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Characteristics of ancient DNA

High taxonomic resolution is often achieved through 
meta-barcoding, an approach that combines barcode 
PCR with NGS22,130–132 and uses tagged (indexed) prim-
ers, eliminating the need for conventional molecu-
lar cloning to separate out individual sequences from 
the amplicon pool. Multiple samples can be simul-
taneously sequenced owing to the incorporation of 
short sample-specific index sequences into the PCR 
primers, usually of 4–6 bases, thereby allowing later 
bioinformatic recovery of specific sample sets. This 
approach is popular because of its cost-effectiveness 
and perceived sensitivity. However, it also has limi-
tations. First, the termini of the aDNA fragments are 
generally not amplified using this method, so dam-
age parameters such as cytosine deamination cannot 
be used as an authentication criterion. Second, allelic 

drop out, the failure of certain templates to amplify, can 
occur as a result of the clonal biases inherent in PCR 
or from length polymorphisms in the target region133, 
both of which are especially problematic when DNA 
is degraded and the template copy number is low, giv-
ing rise to low or skewed sequence complexity. As with 
PCR-based aDNA approaches used in the 1990s, the 
authentication of meta-barcoding results relies instead 
on reproducibility across multiple PCR replicates128 and 
demonstrating that negative controls are either blank 
or contain different sequence signatures from that seen 
within the samples. Alternative shotgun sequencing 
and/or target-enrichment approaches are increasingly 
being applied in palaeo environmental reconstruc-
tions48,49,134,135, along with authentication approaches 
suitable for low-representation metagenomic data136 
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Fig. 3 | Post-mortem DNA damage and data authentication. a | A typical 
ancient DNA (aDNA) molecule. Fragmentation through purine loss results 
in the formation of overhanging ends, shown as 5′ overhangs, where 
cytosine deamination is considerably faster than within double-stranded 
parts. The base composition and nucleotide misincorporation profiles 
around read starts and read ends are shown for data generated on 
double-stranded DNA libraries both in the absence (part b) and in the 
presence (part c) of USER treatment125,126 (data from255). Positions 1–10 refer 
to the first 10 read positions, whereas positions –5 to –1 correspond to the 
5 genomic positions located upstream of reads. The base composition 
indicated corresponds to that of the reference genome. Positions N–9 to 
N refer to the last 10 read positions, whereas positions N+1 to N+5 
correspond to the 5 genomic positions located downstream of reads. In the 

absence of USER treatment, sequence data are enriched in purines 
(G and A) at genomic positions flanking read starts and show an increasing 
excess of C to T misincorporations towards read starts, regardless of 
CpG contexts. The same happens with G to A at read ends. Such cytosine 
deamination profiles are lost for sequences generated using the same 
sample and methodology but applying USER to DNA extracts, except 
within CpG contexts. DNA processing during the construction of 
single-stranded DNA libraries results in different base compositional 
profiles, in which profiled read ends are symmetrical to those observed 
at read starts, instead of being reverse complemented. ReadF and 
ReadR form the read pair resulting from paired-end sequencing. USER, 
uracil–DNA–glycosylase (UDG) and endonuclease VIII (Endo VIII) 
(New England Biolabs).

Shotgun sequencing
Non-targeted sequencing  
of DNA library content.
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Fig. 3 | Post-mortem DNA damage and data authentication. a | A typical 
ancient DNA (aDNA) molecule. Fragmentation through purine loss results 
in the formation of overhanging ends, shown as 5′ overhangs, where 
cytosine deamination is considerably faster than within double-stranded 
parts. The base composition and nucleotide misincorporation profiles 
around read starts and read ends are shown for data generated on 
double-stranded DNA libraries both in the absence (part b) and in the 
presence (part c) of USER treatment125,126 (data from255). Positions 1–10 refer 
to the first 10 read positions, whereas positions –5 to –1 correspond to the 
5 genomic positions located upstream of reads. The base composition 
indicated corresponds to that of the reference genome. Positions N–9 to 
N refer to the last 10 read positions, whereas positions N+1 to N+5 
correspond to the 5 genomic positions located downstream of reads. In the 

absence of USER treatment, sequence data are enriched in purines 
(G and A) at genomic positions flanking read starts and show an increasing 
excess of C to T misincorporations towards read starts, regardless of 
CpG contexts. The same happens with G to A at read ends. Such cytosine 
deamination profiles are lost for sequences generated using the same 
sample and methodology but applying USER to DNA extracts, except 
within CpG contexts. DNA processing during the construction of 
single-stranded DNA libraries results in different base compositional 
profiles, in which profiled read ends are symmetrical to those observed 
at read starts, instead of being reverse complemented. ReadF and 
ReadR form the read pair resulting from paired-end sequencing. USER, 
uracil–DNA–glycosylase (UDG) and endonuclease VIII (Endo VIII) 
(New England Biolabs).

Shotgun sequencing
Non-targeted sequencing  
of DNA library content.

  7NATURE REVIEWS | METHODS PRIMERS | Article citation I D:             (2021) 1:14  

P R I M E R

0123456789();

Orlando et al (2021) Nat Rev Methods Primers

Highly fragmented - short molecules (< 100bp)



Characteristics of ancient DNA

High taxonomic resolution is often achieved through 
meta-barcoding, an approach that combines barcode 
PCR with NGS22,130–132 and uses tagged (indexed) prim-
ers, eliminating the need for conventional molecu-
lar cloning to separate out individual sequences from 
the amplicon pool. Multiple samples can be simul-
taneously sequenced owing to the incorporation of 
short sample-specific index sequences into the PCR 
primers, usually of 4–6 bases, thereby allowing later 
bioinformatic recovery of specific sample sets. This 
approach is popular because of its cost-effectiveness 
and perceived sensitivity. However, it also has limi-
tations. First, the termini of the aDNA fragments are 
generally not amplified using this method, so dam-
age parameters such as cytosine deamination cannot 
be used as an authentication criterion. Second, allelic 

drop out, the failure of certain templates to amplify, can 
occur as a result of the clonal biases inherent in PCR 
or from length polymorphisms in the target region133, 
both of which are especially problematic when DNA 
is degraded and the template copy number is low, giv-
ing rise to low or skewed sequence complexity. As with 
PCR-based aDNA approaches used in the 1990s, the 
authentication of meta-barcoding results relies instead 
on reproducibility across multiple PCR replicates128 and 
demonstrating that negative controls are either blank 
or contain different sequence signatures from that seen 
within the samples. Alternative shotgun sequencing 
and/or target-enrichment approaches are increasingly 
being applied in palaeo environmental reconstruc-
tions48,49,134,135, along with authentication approaches 
suitable for low-representation metagenomic data136 

0.00

0.25

0.50

0.75

1.00

0.0

0.1

0.2

0.3

0.4

0.5

N–9
N–8

N–7
N–6

N–5
N–4

N–3
N–2

N–1
N+1

N+2
N+3

N+4
N+5N

Position

0.00

0.25

0.50

0.75

1.00

0.0

0.1

0.2

0.3

0.4

0.5

–5 –4 –3 –2 –1 1 2 3 4 5 6 7 8 9 10

Position

–5 –4 –3 –2 –1 1 2 3 4 5 6 7 8 9 10

Position

Ba
se

 c
om

po
si

ti
on

Nick

TU A T C TA G C G TG A C G TC A G G TAC A T G AT G C G C TA A G G TT A G
T A UTCCG ATCGC ATCGT ACGA T CAACT CATGCC GTACT ATG

