needed to resolve this. Similarly, it remains 
undetermined whether the discovery of the Australo-Melanesian sig-
nature in some contemporary Brazilian Native Americans (Fig. 3) can 

be attributed to gene flow at a later time93 or an unknown early founding 
population94. So far, no studies of the genomes of ancient humans from 
the Americas have shown this genetic signature.

The Inuit of the American Arctic have been shown to originate from 
a migration separate to that of other Native Americans95,96. However, it 
has long been discussed whether the first people to inhabit the Arctic, 
the now extinct Paleo-Eskimo culture, which appeared about 5 kyr ago 
in the Americas, represent the ancestors of the present-day Inuit or an 
independent founder population from Siberia96 (Fig. 3). Sequencing 
of DNA from a 4-kyr-old tuft of hair from Greenland5 showed that 
the population the individual belonged to had migrated from Siberia 
to the North American Arctic independently of the Native American 
and Inuit migrations97. The group then survived in the Arctic for about 
4 kyr by reinventing their subsistence strategies and technology but were 
eventually replaced by the Inuit around 700 yr ago.

The meeting with Denisovans
As well as the Neanderthals, at least one other type of archaic 
human — the enigmatic Denisovans — lived in Eurasia when the first 
modern humans started to appear on the continent. Little is known 
about the morphology and distribution of Denisovans, who are known 
only from the genome sequences of a finger bone and three teeth that 
were found in the Denisova Cave in Siberia98–100. They are most closely 
related to Neanderthals, with a genetic differentiation that is simi-
lar to the deepest splits between modern humans48 but an estimated 
time of divergence that possibly dates back 200–400 kyr48. Denisovans 
have many peculiarities; for instance, they may carry genetic material 
(obtained through admixture) from individuals related to earlier types 
of humans (Fig. 2), possibly Homo erectus48. Arguably, Denisovans can 
be considered to be the eastern or southern end of a spectrum of archaic 
humans that lived in Eurasia (and possibly beyond), with Neanderthals 
representing the western end.

Figure 3 | Major human migrations across the world inferred through 
analyses of genomic data. Some migration routes remain under debate. 
For example, there is still some uncertainty regarding the migration 
routes used to populate the Americas. Genomic data are limited in their 
resolution to determine paths of migration because further population 

movements, subsequent to the initial migrations, may obscure the 
geographic patterns that can be discerned from the genomic data. 
Proposed routes of migration that remain controversial are indicated 
by dashed lines. CA, Central Anatolia; FC, Fertile Crescent; IP, Iberian 
Peninsula; PCS, Pontic–Caspian steppe.
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Smallpox

Variola virus 

186kb DNA virus



The historically important dates highlighted in the map show countries 
in which the last naturally acquired cases of smallpox occured.

The years for each continent correspond to the year 
when the disease was eradicated there.

GLOBAL SMALLPOX ERADICATION

NORTH AMERICA
1952

EUROPE
1953

SOUTH AMERICA
1971

Ecuador, 1962
Last known case of variola 
major on the continent

Brazil, April 19, 1971
Last known case of variola 
minor on the continent

ASIA
1975

Bangladesh, October 16, 1975
Last known case of variola major 
in the worldAFRICA

1977

Somalia, October 12, 1977
Last known case of variola 
minor in the world

AUSTRALIA*

* Smallpox was never endemic (widespread) in Australia
CS265471-A

1950

1952, North America
1953, Europe

1960 1970

1971, South America
1975, Asia

1977, Africa

1980

1980, WHO declares the 
world free of smallpox



The Viking Age smallpox

Muehlemann*, Vinner* et al (2020) Science

Recovery of 13 ancient variola virus genomes (0.01X - 45X) 
11 from Viking Age (500 CE - 1100 CE), 2 from 19th century



A recent origin for smallpox
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