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The “big data” era of  
ancient genomics



The ancient human DNA revolution

Mallick et al (2024) Sci Data

Over 10,000 ancient humans with genome-wide data since 2010
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Characteristics of ancient DNA

5,000 year-old human remains from the Provadia salt mine, Bulgaria



How does DNA degrade?

Fellows Yates et al (2024) Zenodo. https://doi.org/10.5281/zenodo.13784555



Fragmentation of DNA

Fellows Yates et al (2024) Zenodo. https://doi.org/10.5281/zenodo.13784555

Depurination and nicking results in DNA fragmentation 



Characteristics of ancient DNA

Ancient DNA is short and fragmented

Fellows Yates et al (2024) Zenodo. https://doi.org/10.5281/zenodo.13784555



Accumulation of DNA damage

Fellows Yates et al (2024) Zenodo. https://doi.org/10.5281/zenodo.13784555

Deamination results in base substitutions



Characteristics of ancient DNA

Ancient DNA is damaged with characteristic substitution patterns

Fellows Yates et al (2024) Zenodo. https://doi.org/10.5281/zenodo.13784555



Characteristics of ancient DNA

Ancient DNA damage rates depend on microenvirenmental conditions

Fellows Yates et al (2024) Zenodo. https://doi.org/10.5281/zenodo.13784555
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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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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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Challenges - Ancient DNA preservation

Ancient DNA fragmentation follows exponential decay dynamics

Allentoft et al (2012) Proc R Soc B
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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 



Challenges - Ancient DNA preservation

Allentoft et al (2012) Proc R Soc B

time in years

time in years

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

2000 4000 6000 8000 10 000 12 000 14 000 16 000 18 000 20 000

mtDNA qPCR (k = 5.50 × 10–6)

predicted pH 5 (k = 2.11 × 10–3)

predicted pH 7.5 (k = 2.88 × 10–5)

mtDNA HiSeq 1 (k = 8.64 × 10–6)

mtDNA HiSeq 2 (k = 1.35 × 10–5)

nuDNA HiSeq 1 (k = 2.13 × 10–5)

nuDNA HiSeq 2 (k = 2.71 × 10–5)

1.0(b)

(a)

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0
500 1000 1500 2000 2500 3000 3500 4000

0

average mtDNA half-life measured to 521 years

bo
nd

 s
ur

vi
va

l
24

2 
bp

 s
ur

vi
va

l

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 

Average fragment length of 6.8 million-year old DNA 
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Challenges - Ancient DNA preservation

van der Valk et al (2020) Nature

DNA from a 1.2 million year old mammoth tooth is highly fragmented
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Endogenous DNA content varies substantially between samples

Endogenous DNA

Other DNA

Low endogenous High endogenous

Challenges - Endogenous DNA content



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

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.

The American Journal of Human Genetics 93, 852–864, November 7, 2013 853
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Impact of sample material

Gamba et al (2014) Nat Comm

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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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 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 
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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 
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enrichment via array (left panel) or primer extension capture (right panel) methods. The pie charts illustrate the 
percentage of Neanderthal DNA obtained by each of these approaches, based on data from REF. 45 (array 
enrichment), REF. 1 (direct shotgun sequencing) and REF. 29 (bead-based enrichment). Figure is modified, with 
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Authentication of ancient DNA
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Population genetic analysis of ancient DNA dataThe direction of the PC1 axis and its relative strength may reflect a
special role for this geographic axis in the demographic history of
Europeans (as first suggested in ref. 10). PC1 aligns north-northwest/
south-southeast (NNW/SSE, 216 degrees) and accounts for
approximately twice the amount of variation as PC2 (0.30% versus
0.15%, first eigenvalue 5 4.09, second eigenvalue 5 2.04). However,
caution is required because the direction and relative strength of the
PC axes are affected by factors such as the spatial distribution of
samples (results not shown, also see ref. 9). More robust evidence
for the importance of a roughly NNW/SSE axis in Europe is that, in
these same data, haplotype diversity decreases from south to north
(A.A. et al., submitted). As the fine-scale spatial structure evident in
Fig. 1 suggests, European DNA samples can be very informative
about the geographical origins of their donors. Using a multi-
ple-regression-based assignment approach, one can place 50% of

individuals within 310 km of their reported origin and 90% within
700 km of their origin (Fig. 2 and Supplementary Table 4, results
based on populations with n . 6). Across all populations, 50% of
individuals are placed within 540 km of their reported origin, and
90% of individuals within 840 km (Supplementary Fig. 3 and
Supplementary Table 4). These numbers exclude individuals who
reported mixed grandparental ancestry, who are typically assigned
to locations between those expected from their grandparental origins
(results not shown). Note that distances of assignments from
reported origin may be reduced if finer-scale information on origin
were available for each individual.