ReadR

ReadF

Deaminated C Depurinated site

5′ overhang

5′ overhang

N–9
N–8

N–7
N–6

N–5
N–4

N–3
N–2

N–1
N+1

N+2
N+3

N+4
N+5N

Position

0.25

0.50

0.75

1.00

Ba
se

 c
om

po
si

ti
on

0.00

M
isincorporation

frequency
M

isincorporation
frequency

0.0

0.1

0.2

0.3

0.4

0.5

a

b

c

T C G A CpG to TpG CpG to CpAC to T G to A

0.0

0.1

0.2

0.3

0.4

0.5

0.00

0.25

0.50

0.75

1.00

Fig. 3 | Post-mortem DNA damage and data authentication. a | A typical 
ancient DNA (aDNA) molecule. Fragmentation through purine loss results 
in the formation of overhanging ends, shown as 5′ overhangs, where 
cytosine deamination is considerably faster than within double-stranded 
parts. The base composition and nucleotide misincorporation profiles 
around read starts and read ends are shown for data generated on 
double-stranded DNA libraries both in the absence (part b) and in the 
presence (part c) of USER treatment125,126 (data from255). Positions 1–10 refer 
to the first 10 read positions, whereas positions –5 to –1 correspond to the 
5 genomic positions located upstream of reads. The base composition 
indicated corresponds to that of the reference genome. Positions N–9 to 
N refer to the last 10 read positions, whereas positions N+1 to N+5 
correspond to the 5 genomic positions located downstream of reads. In the 

absence of USER treatment, sequence data are enriched in purines 
(G and A) at genomic positions flanking read starts and show an increasing 
excess of C to T misincorporations towards read starts, regardless of 
CpG contexts. The same happens with G to A at read ends. Such cytosine 
deamination profiles are lost for sequences generated using the same 
sample and methodology but applying USER to DNA extracts, except 
within CpG contexts. DNA processing during the construction of 
single-stranded DNA libraries results in different base compositional 
profiles, in which profiled read ends are symmetrical to those observed 
at read starts, instead of being reverse complemented. ReadF and 
ReadR form the read pair resulting from paired-end sequencing. USER, 
uracil–DNA–glycosylase (UDG) and endonuclease VIII (Endo VIII) 
(New England Biolabs).

Shotgun sequencing
Non-targeted sequencing  
of DNA library content.
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Characteristics of ancient DNA

High taxonomic resolution is often achieved through 
meta-barcoding, an approach that combines barcode 
PCR with NGS22,130–132 and uses tagged (indexed) prim-
ers, eliminating the need for conventional molecu-
lar cloning to separate out individual sequences from 
the amplicon pool. Multiple samples can be simul-
taneously sequenced owing to the incorporation of 
short sample-specific index sequences into the PCR 
primers, usually of 4–6 bases, thereby allowing later 
bioinformatic recovery of specific sample sets. This 
approach is popular because of its cost-effectiveness 
and perceived sensitivity. However, it also has limi-
tations. First, the termini of the aDNA fragments are 
generally not amplified using this method, so dam-
age parameters such as cytosine deamination cannot 
be used as an authentication criterion. Second, allelic 

drop out, the failure of certain templates to amplify, can 
occur as a result of the clonal biases inherent in PCR 
or from length polymorphisms in the target region133, 
both of which are especially problematic when DNA 
is degraded and the template copy number is low, giv-
ing rise to low or skewed sequence complexity. As with 
PCR-based aDNA approaches used in the 1990s, the 
authentication of meta-barcoding results relies instead 
on reproducibility across multiple PCR replicates128 and 
demonstrating that negative controls are either blank 
or contain different sequence signatures from that seen 
within the samples. Alternative shotgun sequencing 
and/or target-enrichment approaches are increasingly 
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Fig. 3 | Post-mortem DNA damage and data authentication. a | A typical 
ancient DNA (aDNA) molecule. Fragmentation through purine loss results 
in the formation of overhanging ends, shown as 5′ overhangs, where 
cytosine deamination is considerably faster than within double-stranded 
parts. The base composition and nucleotide misincorporation profiles 
around read starts and read ends are shown for data generated on 
double-stranded DNA libraries both in the absence (part b) and in the 
presence (part c) of USER treatment125,126 (data from255). Positions 1–10 refer 
to the first 10 read positions, whereas positions –5 to –1 correspond to the 
5 genomic positions located upstream of reads. The base composition 
indicated corresponds to that of the reference genome. Positions N–9 to 
N refer to the last 10 read positions, whereas positions N+1 to N+5 
correspond to the 5 genomic positions located downstream of reads. In the 

absence of USER treatment, sequence data are enriched in purines 
(G and A) at genomic positions flanking read starts and show an increasing 
excess of C to T misincorporations towards read starts, regardless of 
CpG contexts. The same happens with G to A at read ends. Such cytosine 
deamination profiles are lost for sequences generated using the same 
sample and methodology but applying USER to DNA extracts, except 
within CpG contexts. DNA processing during the construction of 
single-stranded DNA libraries results in different base compositional 
profiles, in which profiled read ends are symmetrical to those observed 
at read starts, instead of being reverse complemented. ReadF and 
ReadR form the read pair resulting from paired-end sequencing. USER, 
uracil–DNA–glycosylase (UDG) and endonuclease VIII (Endo VIII) 
(New England Biolabs).

Shotgun sequencing
Non-targeted sequencing  
of DNA library content.
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Ancient DNA workflow
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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.
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Ancient DNA fragmentation follows exponential decay
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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

Proc. R. Soc. B

 on October 10, 2012rspb.royalsocietypublishing.orgDownloaded from 

Allentoft et al (2012) Proc R Soc B
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Endogenous DNA content varies substantially between samples

Wet lab challenges - endogenous DNA

Low endogenous High endogenous

Endogenous DNA

Other DNA



DNA capture enrichment (targeted or whole genome) to increase endogenous DNA

Wet lab challenges - endogenous DNA

Low endogenous High endogenous

technique would target as much of the endogenous
genome as possible so as not to discard any potentially
informative sequences.
In the present study, we use a method we call whole-

genome in-solution capture (WISC) as an unbiased means
to increase the proportion of endogenous DNA in aDNA
sequencing libraries. To target as much of the remaining
endogenous DNA as possible, we created human genomic
DNA ‘‘bait’’ libraries from a modern reference individual
with adapters containing T7 RNA polymerase promoters
(see Material and Methods). We then performed in vitro
transcription of these libraries with biotinylated UTP, pro-
ducing RNA baits covering the entire human genome.
Analogous to current exome capture technologies,14 these
baits were hybridized to aDNA libraries in solution and

pulled down with magnetic streptavidin-coated beads.
The unbound, predominantly nonhuman DNA was then
washed away, and the captured endogenous human DNA
was eluted and amplified for sequencing. Figure 1 shows
a schematic overview of the WISC process, including the
creation of the RNA bait libraries. By using both baits
and adaptor-blocking oligos made from RNA, we were
able to remove any residual baits and blockers by RNase
treatment prior to PCR amplification.

Material and Methods

Ancient Specimens
The four Bulgarian teeth used in this study were obtained from

four different excavations.

Figure 1. Schematic of the Whole-Genome In-Solution Capture Process
To generate the RNA ‘‘bait’’ library, a human genomic library is created via adapters containing T7 RNA polymerase promoters (green
boxes). This library is subjected to in vitro transcription via T7 RNA polymerase and biotin-16-UTP (stars), creating a biotinylated
bait library. Meanwhile, the ancient DNA library (aDNA ‘‘pond’’) is prepared via standard indexed Illumina adapters (purple boxes).
These aDNA libraries often contain <1% endogenous DNA, with the remainder being environmental in origin. During hybridization,
the bait and pond are combined in the presence of adaptor-blocking RNA oligos (blue zigzags), which are complimentary to the indexed
Illumina adapters and thus prevent nonspecific hybridization between adapters in the aDNA library. After hybridization, the bio-
tinylated bait and bound aDNA is pulled downwith streptavidin-coatedmagnetic beads, and any unboundDNA is washed away. Finally,
the DNA is eluted and amplified for sequencing.
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Wet lab challenges - endogenous DNA

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 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.
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prehistory through the analysis of a 5,000-year temporal transect
of complete and partial genomes of individuals from archae-
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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
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Presence of pathogen DNA in different tissues

Margaryan et al (2018) Ecol Evol

Wet lab challenges - tissue availability
3538  |     MARGARYAN et Al.

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 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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Dry lab challenges - DNA contamination

Commonly used laboratory reagents have distinct microbial contamination profiles

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

C



Dry lab challenges - DNA contamination

Public genome databases contain many contaminated entries

Steinegger and Salzberg  (2020) Genome Biol

Steinegger and Salzberg Genome Biology          (2020) 21:115 Page 3 of 12

We present Conterminator (Fig. 1b), a fast method for detecting contamination in
nucleotide and protein databases by computing local alignments across taxonomic king-
doms. It utilizes the linear-time all-against-all comparison algorithm from Linclust [22]
followed by exhaustive alignments using MMseqs2 [23]. This enables us to process huge
nucleotide and protein sequence sets on a single server. We applied this method to quan-
tify the current state of contamination in the nucleotide databases Genbank [1] and
RefSeq [17], and in the comprehensive NR protein database [1].

