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SUMMARY
The precise genetic origins of the first Neolithic farming populations in Europe and Southwest Asia, as well as
the processes and the timing of their differentiation, remain largely unknown. Demogenomic modeling of
high-quality ancient genomes reveals that the early farmers of Anatolia and Europe emerged from a multi-
phase mixing of a Southwest Asian population with a strongly bottlenecked western hunter-gatherer popu-
lation after the last glacial maximum.Moreover, the ancestors of the first farmers of Europe and Anatolia went
through a period of extreme genetic drift during their westward range expansion, contributing highly to their
genetic distinctiveness. This modeling elucidates the demographic processes at the root of the Neolithic
transition and leads to a spatial interpretation of the population history of Southwest Asia and Europe during
the late Pleistocene and early Holocene.
INTRODUCTION

Genetic analyses of skeletal remains from prehistoric sites

have greatly enriched our knowledge of the changes that

brought sedentism and food-production, along with new people,
1842 Cell 185, 1842–1859, May 26, 2022 ª 2022 The Author(s). Publi
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material culture and practices, to Europe approximately 8.6 kya

(kiloyears ago) through processes often described in

archaeology as the ‘‘Neolithic revolution’’ (Childe, 1936). These

processes are thought to have reached a tipping point �11.7

kya in Southwest Asia, where plants and animals were first
shed by Elsevier Inc.
tivecommons.org/licenses/by-nc/4.0/).
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domesticated (Fuller et al., 2011; Peters et al., 1999). From this

region, it is widely agreed that farming spread into Europe along

two main routes, the ‘‘Mediterranean’’ route and the ‘‘Danubian’’

route (Shennan, 2018); it is the latter route that forms the focus of

the research described here. Despite this well-developed

archaeological narrative, the genetic origins of the world’s first

farmers and the spatiotemporal scope of the processes involved

remain elusive, in large part due to the lack of high-quality

ancient genomes derived from the populations involved in the

crucial initial phases of farming expansion.

To date, palaeogenetic studies have established that Euro-

pean early farmers (EFs) were genetically distinct from contem-

porary Holocene hunter-gatherers (HGs) inhabiting the continent

(Bramanti et al., 2009; Skoglund et al., 2012). Apparently, genetic

exchange between EFs and HGs appear to have been limited in

the early phases of the agricultural expansion, with more intense

exchange taking place in the later stages (Lazaridis et al., 2014;

Mathieson et al., 2015). Most farmers present in Continental

Europe around 9 kya appear to have descended from popula-

tions inhabiting the Aegean basin and the Eastern Marmara re-

gion (Hofmanová et al., 2016), but their ultimate genetic and

geographic origins are still a matter of debate.

Early Neolithic (EN) farmers from the Aegean are clearly related

to Central Anatolian farmers (Kılınç et al., 2017), but they also

show affinities with Pre-Pottery Neolithic farmers of the Southern

Levant (Lazaridis et al., 2016). This suggests a common origin of

all these populations prior to the westward spread of agriculture

(Kılınç et al., 2016), potentially in the Fertile Crescent area, an

archaeologically significant region that contained parts of mod-

ern-day Iran, Iraq, Israel, Palestine, Jordan, Lebanon, Syria,

and Turkey. However, research has also revealed that Aegean

farmers are genetically distinct from early farming populations

from the eastern wing of the Fertile Crescent, the Zagros region

of Iran and northern Iraq, which may indicate parallel adoption of

farming practices by genetically distant groups of HGs across

Southwest Asia (Broushaki et al., 2016). Furthermore, there is

some evidence of genetic continuity between Epipalaeolithic

and Neolithic populations of Central Anatolia (Feldman et al.,

2019), suggesting local transitions to agriculture without major

gene flow. To make the picture even more complex, some Cen-

tral Anatolian EFs also show genetic affinities to Caucasus HGs

as represented by a 10thmillennium before present (BP) genome

from Kotias in Western Georgia (Jones et al., 2015; Kılınç et al.,

2016; Skourtanioti et al., 2020). Caucasus HGs are themselves

thought to be closely related to early Iranian Neolithic farmers

(Lazaridis et al., 2016) as well as to later Pontic-Caspian steppe

pastoralists (Lazaridis, 2018; Mathieson et al., 2018; Narasimhan

et al., 2019).