Population structure poses a well-recognized challenge for disease-
association studies (for example, refs 11–13). The results obtained
here reinforce that the geographic distribution of a sample is impor-
tant to consider when evaluating genome-wide association studies
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Figure 1 | Population structure within Europe. a, A statistical summary of
genetic data from 1,387 Europeans based on principal component axis one
(PC1) and axis two (PC2). Small coloured labels represent individuals and
large coloured points represent median PC1 and PC2 values for each
country. The inset map provides a key to the labels. The PC axes are rotated
to emphasize the similarity to the geographic map of Europe. AL, Albania;
AT, Austria; BA, Bosnia-Herzegovina; BE, Belgium; BG, Bulgaria; CH,
Switzerland; CY, Cyprus; CZ, Czech Republic; DE, Germany; DK, Denmark;
ES, Spain; FI, Finland; FR, France; GB, United Kingdom; GR, Greece; HR,
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Romania; RS, Serbia and Montenegro; RU, Russia, Sct, Scotland; SE,
Sweden; SI, Slovenia; SK, Slovakia; TR, Turkey; UA, Ukraine; YG,
Yugoslavia. b, A magnification of the area around Switzerland from
a showing differentiation within Switzerland by language. c, Genetic
similarity versus geographic distance. Median genetic correlation between
pairs of individuals as a function of geographic distance between their
respective populations.
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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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Allele-frequency based methods suited for low coverage / pseudo-haploid data



A PCA tour of western Eurasia

Adygei

Albanian
Ashkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

CroatianCzechHungarian

KumykLezgin

Mordovian

Nogai

North_Ossetian

Polish
Romanian

Russian

UkrainianEstonian

Finnish

Icelandic

Lithuanian

Norwegian

Saami

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_South

Maltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon

Spanish_Baleares

Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_Leon
Spanish_Cataluna

Spanish_Extremadura
Spanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_Turkey

Bedouin1

Bedouin2

Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani

Iranian_Persian

Iraqi_Jew

Jordanian

LebaneseLebanese_ChristianLebanese_Muslim

Palestinian

Syrian

TurkishTurkish_Adana

Turkish_Aydin

Turkish_Balikesir

Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri
Turkish_Trabzon

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_Northwest

French_South

French_West

German_Lipsian
German_Sorb

Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

−0.04

0.00

0.04

0.08

−0.05 0.00 0.05
PC1 (0.87%)

PC
2 

(0
.3

8%
)

region
SouthAfrica

CentralAfrica

WestAfrica

EastAfrica

NorthAfrica

SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

Allentoft*, Sikora* et al (2024) Nature



A PCA tour of western Eurasia

Adygei

Albanian
Ashkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

CroatianCzechHungarian

KumykLezgin

Mordovian

Nogai

North_Ossetian

Polish
Romanian

Russian

UkrainianEstonian

Finnish

Icelandic

Lithuanian

Norwegian

Saami

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_South

Maltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon

Spanish_Baleares

Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_Leon
Spanish_Cataluna

Spanish_Extremadura
Spanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_Turkey

Bedouin1

Bedouin2

Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani

Iranian_Persian

Iraqi_Jew

Jordanian

LebaneseLebanese_ChristianLebanese_Muslim

Palestinian

Syrian

TurkishTurkish_Adana

Turkish_Aydin

Turkish_Balikesir

Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri
Turkish_Trabzon

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_Northwest

French_South

French_West

German_Lipsian
German_Sorb

Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

−0.04

0.00

0.04

0.08

−0.05 0.00 0.05
PC1 (0.87%)

PC
2 

(0
.3

8%
)

region
SouthAfrica

CentralAfrica

WestAfrica

EastAfrica

NorthAfrica

SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

Europe N

Europe S

Caucasus

Levant

Allentoft*, Sikora* et al (2024) Nature



A PCA tour of western Eurasia

Adygei

Albanian
Ashkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

CroatianCzechHungarian

KumykLezgin

Mordovian

Nogai

North_Ossetian

Polish
Romanian

Russian

UkrainianEstonian

Finnish

Icelandic

Lithuanian

Norwegian

Saami

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_South

Maltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon

Spanish_Baleares

Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_Leon
Spanish_Cataluna

Spanish_Extremadura
Spanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_Turkey

Bedouin1

Bedouin2

Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani

Iranian_Persian

Iraqi_Jew

Jordanian

LebaneseLebanese_ChristianLebanese_Muslim

Palestinian

Syrian

TurkishTurkish_Adana

Turkish_Aydin

Turkish_Balikesir

Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri
Turkish_Trabzon

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_Northwest

French_South

French_West

German_Lipsian
German_Sorb

Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

−0.04

0.00

0.04

0.08

−0.05 0.00 0.05
PC1 (0.87%)