Results
Figure 2 summarizes the contamination found by Conterminator in RefSeq (Fig. 2a, b) and
GenBank (Fig. 2c, d). Processing the 1.5 and 3.3 TB in RefSeq and GenBank took 5 and
12 days on a single 32-core machine with 2 TB of main memory. Conterminator reported
114,035 and 2,161,746 contaminated sequences affecting 2767 and 6795 species in Ref-
Seq and GenBank, respectively. Identifiers of the contaminated sequences are available

Fig. 2 Results of contamination within the RefSeq and GenBank. a Distribution of contaminated species in
RefSeq across five kingdoms: Bacteria and Archaea (violet), Fungi (yellow), Metazoa (red), Viridiplantae (green)
and other Eukaryotes (turquoise). b Sankey plot of the top 13 contaminated species in RefSeq. We show the
taxonomic ranks domain, kingdom, phylum, and species. Numbers shown above each taxonomic node
indicate the total number of contaminated sequences. The tree uses the same color code for kingdoms as in
a. c, d Same as a, b but for GenBank
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FIG. 1. Scanning electron micrograph of a Y. pestis Ti colony grown at 229C for 24 h. x20,000.
FIG. 2. A single Y. pestis bacillus grown at 22TC for 24 h. x59,000.
FIG. 3. Y. pestis colony cultured at 379C for 24 h. x15,000.
FIG. 4. Y. pestis cultured at 37TC for 24 h. Note the "lumpy" surfaces of the organisms. x43,000.
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DNA fragment length distribution 
Ancient DNA molecules are usually short 
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Renaud et al (2015) Bioinformatics

Quantify fraction of contaminating sequences

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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Edit distance distribution 
Reads should have low divergence to the reference
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Principal component analysis

Novembre et al (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
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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. 
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PCA of ancient humans in West Eurasians

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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Principal component analyses for different time periods and focusing on western Eurasia. (a) Modern-day samples, (b) Upper Palaeolithic and
Mesolithic samples, including samples identified as representative for prehistoric clusters in [5!!], arrows show transitions during the Upper
Palaeolithic, (c) early and middle Neolithic samples, and (d) late Neolithic and Bronze Age samples. Individuals from previous sub-figures are
depicted in gray.
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Infer principal components using high quality modern data 
Project low coverage ancient samples onto inferred components
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Drawbacks with PCA projections

Allentoft, Sikora et al (2022) bioRxiv
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species which recolonized the Scandinavian peninsula
from the south and north-east after the last glacial period
[28–30]. Surprisingly, some of these Scandinavian hunter-
gatherers were carriers of the derived allele in the EDAR
gene [27!]. EDAR affects hair thickness and teeth mor-
phology and has been subject to a selective sweep in East
Asia, but the derived allele is virtually absent from
modern day Europe [27!]. Together with evidence from
stone tool technology [31] and the potential introduction
of domesticated dogs from Asia [32–34] this suggests large

scale networks across Eurasia already during the Upper
Palaeolithic and Mesolithic periods.

The Neolithic transition
The Neolithic transition — the transformation from a
hunter-gatherer lifestyle to a sedentary farming life-
style — has been an exceptionally important change in
human history and forms the basis for emergence of
civilizations. This transition occurred independently in
different parts of the world [35]. For western Eurasia, the
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Supervised Admixture [75] analysis of ancient samples and modern populations from the 1000 genomes project [76!] shown together with the
approximate geographic origin of the ancient samples and the sample age. Admixture was run in supervised mode using Western hunter-
gatherers, Anatolian Neolithic farmers and Yamnaya herders from the Pontic steppe as ‘source’ populations [7!]. Note that these three ‘source’
groups were themselves mixed groups (see text). Pie charts show admixture proportions for modern European populations from the
1000 genomes project.
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The F-statistic framework
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6. Closest relative: What is the closest relative to a contem-
porary or ancient population (Raghavan et al. 2014)?

The demographic models under which these questions are
addressed, and that motivated the drift indexes, are called
population phylogenies and admixture graphs. The population
phylogeny (or population tree) is a model where populations
are related in a tree-like fashion (Figure 1A), and it frequently
serves as the null model for admixture tests. The branch
lengths in the population phylogeny correspond to howmuch
genetic drift occurred, so that a branch that is subtended by
two different populations can be interpreted as the “shared”
genetic drift between these populations. The alternative
model is an admixture graph (Figure 1B), which extends
the population phylogeny by allowing edges that represent
population mergers or a significant exchange of migrants.

Under a population phylogeny, the three F-statistics pro-
posed by Reich et al. (2009), labeled F2, F3, and F4, have
interpretations as branch lengths (Figure 1A) between two,
three, and four taxa, respectively. Assume populations are
labeled as P1, P2, . . .. Then

F2(P1, P2) corresponds to the path on the phylogeny from P1
to P2.

F3 (PX; P1, P2) represents the length of the external branch
from PX to the (unique) internal vertex connecting all three
populations. Thus, the first parameter of F3 has a unique
role, whereas the other two can be switched arbitrarily.

FðBÞ4 (P1, P2; P3, P4) represents the internal branch from the
internal vertex connecting P1 and P2 to the vertex con-
necting P3 and P4 (Figure 1A, blue).

If the arguments are permuted, some F-statistics will have
no corresponding internal branch. In particular, it can be
shown that in a population phylogeny, one F4 index will be
zero, implying that the corresponding internal branch is miss-
ing. This is the property that is used in the admixture test. For
clarity, I add the superscript FðBÞ4 if I need to emphasize the
interpretation of F4 as a branch length and FðTÞ4 to emphasize
the interpretation as a test statistic. For details, see the F4
subsection in Methods and Results.

In an admixture graph, there is no longer a single branch
length corresponding to each F-statistic, and interpretations
are more complex. However, F-statistics can still be thought
of as the proportion of genetic drift shared between popula-
tions (Reich et al. 2009). The basic idea exploited in addressing
all six questions outlined above is that under a tree model,
branch lengths, and thus the drift indexes, must satisfy some
constraints (Buneman 1971; Semple and Steel 2003; Reich
et al. 2009). The two most relevant constraints are that (i) in
a tree, all branches have positive lengths (tested using the F3-
admixture test) and (ii) in a tree with four leaves, there is at
most one internal branch (tested using the F4-admixture test).

The goal of this article is to give a broad overview on the
theory, ideas, and applications of F-statistics. Our starting point
is a brief review on how genetic drift is quantified in general
and how it is measured using F2. I then propose an alternative

definition of F2 that allows us to simplify applications and
study them under a wide range of population structure mod-
els. I then review some basic properties of distance-based phy-
logenetic trees, show how the admixture tests are interpreted
in this context, and evaluate their behavior. Many of the results
that are highlighted here are implicit in classical (Wahlund
1928; Wright 1931; Cavalli-Sforza and Edwards 1967;
Felsenstein 1973, 1981; Cavalli-Sforza andPiazza 1975; Slatkin
1991; Excoffier et al. 1992) and more recent work (Patterson
et al. 2012; Pickrell and Pritchard 2012; Lipson et al. 2013),
but often not explicitly stated or given in a different context.

Methods and Results

Thenext sections discuss the F-statistics, introducing different
interpretations and giving derivations for some useful expres-
sions. A graphical summary of the three interpretations of the
statistics is given in Figure 2, and the main formulas are
summarized in Table 1.

Throughout this article, populations are labeled as P1,
P2, . . . , Pi, . . . . Often, PX will denote an admixed population.
The allele frequency pi is defined as the proportion of indi-
viduals in Pi that carry a particular allele at a biallelic locus,
and throughout this article I assume that all individuals are
haploid. However, all results hold if instead of haploid indi-
viduals, an arbitrary allele of a diploid individual is used.
I focus on genetic drift only and ignore the effects of muta-
tion, selection, and other evolutionary forces.

Figure 1 (A) A population phylogeny with branches corresponding to
F2 (green), F3 (yellow), and FðBÞ4 (blue). (B) An admixture graph extends
a population phylogeny by allowing gene flow (red, solid line) and
admixture events (red, dotted line).
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the current allele frequency and increments are independent.
For example, this interpretation of F2 holds also if genetic
drift is modeled as a Brownian motion (Cavalli-Sforza and
Edwards 1967).

An elegant way to introduce the use of F2 in terms of
expected heterozygosities Ht (Figure 3B) and identity by de-
scent (Figure 3C) is the duality

Ept ½ p
nt
t jp0; nt" ¼ En0

!
pn0
0

""p0; nt
#
: (3)

This equation is due to Tavaré (1984), who also provided the
following intuition: Given nt individuals are sampled at time t,
let E denote the event that all individuals carry allele x, condi-
tional on allele x having frequency p0 at time t0. There are two
components to this: First, the frequency will change between t0
and t, and then all nt sampled individuals need to carry x.

In a diffusion framework,

ℙðEÞ ¼
Z 1

0
yntℙðpt ¼ yjp0; ntÞdy ¼ E½ pnt

t jp0; nt": (4)

On the other hand, onemay argue using the coalescent: For E
to occur, all nt samples need to carry the x allele. At time t0,
they had n0 ancestral lineages, who all carry x with probabil-
ity p0. Therefore,

ℙðEÞ ¼
Xn0

i¼1
pi0ℙðn0 ¼ ijp0; ntÞ ¼ E

!
pn0
0

""p0; nt
#
: (5)

Equating (4) and (5) yields Equation 3.
In thepresent case, theonly relevant cases arent=1,2, since

E
!
p1t
""p0; nt ¼ 1

#
¼ p0

E
!
p2t
""p0; nt ¼ 2

#
¼ p0f þ p20ð12 f Þ;

where f is the probability that two lineage sampled at time t
coalesce before time t0.

This yields an expression for F2 by conditioning on the
allele frequency p0,

E
h
ðp02ptÞ2

"""p0
i
¼ E

!
p20
""p0

#
2E½2ptp0jp0" þ E

!
p2t
""p0

#

¼ p20 2 2p20 þ p0f þ p20ð12 f Þ
¼ fp0ð12 p0Þ

¼ 1
2
fH0;

where H0 = 2p0 (1 – p0) is the heterozygosity. Integrating
over ℙðp0Þ yields

F2ðP0; PtÞ ¼
1
2
f EH0 (6)

and it can be seen that F2 increases as a function of f (Figure
3C). This equation can also be interpreted in terms of prob-
abilities of identity by descent: f is the probability that two
individuals are identical by descent in Pt given their ancestors
were not identical by descent in P0 (Wright 1931), and EH0 is
the probability two individuals are not identical in P0.

Furthermore, EHt ¼ ð12 f ÞEH0 (equation 3.4 in Wakeley
2009) and therefore

EH0 2EHt ¼ EH0ð12 ð12 f ÞÞ ¼ 2F2ðPt; P0Þ; (7)

which shows that F2 measures the decay of heterozygosity (Fig-
ure 3A). A similar argument was used by Lipson et al. (2013) to
estimate ancestral heterozygosities and to linearize F2.

These equations can be rearranged tomake the connection
between other measures of genetic drift and F2 more explicit:

EHt ¼ EH0 2 2F2ðP0; PtÞ (8a)

¼ EH02 2ðVarðptÞ2Varðp0ÞÞ (8b)

¼ EH0ð12 f Þ: (8c)

Pairs of populations: Equations 8b and 8c describing the
decay of heterozygosity are–of course–well known by popu-
lation geneticists, having been established by Wright (1931).
In structured populations, very similar relationships exist
when the number of heterozygotes expected from the overall
allele frequency,Hobs is compared with the number of hetero-
zygotes present due to differences in allele frequencies be-
tween populations Hexp (Wahlund 1928; Wright 1931).

In fact, already Wahlund showed by considering the ge-
notypes of all possible matings in two subpopulations (table 3
in Wahlund 1928) that for a population made of two subpop-
ulations with equal proportions, the proportion of heterozy-
gotes is reduced by

Hobs ¼ Hexp2 2ðp12p2Þ2

from which it follows that

Table 1 Summary of equations

Drift Measure F2 (P1, P2) F3 (PX; P1, P2) F4(P1, P2, P3, P4)

Definition E½ðp12p2Þ2" EðpX 2p1ÞðpX 2p2Þ Eðp1 2p2Þðp3 2p4Þ
F2 — 1

2

$
F2ðP1; PX Þ þ F2ðP2; PX Þ2 F2ðP1; P2Þ

%
1
2 ðF2ðP1; P4Þ þ F2ðP2; P3Þ2 F2ðP1; P3Þ2 F2ðP2; P4ÞÞ

Coalescence times 2ET12 2ET11 2ET22 ET1X þ ET2X 2ET12 2ETXX ET14 þ ET23 2ET13 2ET24
Variance Varðp1 2p2Þ VarðpX Þ þ COVðp1; p2Þ2COVðp1; pX Þ2COVðp2; pX Þ COVððp1 2p2Þ; ðp3;p4ÞÞ
Branch length 2Bc 2Bd 2Bc 2Bd Bc ' Bd   or  as  admixture  test  :  B9d ' Bd

A constant of proportionality is omitted for coalescence times and branch lengths. Derivations for F2 are given in the main text, and F3 and F4 are a simple result of combining
Equation 16 with Equations 20b and 24b. Bc and Bd correspond to the average length of the internal branch in a gene genealogy concordant and discordant with the
population assignment, respectively (see Gene tree branch lengths section).
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the current allele frequency and increments are independent.
For example, this interpretation of F2 holds also if genetic
drift is modeled as a Brownian motion (Cavalli-Sforza and
Edwards 1967).

An elegant way to introduce the use of F2 in terms of
expected heterozygosities Ht (Figure 3B) and identity by de-
scent (Figure 3C) is the duality

Ept ½ p
nt
t jp0; nt" ¼ En0

!
pn0
0

""p0; nt
#
: (3)

This equation is due to Tavaré (1984), who also provided the
following intuition: Given nt individuals are sampled at time t,
let E denote the event that all individuals carry allele x, condi-
tional on allele x having frequency p0 at time t0. There are two
components to this: First, the frequency will change between t0
and t, and then all nt sampled individuals need to carry x.

In a diffusion framework,

ℙðEÞ ¼
Z 1

0
yntℙðpt ¼ yjp0; ntÞdy ¼ E½ pnt

t jp0; nt": (4)

On the other hand, onemay argue using the coalescent: For E
to occur, all nt samples need to carry the x allele. At time t0,
they had n0 ancestral lineages, who all carry x with probabil-
ity p0. Therefore,

ℙðEÞ ¼
Xn0

i¼1
pi0ℙðn0 ¼ ijp0; ntÞ ¼ E

!
pn0
0

""p0; nt
#
: (5)

Equating (4) and (5) yields Equation 3.
In thepresent case, theonly relevant cases arent=1,2, since

E
!
p1t
""p0; nt ¼ 1

#
¼ p0

E
!
p2t
""p0; nt ¼ 2

#
¼ p0f þ p20ð12 f Þ;

where f is the probability that two lineage sampled at time t
coalesce before time t0.

This yields an expression for F2 by conditioning on the
allele frequency p0,

E
h
ðp02ptÞ2

"""p0
i
¼ E

!
p20
""p0

#
2E½2ptp0jp0" þ E

!
p2t
""p0

#

¼ p20 2 2p20 þ p0f þ p20ð12 f Þ
¼ fp0ð12 p0Þ

¼ 1
2
fH0;

where H0 = 2p0 (1 – p0) is the heterozygosity. Integrating
over ℙðp0Þ yields

F2ðP0; PtÞ ¼
1
2
f EH0 (6)

and it can be seen that F2 increases as a function of f (Figure
3C). This equation can also be interpreted in terms of prob-
abilities of identity by descent: f is the probability that two
individuals are identical by descent in Pt given their ancestors
were not identical by descent in P0 (Wright 1931), and EH0 is
the probability two individuals are not identical in P0.

Furthermore, EHt ¼ ð12 f ÞEH0 (equation 3.4 in Wakeley
2009) and therefore

EH0 2EHt ¼ EH0ð12 ð12 f ÞÞ ¼ 2F2ðPt; P0Þ; (7)

which shows that F2 measures the decay of heterozygosity (Fig-
ure 3A). A similar argument was used by Lipson et al. (2013) to
estimate ancestral heterozygosities and to linearize F2.