PC
2 

(0
.3

8%
)

region
SouthAfrica

CentralAfrica

WestAfrica

EastAfrica

NorthAfrica

SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

5000

10000

15000
Average age

Basque_FrenchBasque_Spanish

Cypriot

GreekItalian

Italian_SouthMaltese

Pais_Vasco

SardinianSicilian_EastSicilian_West

Spanish_AndaluciaSpanish_AragonSpanish_Baleares
Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_LeonSpanish_Cataluna
Spanish_ExtremaduraSpanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_NorthwestFrench_South

French_WestGerman_LipsianGerman_SorbIrish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_ArgyllScottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic
EstonianFinnishIcelandicLithuanian

Norwegian Saami

Adygei
Albanian

Ashkenazi_JewBalkar

Belorussian

Bulgarian
Chechen

ChuvashCroatian
CzechHungarian

Kumyk
Lezgin

Mordovian

Nogai
North_Ossetian

Polish

Romanian

RussianUkrainian

Abkhasian
Armenian

Assyrian_IranAssyrian_IraqAssyrian_Turkey

Bedouin1Bedouin2

Druze
GeorgianGeorgian_JewIranian

Iranian_BandariIranian_JewIranian_LorIranian_MazandaraniIranian_PersianIraqi_Jew
Jordanian

LebaneseLebanese_ChristianLebanese_Muslim
PalestinianSaudiSyrian

Turkish
Turkish_AdanaTurkish_AydinTurkish_BalikesirTurkish_IstanbulTurkish_JewTurkish_KayseriTurkish_Trabzon

Yemen
Yemenite_Jew Kyrgyz

Tajik

Turkmen Uzbek
Balochi

Bengali

Brahui BurushoGujarati1
Gujarati2

Gujarati3Gujarati4
Hazara

Kalash

Kuchin_Jew

Kusunda

Makrani
Pathan

Punjabi

Sindhi

Cambodian Kinh
Thai

AmiAtayalDai

Daur

Han
Han_NChina

Hezhen

JapaneseKorean
LahuMiao

Mongola

Naxi

Oroqen

She

Tu

Tujia

Uygur

Xibo

Yi

Aleut

Altaian

Chukchi

Dolgan

Eskimo_Chaplin

Eskimo_Naukan

Eskimo_Sireniki

Even

Itelmen

Kalmyk

Koryak
Mansi

Nganasan

Selkup

Tlingit

Tubalar

Tuvinian
Ulchi

Yakut

Yukagir_Forest

Yukagir_Tundra

Mayan

Mixe
MixtecPima

ZapotecBolivian

Karitiana

Piapoco

Quechua

Surui

Australian
Bougainville

Papuan

−0.02

0.00

0.02

0.04

0.06

−0.01 0.00 0.01 0.02 0.03
PC1 (4.34%)

PC
2 

(1
.1

1%
)

C

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_SouthMaltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon
Spanish_BalearesSpanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_Mancha
Spanish_Castilla_y_LeonSpanish_CatalunaSpanish_ExtremaduraSpanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

English_CornwallEnglish_Kent
FrenchFrench_East

French_Northwest

French_South

French_West
German_Lipsian

German_Sorb
Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

Estonian
Finnish

Icelandic

Lithuanian

Norwegian

Saami

Adygei

AlbanianAshkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

Croatian
CzechHungarian

Kumyk
Lezgin

Mordovian

Nogai

North_Ossetian

Polish

Romanian

Russian

Ukrainian

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_TurkeyBedouin1

Bedouin2
Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani
Iranian_Persian

Iraqi_Jew
JordanianLebanese

Lebanese_Christian

Lebanese_MuslimPalestinian
Syrian

TurkishTurkish_Adana
Turkish_Aydin

Turkish_Balikesir
Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri

Turkish_Trabzon

−0.03

0.00

0.03

0.06

−0.075 −0.050 −0.025 0.000 0.025
PC1 (1.14%)

PC
2 

(0
.5

3%
)

D

5000

10000

15000
Average age

region
SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

Allentoft*, Sikora* et al (2024) Nature



A PCA tour of western Eurasia

Adygei

Albanian
Ashkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

CroatianCzechHungarian

KumykLezgin

Mordovian

Nogai

North_Ossetian

Polish
Romanian

Russian

UkrainianEstonian

Finnish

Icelandic

Lithuanian

Norwegian

Saami

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_South

Maltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon

Spanish_Baleares

Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_Leon
Spanish_Cataluna

Spanish_Extremadura
Spanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_Turkey

Bedouin1

Bedouin2

Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani

Iranian_Persian

Iraqi_Jew

Jordanian

LebaneseLebanese_ChristianLebanese_Muslim

Palestinian

Syrian

TurkishTurkish_Adana

Turkish_Aydin

Turkish_Balikesir

Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri
Turkish_Trabzon

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_Northwest

French_South

French_West

German_Lipsian
German_Sorb

Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

−0.04

0.00

0.04

0.08

−0.05 0.00 0.05
PC1 (0.87%)

PC
2 

(0
.3

8%
)

region
SouthAfrica

CentralAfrica

WestAfrica

EastAfrica

NorthAfrica

SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

5000

10000

15000
Average age

Basque_FrenchBasque_Spanish

Cypriot

GreekItalian

Italian_SouthMaltese

Pais_Vasco

SardinianSicilian_EastSicilian_West

Spanish_AndaluciaSpanish_AragonSpanish_Baleares
Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_LeonSpanish_Cataluna
Spanish_ExtremaduraSpanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_NorthwestFrench_South

French_WestGerman_LipsianGerman_SorbIrish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_ArgyllScottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic
EstonianFinnishIcelandicLithuanian

Norwegian Saami

Adygei
Albanian

Ashkenazi_JewBalkar

Belorussian

Bulgarian
Chechen

ChuvashCroatian
CzechHungarian

Kumyk
Lezgin

Mordovian

Nogai
North_Ossetian

Polish

Romanian

RussianUkrainian

Abkhasian
Armenian

Assyrian_IranAssyrian_IraqAssyrian_Turkey

Bedouin1Bedouin2

Druze
GeorgianGeorgian_JewIranian

Iranian_BandariIranian_JewIranian_LorIranian_MazandaraniIranian_PersianIraqi_Jew
Jordanian

LebaneseLebanese_ChristianLebanese_Muslim
PalestinianSaudiSyrian

Turkish
Turkish_AdanaTurkish_AydinTurkish_BalikesirTurkish_IstanbulTurkish_JewTurkish_KayseriTurkish_Trabzon

Yemen
Yemenite_Jew Kyrgyz

Tajik

Turkmen Uzbek
Balochi

Bengali

Brahui BurushoGujarati1
Gujarati2

Gujarati3Gujarati4
Hazara

Kalash

Kuchin_Jew

Kusunda

Makrani
Pathan

Punjabi

Sindhi

Cambodian Kinh
Thai

AmiAtayalDai

Daur

Han
Han_NChina

Hezhen

JapaneseKorean
LahuMiao

Mongola

Naxi

Oroqen

She

Tu

Tujia

Uygur

Xibo

Yi

Aleut

Altaian

Chukchi

Dolgan

Eskimo_Chaplin

Eskimo_Naukan

Eskimo_Sireniki

Even

Itelmen

Kalmyk

Koryak
Mansi

Nganasan

Selkup

Tlingit

Tubalar

Tuvinian
Ulchi

Yakut

Yukagir_Forest

Yukagir_Tundra

Mayan

Mixe
MixtecPima

ZapotecBolivian

Karitiana

Piapoco

Quechua

Surui

Australian
Bougainville

Papuan

−0.02

0.00

0.02

0.04

0.06

−0.01 0.00 0.01 0.02 0.03
PC1 (4.34%)

PC
2 

(1
.1

1%
)

C

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_SouthMaltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon
Spanish_BalearesSpanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_Mancha
Spanish_Castilla_y_LeonSpanish_CatalunaSpanish_ExtremaduraSpanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

English_CornwallEnglish_Kent
FrenchFrench_East

French_Northwest

French_South

French_West
German_Lipsian

German_Sorb
Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

Estonian
Finnish

Icelandic

Lithuanian

Norwegian

Saami

Adygei

AlbanianAshkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

Croatian
CzechHungarian

Kumyk
Lezgin

Mordovian

Nogai

North_Ossetian

Polish

Romanian

Russian

Ukrainian

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_TurkeyBedouin1

Bedouin2
Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani
Iranian_Persian

Iraqi_Jew
JordanianLebanese

Lebanese_Christian

Lebanese_MuslimPalestinian
Syrian

TurkishTurkish_Adana
Turkish_Aydin

Turkish_Balikesir
Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri

Turkish_Trabzon

−0.03

0.00

0.03

0.06

−0.075 −0.050 −0.025 0.000 0.025
PC1 (1.14%)

PC
2 

(0
.5

3%
)