These equations can be rearranged tomake the connection
between other measures of genetic drift and F2 more explicit:

EHt ¼ EH0 2 2F2ðP0; PtÞ (8a)

¼ EH02 2ðVarðptÞ2Varðp0ÞÞ (8b)

¼ EH0ð12 f Þ: (8c)

Pairs of populations: Equations 8b and 8c describing the
decay of heterozygosity are–of course–well known by popu-
lation geneticists, having been established by Wright (1931).
In structured populations, very similar relationships exist
when the number of heterozygotes expected from the overall
allele frequency,Hobs is compared with the number of hetero-
zygotes present due to differences in allele frequencies be-
tween populations Hexp (Wahlund 1928; Wright 1931).

In fact, already Wahlund showed by considering the ge-
notypes of all possible matings in two subpopulations (table 3
in Wahlund 1928) that for a population made of two subpop-
ulations with equal proportions, the proportion of heterozy-
gotes is reduced by

Hobs ¼ Hexp2 2ðp12p2Þ2

from which it follows that

Table 1 Summary of equations

Drift Measure F2 (P1, P2) F3 (PX; P1, P2) F4(P1, P2, P3, P4)

Definition E½ðp12p2Þ2" EðpX 2p1ÞðpX 2p2Þ Eðp1 2p2Þðp3 2p4Þ
F2 — 1

2

$
F2ðP1; PX Þ þ F2ðP2; PX Þ2 F2ðP1; P2Þ

%
1
2 ðF2ðP1; P4Þ þ F2ðP2; P3Þ2 F2ðP1; P3Þ2 F2ðP2; P4ÞÞ

Coalescence times 2ET12 2ET11 2ET22 ET1X þ ET2X 2ET12 2ETXX ET14 þ ET23 2ET13 2ET24
Variance Varðp1 2p2Þ VarðpX Þ þ COVðp1; p2Þ2COVðp1; pX Þ2COVðp2; pX Þ COVððp1 2p2Þ; ðp3;p4ÞÞ
Branch length 2Bc 2Bd 2Bc 2Bd Bc ' Bd   or  as  admixture  test  :  B9d ' Bd

A constant of proportionality is omitted for coalescence times and branch lengths. Derivations for F2 are given in the main text, and F3 and F4 are a simple result of combining
Equation 16 with Equations 20b and 24b. Bc and Bd correspond to the average length of the internal branch in a gene genealogy concordant and discordant with the
population assignment, respectively (see Gene tree branch lengths section).
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and it can be seen that F2 increases as a function of f (Figure
3C). This equation can also be interpreted in terms of prob-
abilities of identity by descent: f is the probability that two
individuals are identical by descent in Pt given their ancestors
were not identical by descent in P0 (Wright 1931), and EH0 is
the probability two individuals are not identical in P0.

Furthermore, EHt ¼ ð12 f ÞEH0 (equation 3.4 in Wakeley
2009) and therefore
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which shows that F2 measures the decay of heterozygosity (Fig-
ure 3A). A similar argument was used by Lipson et al. (2013) to
estimate ancestral heterozygosities and to linearize F2.

These equations can be rearranged tomake the connection
between other measures of genetic drift and F2 more explicit:
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¼ EH02 2ðVarðptÞ2Varðp0ÞÞ (8b)

¼ EH0ð12 f Þ: (8c)

Pairs of populations: Equations 8b and 8c describing the
decay of heterozygosity are–of course–well known by popu-
lation geneticists, having been established by Wright (1931).
In structured populations, very similar relationships exist
when the number of heterozygotes expected from the overall
allele frequency,Hobs is compared with the number of hetero-
zygotes present due to differences in allele frequencies be-
tween populations Hexp (Wahlund 1928; Wright 1931).

In fact, already Wahlund showed by considering the ge-
notypes of all possible matings in two subpopulations (table 3
in Wahlund 1928) that for a population made of two subpop-
ulations with equal proportions, the proportion of heterozy-
gotes is reduced by

Hobs ¼ Hexp2 2ðp12p2Þ2

from which it follows that
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Population phylogeny

F-statistics can be interpreted as branch lengths between populations



The F-statistic framework

Peter (2016) Genetics

Wide range of applications to test hypotheses about admixture between populations

F-statistic Application Test Interpretation
f2(A,B) Branch length

Admixture f3 - test f3 < 0 X is admixed related to A,B

Outgroup - f3
 If X is outgroup to (A,B), f3 proportional to 
shared drift between X and divergence of 
(A,B)

D(A,B;C,D) D - test D = 0 (A,B) form a clade with respect to (C,D)

D(O,B;C,D) Symmetry test D = 0 If O is outgroup to (B,C,D), tests for 
symmetry of B with respect to (C,D)

f4 - ratio test α > 0 Admixture proportion > 0

Number of distinct ancestry streams 
between sets of outgroup and target 
populations (qpWave )

If  rank of  f4 - matrix is m, target 
populations are carry at least m + 1 
streams of ancestry differentially related to 
the outgroup set

Phylogeny-free estimation of admixture 
proportions (qpAdm)

Admixture proportions and fit for a target 
population as a mixture of N source 
populations

Admixture graph fitting (qpGraph ) Goodness of fit of f-statistics predicted for 
specific graph topology

f3(X;A,B)

f4(A,B;C,D)



Admixture graphs

Lazaridis et al (2014) Nature

Admixture graph fitting suggests three ancestral populations for modern Europeans 



Imputation of ancient DNA

Lazaridis et al (2014) Nature

Ancient human genomes can be accurately imputed using modern reference panels



Ancient DNA studies showcase



Discovery of ancient plague strains in 
population-scale data

personhood13,14, rapidly stretching from Hungary to the Urals15. By
2800 BC a new social and economic formation, variously named
Corded Ware, Single Grave or Battle Axe cultures developed in tem-
perate Europe, possibly deriving from the Yamnaya background, and
culturally replacing the remaining Neolithic farmers16,17 (Fig. 1). In
western and Central Asia, hunter-gatherers still dominated in Early
Bronze Age, except in the Altai Mountains and Minusinsk Basin
where the Afanasievo culture existed with a close cultural affinity to
Yamnaya15 (Fig. 1). From the beginning of 2000 BC, a new class of
master artisans known as the Sintashta culture emerged in the Urals,
building chariots, breeding and training horses (Fig. 1), and pro-
ducing sophisticated new weapons18. These innovations quickly
spread across Europe and into Asia where they appeared to give rise
to the Andronovo culture19,20 (Fig. 1). In the Late Bronze Age around
1500 BC, the Andronovo culture was gradually replaced by the
Mezhovskaya, Karasuk, and Koryakova cultures21. It remains debated
if these major cultural shifts during the Bronze Age in Europe and
Asia resulted from the migration of people or through cultural dif-
fusion among settled groups15–17, and if the spread of the Indo-
European languages was linked to these events or predates them15.

Archaeological samples and DNA retrieval
Genomes obtained from ancient biological remains can provide
information on past population histories that is not retrievable from
contemporary individuals4,22. However, ancient genomic studies have
so far been restricted to single or a few individuals because of the
degraded nature of ancient DNA making sequencing costly and time
consuming23. To overcome this, we increased the average output of

authentic endogenous DNA fourfold by: (1) targeting the outer
cementum layer in teeth rather than the inner dentine layer24,25,
(2) adding a ‘pre-digestion’ step to remove surface contaminants24,26,
and (3) developing a new binding buffer for ancient DNA extraction
(Supplementary Information, section 3). This allowed us to obtain
low-coverage genome sequences (0.01–7.43 average depth, overall
average equal to 0.73) of 101 Eurasian individuals spanning the entire
Bronze Age, including some Late Neolithic and Iron Age individuals
(Fig. 1, Supplementary Information, sections 1 and 2). Our data set
includes 19 genomes, between 1.1–7.43 average depth, thereby doub-
ling the number of existing Eurasian ancient genomes above 13
coverage (ref. 27).