D

5000

10000

15000
Average age

region
SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

H
un

te
r-

ga
th

er
er

s

Allentoft*, Sikora* et al (2024) Nature



A PCA tour of western Eurasia

Adygei

Albanian
Ashkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

CroatianCzechHungarian

KumykLezgin

Mordovian

Nogai

North_Ossetian

Polish
Romanian

Russian

UkrainianEstonian

Finnish

Icelandic

Lithuanian

Norwegian

Saami

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_South

Maltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon

Spanish_Baleares

Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_Leon
Spanish_Cataluna

Spanish_Extremadura
Spanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_Turkey

Bedouin1

Bedouin2

Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani

Iranian_Persian

Iraqi_Jew

Jordanian

LebaneseLebanese_ChristianLebanese_Muslim

Palestinian

Syrian

TurkishTurkish_Adana

Turkish_Aydin

Turkish_Balikesir

Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri
Turkish_Trabzon

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_Northwest

French_South

French_West

German_Lipsian
German_Sorb

Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

−0.04

0.00

0.04

0.08

−0.05 0.00 0.05
PC1 (0.87%)

PC
2 

(0
.3

8%
)

region
SouthAfrica

CentralAfrica

WestAfrica

EastAfrica

NorthAfrica

SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

5000

10000

15000
Average age

Basque_FrenchBasque_Spanish

Cypriot

GreekItalian

Italian_SouthMaltese

Pais_Vasco

SardinianSicilian_EastSicilian_West

Spanish_AndaluciaSpanish_AragonSpanish_Baleares
Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_LeonSpanish_Cataluna
Spanish_ExtremaduraSpanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_NorthwestFrench_South

French_WestGerman_LipsianGerman_SorbIrish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_ArgyllScottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic
EstonianFinnishIcelandicLithuanian

Norwegian Saami

Adygei
Albanian

Ashkenazi_JewBalkar

Belorussian

Bulgarian
Chechen

ChuvashCroatian
CzechHungarian

Kumyk
Lezgin

Mordovian

Nogai
North_Ossetian

Polish

Romanian

RussianUkrainian

Abkhasian
Armenian

Assyrian_IranAssyrian_IraqAssyrian_Turkey

Bedouin1Bedouin2

Druze
GeorgianGeorgian_JewIranian

Iranian_BandariIranian_JewIranian_LorIranian_MazandaraniIranian_PersianIraqi_Jew
Jordanian

LebaneseLebanese_ChristianLebanese_Muslim
PalestinianSaudiSyrian

Turkish
Turkish_AdanaTurkish_AydinTurkish_BalikesirTurkish_IstanbulTurkish_JewTurkish_KayseriTurkish_Trabzon

Yemen
Yemenite_Jew Kyrgyz

Tajik

Turkmen Uzbek
Balochi

Bengali

Brahui BurushoGujarati1
Gujarati2

Gujarati3Gujarati4
Hazara

Kalash

Kuchin_Jew

Kusunda

Makrani
Pathan

Punjabi

Sindhi

Cambodian Kinh
Thai

AmiAtayalDai

Daur

Han
Han_NChina

Hezhen

JapaneseKorean
LahuMiao

Mongola

Naxi

Oroqen

She

Tu

Tujia

Uygur

Xibo

Yi

Aleut

Altaian

Chukchi

Dolgan

Eskimo_Chaplin

Eskimo_Naukan

Eskimo_Sireniki

Even

Itelmen

Kalmyk

Koryak
Mansi

Nganasan

Selkup

Tlingit

Tubalar

Tuvinian
Ulchi

Yakut

Yukagir_Forest

Yukagir_Tundra

Mayan

Mixe
MixtecPima

ZapotecBolivian

Karitiana

Piapoco

Quechua

Surui

Australian
Bougainville

Papuan

−0.02

0.00

0.02

0.04

0.06

−0.01 0.00 0.01 0.02 0.03
PC1 (4.34%)

PC
2 

(1
.1

1%
)

C

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_SouthMaltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon
Spanish_BalearesSpanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_Mancha
Spanish_Castilla_y_LeonSpanish_CatalunaSpanish_ExtremaduraSpanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

English_CornwallEnglish_Kent
FrenchFrench_East

French_Northwest

French_South

French_West
German_Lipsian

German_Sorb
Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

Estonian
Finnish

Icelandic

Lithuanian

Norwegian

Saami

Adygei

AlbanianAshkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

Croatian
CzechHungarian

Kumyk
Lezgin

Mordovian

Nogai

North_Ossetian

Polish

Romanian

Russian

Ukrainian

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_TurkeyBedouin1

Bedouin2
Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani
Iranian_Persian

Iraqi_Jew
JordanianLebanese

Lebanese_Christian

Lebanese_MuslimPalestinian
Syrian

TurkishTurkish_Adana
Turkish_Aydin

Turkish_Balikesir
Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri

Turkish_Trabzon

−0.03

0.00

0.03

0.06

−0.075 −0.050 −0.025 0.000 0.025
PC1 (1.14%)