Bronze Age Europe
By analysing our genomic data in relation to previously published
ancient and modern data (Supplementary Information, section 6),
we find evidence for a genetically structured Europe during the
Bronze Age (Fig. 2; Extended Data Fig. 1; and Supplementary Figs 5
and 6). Populations in northern and central Europe were composed of
a mixture of the earlier hunter-gatherer and Neolithic farmer10

groups, but received ‘Caucasian’ genetic input at the onset of the
Bronze Age (Fig. 2). This coincides with the archaeologically well-
defined expansion of the Yamnaya culture from the Pontic-Caspian
steppe into Europe (Figs 1 and 2). This admixture event resulted in the
formation of peoples of the Corded Ware and related cultures, as
supported by negative ‘admixture’ f3 statistics when using Yamnaya
as a source population (Extended Data Table 2, Supplementary Table
12). Although European Late Neolithic and Bronze Age cultures such
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Figure 1 | Distribution maps of ancient samples. Localities, cultural
associations, and approximate timeline of 101 sampled ancient individuals
from Europe and Central Asia (left). Distribution of Early Bronze Age cultures
Yamnaya, Corded Ware, and Afanasievo with arrows showing the Yamnaya
expansions (top right). Middle and Late Bronze Age cultures Sintashta,
Andronovo, Okunevo, and Karasuk with the eastward migration indicated

(bottom right). Black markers represent chariot burials (2000–1800 BC) with
similar horse cheek pieces, as evidence of expanding cultures. Tocharian is the
second-oldest branch of Indo-European languages, preserved in Western
China. CA, Copper Age; MN, Middle Neolithic; LN, Late Neolithic; EBA, Early
Bronze Age; MBA, Middle Bronze Age; LBA, Late Bronze Age; IA, Iron Age;
BAC, Battle Axe culture; CWC, Corded Ware culture.
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The consequences of the plague pandemics have been well-
documented and the demographic impacts were dramatic (Little
et al., 2007). The Black Death alone is estimated to have killed
30%–50% of the European population. Economic and political
collapses have also been in part attributed to the devastating
effects of the plague. The Plague of Justinian is thought to
have played a major role in weakening the Byzantine Empire,
and the earlier putative plagues have been associated with the
decline of Classical Greece and likely undermined the strength
of the Roman army.

Molecular clock estimates have suggested that Y. pestis diver-
sified from themore prevalent and environmental stress-tolerant,
but lesspathogenic, enteric bacteriumY.pseudotuberculosisbe-
tween 2,600 and 28,000 years ago (Achtman et al., 1999, 2004;
Cui et al., 2013; Wagner et al., 2014). However, humans may
potentially have been exposed to Y. pestis for much longer than
the historical record suggests, though direct molecular evidence
for Y. pestis has not been obtained from skeletal material older
than 1,500 years (Bos et al., 2011; Wagner et al., 2014). The
most basal strains of Y. pestis (0.PE7 clade) recorded to date
were isolated from the Qinghai-Tibet Plateau in China in 1961–
1962 (Cui et al., 2013).

We investigated the origin of Y. pestis by sequencing ancient
bacterial genomes from the teeth of Bronze Age humans across
Europe and Asia. Our findings suggest that the virulent, flea-
borne Y. pestis strain that caused the historic bubonic plague
pandemics evolved from a less pathogenic Y. pestis lineage in-
fecting human populations long before recorded evidence of
plague outbreaks.

RESULTS

Identification of Yersinia pestis in Bronze Age Eurasian
Individuals
We screened c. 89 billion raw DNA sequence reads obtained
from teeth of 101 Bronze Age individuals from Europe and Asia
(Allentoft et al., 2015) and found that seven individuals carried se-
quences resembling Y. pestis (Figure 1, Table S1, Supplemental
Experimental Procedures). Further sequencing allowed us to

A B Figure 1. Archaeological Sites of Bronze
Age Yersinia pestis
(A) Map of Eurasia indicating the position, radio-

carbon dated ages and associated cultures of the

samples in which Y. pestis were identified. Dates

are given as 95% confidence interval calendar BC

years. IA: Iron Age.

(B) Burial four from Bulanovo site. Picture by

Mikhail V. Khalyapin. See also Table S1.

assemble the Y. pestis genomes to an
average depth of 0.14–29.5X, with 12%–
95% of the positions in the genome
covered at least once (Table 1, Table S2,
S3, and S4). We also recovered the
sequences of the three plasmids pCD1,
pMT1, and pPCP1 (0.12 to 50.3X in
average depth) the latter two of which

are crucial for distinguishing Y. pestis from its highly similar
ancestor Y. pseudotuberculosis (Table 1, Figure 2, Table S3)
(Bercovier et al., 1980; Chain et al., 2004; Parkhill et al., 2001).
The host individuals from which Y. pestis was recovered belong
to Eurasian Late Neolithic and Bronze Age cultures (Allentoft
et al., 2015), represented by the Afanasievo culture in Altai, Sibe-
ria (2782 cal BC, 2794 cal BC, n = 2), the Corded Ware culture in
Estonia (2462 cal BC, n = 1), the Sintashta culture in Russia (2163
cal BC, n = 1), the Unetice culture in Poland (2029 cal BC, n = 1),
the Andronovo culture in Altai, Siberia (1686 cal BC, n = 1), and
an early Iron Age individual from Armenia (951 cal BC, n = 1)
(Table S1).

Authentication of Yersinia pestis Ancient DNA
Besides applying standard precautions for working with ancient
DNA (Willerslev and Cooper, 2005), the authenticity of our
findings are supported by the following observations: (1) The
Y. pestis sequences were identified in significant amounts in
shotgun data from eight of 101 samples, showing that this
finding is not due to a ubiquitous contaminant in our lab or in
the reagents. Indeed, further analysis showed that one of these
eight was most likely not Y. pestis. We also sequenced all nega-
tive DNA extraction controls and found no signs of Y. pestis DNA
in these (Table S3). (2) Consistent with an ancient origin, the
Y. pestis reads were highly fragmented, with average read
lengths of 43–65 bp (Table S3) and also displayed clear signs of
C-T deamination damage at the 50 termini typical of ancient
DNA (Figure 3, Figure S1). Because the plasmids are central for
discriminating between Y. pestis and Y. pseudotuberculosis,
we tested separately for DNA damage patterns for the chromo-
some and for each of the plasmids. For the seven samples, we
observe similar patterns of DNA damage for chromosome and
plasmid sequences (Figure 3, Figure S1). (3) We observe corre-
lated DNA degradation patterns when comparing DNA degra-
dation in the Y. pestis sequences and the human sequences
from the host individual. Given that DNA decay can be described
as a rate process (Allentoft et al., 2012), this suggests that the
DNA molecules of the pathogen and the human host have a
similar age (Figure 3, Figure S1, Table S3 and Supplemental
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101 ancient human genomes from  
Late Neolithic / Bronze Age Eurasia

Ancient Yersinia pestis genomes 
recovered from 7 individuals 
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Ancient strains form extinct basal clade

Rasmussen et al (2015) Cell

Comparison of Samples to Y. pestis and Y. pseudotuberculosis
Reference Genomes
We used the alignments of several sets of reads (Y. pestis,

Y. pseudotuberculosis, and Y. similis) to Y. pestis CO92 and the

Y. pseudotuberculosis IP32953 genomes. Per sample we determined the dis-

tribution of edit-distances (mismatches) of the reads versus the particular

reference genome.We used these distributions to build a Naive Bayesian clas-
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Figure 4. Phylogenetic Reconstructions
(A) Maximum Likelihood reconstruction of the

phylogeny of Y. pseudotuberculosis (blue) and

Y. pestis (red). The tree is rooted using Y. similis

(not shown). The full tree including three additional

Y. pseudotuberculosis strains (O:15 serovar) can be

seen in Figure S4. Major branching nodes within

Y. pseudotuberculosiswith > 95%bootstrap support

are indicated with an asterisk and branch lengths are

given as substitutions per site.

(B) Maximum Likelihood reconstruction of the

phylogeny in (A) showing only the Y. pestis clade. The

clades are collapsed by population according to

branches and serovars, as given in (Achtman et al.,

1999, 2004; Cui et al., 2013). See Figure S4 for an

uncollapsed tree and Table S2 for details on pop-

ulations. Nodes with more than 95% bootstrap

support are indicated with an asterisk and branch

lengths are given as substitutions per site.

(C) BEAST2 maximum clade credibility tree showing

median divergence dates. Branch lengths are

given as years before the present (see Divergence

estimations in Experimental Procedures). Only the

Y. pseudotuberculosis (blue), the ancient Y. pestis

samples (magenta) and the most basal branch

0 strains (black) are shown. For a full tree including all

Y. pestis see Figure S5. See also Figure S3, S4, and

S5 and Table S5.

sifier to classify whether reads were originating

from Y. pestis, Y. pseudotuberculosis, or Y. similis.

See Supplemental Experimental Procedures and

Table S3.