PC
2 

(0
.5

3%
)

D

5000

10000

15000
Average age

region
SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

H
un

te
r-

ga
th

er
er

s
E

W

Allentoft*, Sikora* et al (2024) Nature



A PCA tour of western Eurasia

Adygei

Albanian
Ashkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

CroatianCzechHungarian

KumykLezgin

Mordovian

Nogai

North_Ossetian

Polish
Romanian

Russian

UkrainianEstonian

Finnish

Icelandic

Lithuanian

Norwegian

Saami

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_South

Maltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon

Spanish_Baleares

Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_Leon
Spanish_Cataluna

Spanish_Extremadura
Spanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_Turkey

Bedouin1

Bedouin2

Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani

Iranian_Persian

Iraqi_Jew

Jordanian

LebaneseLebanese_ChristianLebanese_Muslim

Palestinian

Syrian

TurkishTurkish_Adana

Turkish_Aydin

Turkish_Balikesir

Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri
Turkish_Trabzon

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_Northwest

French_South

French_West

German_Lipsian
German_Sorb

Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

−0.04

0.00

0.04

0.08

−0.05 0.00 0.05
PC1 (0.87%)

PC
2 

(0
.3

8%
)

region
SouthAfrica

CentralAfrica

WestAfrica

EastAfrica

NorthAfrica

SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

5000

10000

15000
Average age

Basque_FrenchBasque_Spanish

Cypriot

GreekItalian

Italian_SouthMaltese

Pais_Vasco

SardinianSicilian_EastSicilian_West

Spanish_AndaluciaSpanish_AragonSpanish_Baleares
Spanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_ManchaSpanish_Castilla_y_LeonSpanish_Cataluna
Spanish_ExtremaduraSpanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

English_CornwallEnglish_Kent
FrenchFrench_EastFrench_NorthwestFrench_South

French_WestGerman_LipsianGerman_SorbIrish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_ArgyllScottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic
EstonianFinnishIcelandicLithuanian

Norwegian Saami

Adygei
Albanian

Ashkenazi_JewBalkar

Belorussian

Bulgarian
Chechen

ChuvashCroatian
CzechHungarian

Kumyk
Lezgin

Mordovian

Nogai
North_Ossetian

Polish

Romanian

RussianUkrainian

Abkhasian
Armenian

Assyrian_IranAssyrian_IraqAssyrian_Turkey

Bedouin1Bedouin2

Druze
GeorgianGeorgian_JewIranian

Iranian_BandariIranian_JewIranian_LorIranian_MazandaraniIranian_PersianIraqi_Jew
Jordanian

LebaneseLebanese_ChristianLebanese_Muslim
PalestinianSaudiSyrian

Turkish
Turkish_AdanaTurkish_AydinTurkish_BalikesirTurkish_IstanbulTurkish_JewTurkish_KayseriTurkish_Trabzon

Yemen
Yemenite_Jew Kyrgyz

Tajik

Turkmen Uzbek
Balochi

Bengali

Brahui BurushoGujarati1
Gujarati2

Gujarati3Gujarati4
Hazara

Kalash

Kuchin_Jew

Kusunda

Makrani
Pathan

Punjabi

Sindhi

Cambodian Kinh
Thai

AmiAtayalDai

Daur

Han
Han_NChina

Hezhen

JapaneseKorean
LahuMiao

Mongola

Naxi

Oroqen

She

Tu

Tujia

Uygur

Xibo

Yi

Aleut

Altaian

Chukchi

Dolgan

Eskimo_Chaplin

Eskimo_Naukan

Eskimo_Sireniki

Even

Itelmen

Kalmyk

Koryak
Mansi

Nganasan

Selkup

Tlingit

Tubalar

Tuvinian
Ulchi

Yakut

Yukagir_Forest

Yukagir_Tundra

Mayan

Mixe
MixtecPima

ZapotecBolivian

Karitiana

Piapoco

Quechua

Surui

Australian
Bougainville

Papuan

−0.02

0.00

0.02

0.04

0.06

−0.01 0.00 0.01 0.02 0.03
PC1 (4.34%)

PC
2 

(1
.1

1%
)

C

Basque_FrenchBasque_Spanish

CypriotGreek

Italian

Italian_SouthMaltese

Pais_Vasco

Sardinian

Sicilian_EastSicilian_West

Spanish_AndaluciaSpanish_Aragon
Spanish_BalearesSpanish_Canarias

Spanish_CantabriaSpanish_Castilla_la_Mancha
Spanish_Castilla_y_LeonSpanish_CatalunaSpanish_ExtremaduraSpanish_GaliciaSpanish_MurciaSpanish_Valencia