Expected versus Actual Coverage
We estimated the expected coverage of Y. pestis

given a specific sequencing depth and correlated

that with the actual coverage of a genome per sam-

ple. Expected coverage was calculated as

c= 1!
YN

i = 1

!
1! li

g

"ri

where the reads have N different lengths, l1 to lN with

counts r1 to rN. To account for mappability we deter-

mined the mappable fraction for each reference

sequence using kmers of length 40, 50, and 60,

and then used the mappability value with the k-mer

length closest to the actual average read length for

each sample/reference combination. For more infor-

mation see Supplemental Experimental Procedures.

Genotyping For Phylogenetic Analyses
Alignments of all strains versus Y. pseudotuberculosis

IP32953 was used as reference for genotyping the

consensus sequences for all samples used in the

phylogeny. The samples were genotyped individually

using samtools-0.1.18 and bcftools-0.1.17 (Li et al.,

2009) and hereafter filtered (Supplemental Experimental Procedures). Based

on Y. pseudotuberculosis IP32953 gene annotations, the consensus se-

quences for each gene and sample were extracted. Because of the divergence

between Y. pestis and Y. pseudotuberculosis, a number of gene sequences

displayed high rates of missing bases and we removed genes where 20 or

more modern Y. pestis samples had >10% missingness. This corresponded

to a total of 985 genes, leaving data from 3,141 genes that were merged into
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In Brief
The plague-causing bacteria Yersinia

pestis infected humans in Bronze Age

Eurasia, three millennia earlier than any

historical records of plague, but only

acquired the genetic changes making it a

highly virulent, flea-borne bubonic strain

!3,000 years ago.
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Y. pestis inside the flea gut, thus enabling this enteric bacteria
to use an arthropod as vector; it further allows for higher titers
of Y. pestis and higher transmission rates (Hinnebusch, 2005;
Hinnebusch et al., 2002). When investigating all seven samples
for the presence of ymt, we identified a 19 kb region (59–78 kb,
Figure 2C arrow 2–3, Figure 5B) to bemissing except in the youn-
gest sample (RISE397, 951 cal BC) (Figure 5B, Table S7). We find
this region to be present in all other published Y. pestis strains

(modern and ancient), except three strains (5761, 945, and
CA88) that are lacking the pMT1 plasmid completely.
Although larger sample sizes are needed for confirmation, our

data indicate that the ymt gene was not present in Y. pestis
before 1686 cal BC (n = 6), while after 951 cal BC, it is found in
97.8% of the strains (n = 140), suggesting a late and very rapid
spread of ymt. This contrasts with previous studies arguing
that the ymt gene was acquired early in Y. pestis evolution due

A B

C
D

Figure 2. Y. pestis Depth of Coverage Plots
(A–D) Depth of coverage plots for (A) CO92 chromosome, (B) pCD1, (C) pMT1, (D) pPCP1. Outer ring: Mappability (gray), genes (RNA: black, transposon: purple,

positive strand: blue, negative strand: red), RISE505 (blue), RISE509 (blue), Justinian plague (orange), Black Death plague (purple), modern Y. pestis D1982001

(green), Y. pseudotuberculosis IP32881 (red) sample. The modern Y. pestis and Y. pseudotuberculosis samples are included for reference. The histograms show

sequence depth in 1 kb windows for the chromosome and 100 bp windows for the plasmids with a max of 20X depth for each ring. Arrow 1: ymt gene, arrow 2:

transposon at start of missing region on pMT1, arrow 3: transposon at end of missing region on pMT1, arrow 4: pla gene, arrow 5: missing flagellin region on

chromosome. The plots were generated using Circos (Krzywinski et al., 2009). See also Tables S2, S3 and S8.
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Bronze Age Yersinia pestis genomes lack ymt gene for efficient transmission in fleas

Rasmussen et al (2015) Cell



Rapid plague dispersals during the Stone Age

Andrades Valtuena et al (2022) PNAS

LNBA genomes derive from a single lineage

First Evidence of Prehistoric Plague on the Iberian Peninsula.
Intriguingly, we were also able to reconstruct a novel genome
from an individual found in the dolmen “El Sotillo” in !Alava
(Spain, I2470). This represents the first evidence of prehistoric
plague in the Iberian Peninsula dating to 3,361 to 3,181 cal.
BP. Despite a radiocarbon date that places it as contemporaneous

with some of the youngest genomes in the LNBA! lineage (e.g.,
ARS007), it occupies a different position in the phylogeny.
Though approximately 500 y younger, the I2470 genome
branches off basal to the previously reported RT5 genome from
the Samara region in Russia (10), which remains the oldest
genome identified to have the full suite of genetic features required

A

B

Fig. 1. Sampling locations, phylogeny and radiocarbon date ranges of newly reported and relevant published Y. pestis genomes. (A) Archeological sites
where Y. pestis genomes have been recovered dating to the LNBA period. A list of the site names and abbreviations can be found in SI Appendix, Table S1.
(B) ML tree computed from all variable positions (SNPs) in Y. pestis (n = 7,506); the uncollapsed tree can be seen in SI Appendix, Fig. S1. Unique positions to
the outgroup (Y. pseudotuberculosis) were excluded from the SNP alignment to improve visibility. The scale represents the expected number of substitutions
per site. Numbers on the tree indicate the deletions detected in the genomes displayed in SI Appendix, Fig. S5. Colored are ancient branches that appear to
be extinct today: blue indicates the preLNBA! lineages, purple the LNBA! lineage, green the LNBA+ flea-adapted genomes from the Bronze Age, and red
the genomes from the first plague pandemic. Nodes marked with asterisks have a bootstrap support of at least 90. The plotted date interval on the right
corresponds to radiocarbon 2σ date ranges (C14; dark orange) or 95% HPD dates intervals (light orange) inferred by BEAST of the genomes from the LNBA
period aligned to the corresponding tips in the ML tree. Symbols and colors correspond to those in A. Plots were produced with ggplot (39), ggmap (40),
ggalt (41), and ggpubr (42) packages with R v3.6 (43); the phylogenetic tree was plotted with FigTree v1.4.4 (https://github.com/rambaut/figtree/releases/tag/
v1.4.4) and Inkscape (44) was used for the final figure.

PNAS 2022 Vol. 119 No. 17 e2116722119 https://doi.org/10.1073/pnas.2116722119 3 of 11
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Plague and the Neolithic decline

Rascovan et al (2018) Cell

Discovery of a basal plague lineage in Late Neolithic Sweden

It has also been proposed that the Neolithic decline reached
northern European populations in Scandinavia in a process
starting around 5,300 BP (Hinz et al., 2012). Two recent works
(Skoglund et al., 2012, 2014) described the genetic history of
early Neolithic farmers in Scandinavia from the Funnel Beaker
culture (TRB), a population that used to live in small settlements
consisting of dispersed farmsteads, probably family based.
Some of the individuals in these studies were found in a pas-
sage grave at Frälsegården in Gökhem parish, Falbygden,
western Sweden, which grouped up to 78 individuals buried
between 5100–4900 BP (based on carbon dating of 34 individ-
uals), a quite short period of time and large number of bodies
compared to other Scandinavian sites (Ahlström, 2009; Sjög-
ren, 2015). A possible explanation for the magnitude and short
duration of this grave was an epidemic event. We thus re-
analyzed publicly available ancient DNA datasets from individ-
uals of this grave and screened for the presence of known
human pathogens. Unexpectedly, we found the unambiguous
presence of Yersinia pestis, the etiological agent of plague, in
two different individuals, dated to !4,900 BP. These individuals
were slightly older than the most ancient known Y. pestis infec-
tions, which were reported in ancient human populations of the
Eurasian Steppe (Andrades Valtuena et al., 2017; Rasmussen
et al., 2015). The presence of Y. pestis in this time period,
geographic region, and host population did not fit with previ-
ously proposed models of early plague dispersion (Andrades

Valtuena et al., 2017; Spyrou et al., 2018). We therefore inte-
grated phylogenetic, molecular clock, and genotyping analyses
from a comprehensive set of modern and ancient Y. pestis
strains and whole-genome analyses of human individuals of
that period. We combined this with the adequate archaeolog-
ical contextualization and searched for a more parsimonious
model that properly reconciled all the existing evidence. Our
analyses revealed that during the decline of Neolithic popula-
tions in Europe, between 6,000–5,000 BP, multiple lineages of
Y. pestis branched and expanded throughout Eurasia. The
analysis of the archaeological context and the human genomes
revealed that the emergence and spread was not due to
massive migrations, but more likely facilitated by the lifestyles,
population growth, and the expanding trade networks.