Tuscan

English_CornwallEnglish_Kent
FrenchFrench_East

French_Northwest

French_South

French_West
German_Lipsian

German_Sorb
Irish_ConnachtIrish_Cork_KerryIrish_LeinsterIrish_MunsterIrish_UlsterOrcadianScottish_Argyll
Scottish_BordersScottish_Dumfries_GallowayScottish_FifeScottish_GrampianScottish_HighlandsScottish_Shetlandic

Estonian
Finnish

Icelandic

Lithuanian

Norwegian

Saami

Adygei

AlbanianAshkenazi_Jew

Balkar

Belorussian

Bulgarian

Chechen

Chuvash

Croatian
CzechHungarian

Kumyk
Lezgin

Mordovian

Nogai

North_Ossetian

Polish

Romanian

Russian

Ukrainian

Abkhasian

ArmenianAssyrian_Iran
Assyrian_Iraq

Assyrian_TurkeyBedouin1

Bedouin2
Druze

Georgian

Georgian_Jew

Iranian

Iranian_Bandari

Iranian_Jew

Iranian_Lor

Iranian_Mazandarani
Iranian_Persian

Iraqi_Jew
JordanianLebanese

Lebanese_Christian

Lebanese_MuslimPalestinian
Syrian

TurkishTurkish_Adana
Turkish_Aydin

Turkish_Balikesir
Turkish_Istanbul

Turkish_Jew

Turkish_Kayseri

Turkish_Trabzon

−0.03

0.00

0.03

0.06

−0.075 −0.050 −0.025 0.000 0.025
PC1 (1.14%)

PC
2 

(0
.5

3%
)

D

5000

10000

15000
Average age

region
SouthernEurope

WesternEurope

NorthernEurope

CentralEasternEurope

WesternAsia

CentralAsia

SouthAsia

SouthEastAsia

EastAsia

NorthAsia

NorthAmerica

SouthAmerica

Australasia

Melanesia

H
un

te
r-

ga
th

er
er

s
E

W

Farmers

Allentoft*, Sikora* et al (2024) Nature



A PCA tour of western Eurasia
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A PCA tour of western Eurasia
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Topics for today’s lecture

Ancient DNA primer 
Characteristics and challenges

Ancient DNA showcase 
Kinship and plague in Stone Age Scandinavia
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Ancient plague and the Neolithic decline in Scandinavia 



Population genomics of late Neolithic Scandinavia

Seersholm et al (2024) Nature 

109 ancient human genomes from megalithic graves in southern Scandinavia 

V

Frederik Seersholm

Karl-Göran Sjögren



Genetic diversity of human populations

Repeated use of megalithic graves by peoples with different ancestries
Seersholm et al (2024) Nature 



Recent admixture with Pitted-ware culture hunter-gatherers 

Likely first- and second generation offspring at Fralsegarden and Rossberga
Seersholm et al (2024) Nature 



A five generation pedigree of Neolithic farmers

Pedigree of 38 sequenced individuals suggests patrilineal and patrilocal social organisation

V

Seersholm et al (2024) Nature 
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High prevalence of plague in late Neolithic Scandinavia

Plague detected in ~17% of individuals 

Seersholm et al (2024) Nature 



Multiple plague strains in Neolithic farmer families

Seersholm et al (2024) Nature 



Multiple plague strains in Neolithic farmer families

Seersholm et al (2024) Nature 
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High prevalence of plague in Fralsegarden (28%) and multiple distinct strains



Multiple plague strains in Neolithic farmer families

Seersholm et al (2024) Nature 
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Divergence of strains A and B during Fralsegarden pedigree chronology 



Did plague play a role in the Neolithic decline?

Shannon et al (2013) Nat Comm
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Novel sources for ancient DNA

ARTICLE

A 5700 year-old human genome and oral
microbiome from chewed birch pitch
Theis Z.T. Jensen 1,2,10, Jonas Niemann1,2,10, Katrine Højholt Iversen 3,4,10, Anna K. Fotakis 1,

Shyam Gopalakrishnan 1, Åshild J. Vågene1, Mikkel Winther Pedersen 1, Mikkel-Holger S. Sinding 1,

Martin R. Ellegaard 1, Morten E. Allentoft1, Liam T. Lanigan1, Alberto J. Taurozzi1, Sofie Holtsmark Nielsen1,

Michael W. Dee5, Martin N. Mortensen 6, Mads C. Christensen6, Søren A. Sørensen7, Matthew J. Collins1,8,