RESULTS AND DISCUSSION

Discovery of the Gok2 Neolithic Y. pestis Strain in
Northern Europe
The screening of known human pathogens in public ancient DNA
datasets of teeth from individuals found in the Frälsegården pas-
sage grave in Sweden (Sjögren, 2015; Skoglund et al., 2014) re-
vealed the unambiguous presence of Y. pestis in the ‘‘Gökhem2’’
individual (a.k.a. individual A), a 20-year-old female, dated to
5,040–4,867 BP and belonging to the Funnel Beaker culture
(TRB) (Figure 1A; Table S1). The alignment of all sequencing
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Figure 1. Discovery of the Gok2 Y. pestis Strain and Its Basal Phylogenetic Placement
(A) Archaeological sites and carbon dating (in years before present) of the individuals infected with Gok2/Gok4 and Bronze Age Y. pestis strains. Samples are

colored as in the phylogeny (E) or in gray when they had low genome coverage.

(B and C) The expected ancient DNA degradation patterns of the Gok2 strain showing short read distribution (B), and increased C > T and G > A substitutions in

the 50 and 30 ends of reads (that are eliminated in downstream analyses) (C).

(D) Distribution of edit distances of high quality reads from Gok2 and Gok4 mapped to either Y. pestis (dark gray) or Y. pseudotuberculosis (light gray) reference

genomes. Reads have a higher affinity to Y. pestis than to the closest related species Y. pseudotuberculosis.

(E) Whole genome phylogeny reconstructed using maximum likelihood of modern (163, in gray) and ancient (20, in color) Y. pestis strains. The tree was re-

constructed using RAxML from an alignment of 3,558 Y. pestis genes with codon-based partitioning. Bootstrap support is shown at the nodes as a fraction of 100

bootstrap replicates generated using RAxML and hereafter reconstructed using RAxML. The tree is rooted using Y. pseudotuberculosis (not shown) and Gok2

was found to be basal to all known Y. pestis strains.

See also Figures S1 and S2 and Tables S1, S2, S3, and S4.
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Rascovan et al (2018) Cell

Discovery of a basal plague lineage in Late Neolithic Sweden

A B

C

D

4720 BP

Figure 5. Proposed Dispersion Model of Y. pestis during Neolithic and Bronze Age
(A) Schematic representation of the trajectories and time periods (thousand years before present, kyr) of major known human migrations in Eurasia during the

Neolithic and Bronze Age. The observed geographic distribution and divergence times of Y. pestis strains from the Gok2 and Bronze Age clades cannot be

explained by the timings and routes of these human movements.

(B) Geographic distribution of the use of animal traction and wheeled transport across Neolithic and Bronze Age populations in Eurasia, which broadly expanded

during the period of 5,500 and 5,000 BP. The expansion of these technological innovations overlaps the predicted period for the expansion of the basal Y. pestis

strains.

(C) Timeline indicating the proposed key historical events that contributed to the emergence and spread of plague during the Neolithic.

(D) The predicted model of early dispersion of Y. pestis during Neolithic and Bronze Age was built by integrating phylogenetic information of Y. pestis strains from

this period (Figure 1E), their divergence times (Figure 3), the geographic locations, carbon dating and genotypes of the individuals, and the archaeological record.

Themodel suggests that early Y. pestis strains likely emerged and spread frommega-settlements in Eastern Europe (built by the Trypillia Culture) into Europe and

the Eurasian steppe, most likely through human interaction networks. This was facilitated by wheeled and animal-powered transports, which are schematized in

the map with red lines with arrows pointing in both senses. Our model builds upon a previous model (Andrades Valtuena et al., 2017) that proposed the spread of

plague to be associated with large-scale human migrations (blue line).
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It has also been proposed that the Neolithic decline reached
northern European populations in Scandinavia in a process
starting around 5,300 BP (Hinz et al., 2012). Two recent works
(Skoglund et al., 2012, 2014) described the genetic history of
early Neolithic farmers in Scandinavia from the Funnel Beaker
culture (TRB), a population that used to live in small settlements
consisting of dispersed farmsteads, probably family based.
Some of the individuals in these studies were found in a pas-
sage grave at Frälsegården in Gökhem parish, Falbygden,
western Sweden, which grouped up to 78 individuals buried
between 5100–4900 BP (based on carbon dating of 34 individ-
uals), a quite short period of time and large number of bodies
compared to other Scandinavian sites (Ahlström, 2009; Sjög-
ren, 2015). A possible explanation for the magnitude and short
duration of this grave was an epidemic event. We thus re-
analyzed publicly available ancient DNA datasets from individ-
uals of this grave and screened for the presence of known
human pathogens. Unexpectedly, we found the unambiguous
presence of Yersinia pestis, the etiological agent of plague, in
two different individuals, dated to !4,900 BP. These individuals
were slightly older than the most ancient known Y. pestis infec-
tions, which were reported in ancient human populations of the
Eurasian Steppe (Andrades Valtuena et al., 2017; Rasmussen
et al., 2015). The presence of Y. pestis in this time period,
geographic region, and host population did not fit with previ-
ously proposed models of early plague dispersion (Andrades

Valtuena et al., 2017; Spyrou et al., 2018). We therefore inte-
grated phylogenetic, molecular clock, and genotyping analyses
from a comprehensive set of modern and ancient Y. pestis
strains and whole-genome analyses of human individuals of
that period. We combined this with the adequate archaeolog-
ical contextualization and searched for a more parsimonious
model that properly reconciled all the existing evidence. Our
analyses revealed that during the decline of Neolithic popula-
tions in Europe, between 6,000–5,000 BP, multiple lineages of
Y. pestis branched and expanded throughout Eurasia. The
analysis of the archaeological context and the human genomes
revealed that the emergence and spread was not due to
massive migrations, but more likely facilitated by the lifestyles,
population growth, and the expanding trade networks.

RESULTS AND DISCUSSION

Discovery of the Gok2 Neolithic Y. pestis Strain in
Northern Europe
The screening of known human pathogens in public ancient DNA
datasets of teeth from individuals found in the Frälsegården pas-
sage grave in Sweden (Sjögren, 2015; Skoglund et al., 2014) re-
vealed the unambiguous presence of Y. pestis in the ‘‘Gökhem2’’
individual (a.k.a. individual A), a 20-year-old female, dated to
5,040–4,867 BP and belonging to the Funnel Beaker culture
(TRB) (Figure 1A; Table S1). The alignment of all sequencing
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Figure 1. Discovery of the Gok2 Y. pestis Strain and Its Basal Phylogenetic Placement
(A) Archaeological sites and carbon dating (in years before present) of the individuals infected with Gok2/Gok4 and Bronze Age Y. pestis strains. Samples are

colored as in the phylogeny (E) or in gray when they had low genome coverage.

(B and C) The expected ancient DNA degradation patterns of the Gok2 strain showing short read distribution (B), and increased C > T and G > A substitutions in

the 50 and 30 ends of reads (that are eliminated in downstream analyses) (C).

(D) Distribution of edit distances of high quality reads from Gok2 and Gok4 mapped to either Y. pestis (dark gray) or Y. pseudotuberculosis (light gray) reference

genomes. Reads have a higher affinity to Y. pestis than to the closest related species Y. pseudotuberculosis.

(E) Whole genome phylogeny reconstructed using maximum likelihood of modern (163, in gray) and ancient (20, in color) Y. pestis strains. The tree was re-

constructed using RAxML from an alignment of 3,558 Y. pestis genes with codon-based partitioning. Bootstrap support is shown at the nodes as a fraction of 100

bootstrap replicates generated using RAxML and hereafter reconstructed using RAxML. The tree is rooted using Y. pseudotuberculosis (not shown) and Gok2

was found to be basal to all known Y. pestis strains.

See also Figures S1 and S2 and Tables S1, S2, S3, and S4.
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Population genomics of LN Scandinavia

Seersholm et al submitted

109 ancient human genomes from megalithic graves in southern Scandinavia 



Multiple distinct ancestries over time

Repeated use of megalithic graves by peoples with different ancestries

Seersholm et al submitted



A five generation pedigree of Neolithic farmers

Pedigree of 52 individuals suggests patrilineal and patrilocal social organisation

Seersholm et al submitted



Multiple plague outbreaks across families

High prevalence of plague and multiple outbreaks of distinct strains

Seersholm et al submitted
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Questions? Interested in a project? 

martin.sikora@sund.ku.dk