M. Thomas P. Gilbert 1,9, Martin Sikora 1, Simon Rasmussen 4 & Hannes Schroeder 1*

The rise of ancient genomics has revolutionised our understanding of human prehistory but

this work depends on the availability of suitable samples. Here we present a complete ancient

human genome and oral microbiome sequenced from a 5700 year-old piece of chewed birch

pitch from Denmark. We sequence the human genome to an average depth of 2.3× and find

that the individual who chewed the pitch was female and that she was genetically more

closely related to western hunter-gatherers from mainland Europe than hunter-gatherers

from central Scandinavia. We also find that she likely had dark skin, dark brown hair and blue

eyes. In addition, we identify DNA fragments from several bacterial and viral taxa, including

Epstein-Barr virus, as well as animal and plant DNA, which may have derived from a recent

meal. The results highlight the potential of chewed birch pitch as a source of ancient DNA.

https://doi.org/10.1038/s41467-019-13549-9 OPEN
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B irch pitch is a black-brown substance obtained by heating
birch bark and has been used as an adhesive and hafting
agent as far back as the Middle Pleistocene1,2. Small lumps

of this organic material are commonly found on archaeological
sites in Scandinavia and beyond, and while their use is still
debated, they often show tooth imprints, indicating that they were
chewed3. Freshly produced birch pitch hardens on cooling and it
has been suggested that chewing was a means to make it pliable
again before using it, e.g. for hafting composite stone tools.
Medicinal uses have also been suggested, since one of the main
constituents of birch pitch, betulin, has antiseptic properties4.
This is supported by a large body of ethnographic evidence, which
suggests that birch pitch was used as a natural antiseptic for
preventing and treating dental ailments and other medical con-
ditions3. The oldest examples of chewed pitch found in Europe
date back to the Mesolithic period and chemical analysis by Gas
Chromatography-Mass Spectrometry (GC-MS) has shown that
many of them were made from birch (Betula pendula)3.

Recent work by Kashuba et al5. has shown that pieces of
chewed birch pitch contain ancient human DNA, which can be
used to link the material culture and genetics of ancient popu-
lations. In the current study, we analyse a further piece of chewed
birch pitch, which was discovered at a Late Mesolithic/Early
Neolithic site in southern Denmark (Fig. 1a; Supplementary
Note 1) and demonstrate that it does not only contain ancient
human DNA, but also microbial DNA that reflects the oral
microbiome of the person who chewed the pitch, as well as plant
and animal DNA which may have derived from a recent meal.
The DNA is so exceptionally well preserved that we were able to
recover a complete ancient human genome from the sample
(sequenced to an average depth of coverage of 2.3×), which is
particularly significant since, so far, no human remains have been

recovered from the site6. The results highlight the potential of
chewed birch pitch as a source of ancient human and non-human
DNA, which can be used to shed light on the population history,
health status, and even subsistence strategies of ancient
populations.

Results
Radiocarbon dating and chemical analysis. Radiocarbon dating
of the specimen yielded a direct date of 5,858–5,661 cal. BP
(GrM-13305; 5,007 ± 11) (Fig. 1b; Supplementary Note 2), which
places it at the onset of the Neolithic period in Denmark. Che-
mical analysis by Fourier-Transform Infrared (FTIR) spectro-
scopy produced a spectrum very similar to modern birch pitch
(Supplementary Fig. 4) and GC-MS revealed the presence of the
triterpenes betulin and lupeol, which are characteristic of birch
pitch (Fig. 1c; Supplementary Note 3)3. The GC-MS spectrum
also shows a range of dicarboxylic acids and saturated fatty acids,
which are all considered intrinsic to birch pitch and thus support
its identification7.

DNA sequencing. We generated approximately 390 million DNA
reads for the sample, nearly a third of which could be uniquely
mapped to the human reference genome (hg19) (Supplementary
Table 2). The human reads displayed all the features characteristic
of ancient DNA, including (i) short average fragment lengths, (ii)
an increased occurrence of purines before strand breaks, and (iii)
an increased frequency of apparent cytosine (C) to thymine (T)
substitutions at 5′-ends of DNA fragments (Supplementary
Fig. 6) and the amount of modern human contamination was
estimated to be around 1–3% (Supplementary Table 3). In
addition to the human reads, we generated around 7.3 Gb of
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Fig. 1 A chewed piece of birch pitch from southern Denmark. (a) Photograph of the Syltholm birch pitch and its find location at the site of Syltholm on the
island of Lolland, Denmark (map created using data from Astrup78). (b) Calibrated date for the Syltholm birch pitch (5,858–5,661 cal. BP; 5,007 ± 7). (c)
GC-MS chromatogram of the Syltholm pitch showing the presence of a series of dicarboxylic acids (Cxx diacid) and saturated fatty acids (Cxx:0) and
methyl 16-Hydroxyhexadecanoate (C16OH) together with the triterpenes betulin and lupeol, which are characteristic of birch pitch3.
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