Despite efforts to understand the genomic history of early

farming populations in Europe and Southwest Asia, we still

lack a detailed historical scenario of population demography,

divergence, and migration embedded in geographic and tem-

poral frameworks. Only a few analyses have previously esti-

mated divergence times between ancestors of Neolithic and

HG groups (Broushaki et al., 2016; Jones et al., 2015); the

models used were additionally simplistic. The palaeogenetic

conclusions outlined above mainly derive from the interpretation

of descriptive analyses and summary statistics (e.g., principal
component and admixture analyses, f-statistics), usually

computed on low coverage genomes and/or on ascertained

sets of SNPs (Patterson et al., 2012). Such data are difficult to

integrate into ‘‘demogenomic’’ (shorthand for demographic

modeling using genomic information) analyses. The goal of

this paper is to reconstruct the ancestry of Southwest Asian

and European EFs and the processes that contributed to their

differentiation from HGs. To do so, we produced 15 high-reso-

lution genomes of early Holocene farmers and HGs distributed

along a geographical and temporal transect reaching from

Southwest Asia to the Rhine valley in West-Central Europe (Fig-

ure 1). DNA was extracted from skeletons recovered from some

of the most important archaeological sites in early Holocene Eu-

rope and Anatolia, including the first farming villages in the

Aegean basin (Barcın, Aktopraklık, Nea Nikomedeia); Mesolithic

and Neolithic sites from the Iron Gates gorges and other areas

of the Central Balkans (Lepenski Vir, Vlasac, Grad-Star�cevo,

Vin�ca-Belo Brdo); and the oldest cemeteries and mass grave

or ‘‘massacre’’ sites of the Central European EN (Kleinhaders-

dorf, Asparn-Schletz, Essenbach-Ammerbreite, Dillingen-Stein-

heim, Herxheim) (Table 1; Figure 1).

RESULTS

Genetic structure and affinities of ancient individuals
Multidimensional scaling (MDS) performed on the neutral portion

of the genome (Figure 2A) of ancient individuals and modern

reference populations reveals three clusters of ancient individ-

uals: (1) European HGs, (2) western EFs, i.e., EFs from Europe

and Anatolia, (3) an EF individual from Iran (WC1) and a Meso-

lithic HG from Caucasus (KK1). Consistent with previous ana-

lyses based on ascertained SNPs (Marcus et al., 2020; Skoglund

et al., 2012), the western EFs show strongest affinities with mod-

ern Sardinians, with the exception of one English (CarsPas1) and

two Northwest Anatolian EFs (Bar8 and AKT16), who are found

to cluster with modern individuals from other parts of Southern

Europe. In contrast, Palaeolithic and Mesolithic European HGs

are genetically well differentiated from all modern Europeans.

The Iranian EF and the Caucasus HG appear to be genetically

close tomodern populations from their sampling area, in keeping

with some long-term genetic continuity in those regions. This

observation is even more pronounced when performing a MDS

analysis on the whole genome, including sites potentially

affected by selection (Figure M1_5 fromMethods S1). Generally,

ancient individuals appear to be closer to modern ones, once the

MDS is computed on the whole genome instead of just neutral

sites. This could be explained by a slower evolution of genomic

regions influenced by background selection (Pouyet et al., 2018).

Another striking difference visible on the whole-genome MDS

plot (Figure M1_5) is that western EFs are closer to some other

Southern Europeans than to Sardinians.

Demogenomic modeling assumptions
To progress our research, we first contrasted alternative models

of population differentiation using high-resolution ancient ge-

nomes drawn from each of the three MDS clusters described

above. Sampled individuals from each cluster were assumed

to derive from populations that belong to a large structured
Cell 185, 1842–1859, May 26, 2022 1843
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Figure 1. Spatial and temporal distribution of the ancient genomes analyzed in this study

(A) Location of archaeological sites with newly sequenced genomes and additional genomes used for modeling: Neolithic (black) and Mesolithic or Palaeolithic

(red); different chronological phases of Neolithic expansion (colored areas) and archaeological cultures (blue) along the Danubian route of Neolithization;

geographical areas (purple).

(B) Chronological distribution of the 25 genomes analyzed in this study, with the 15 newly sequenced genomes in bold, and the previously published genomes in

italics (details in Tables 1 and S3). We also list the cultural groups (EFs, early farmers; HGs, hunter-gatherers), the regions and the archaeological sites where

ancient individuals were sampled. The chronological interval at 2 sigma (95.4% probability) is shown for each directly 14C-dated sample, except for Stuttgart and

Ess7, for which approximate dates are given based on the archaeological context.
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metapopulation, consisting of interconnected but mostly un-

sampled populations. Such a model is described in the literature

as the ‘‘continent-island’’ model (Excoffier, 2004, 2013) with

sampled populations (the islands) receiving a single pulse of

gene flow from the metapopulation (the continent) shortly before

their sampling time. The three metapopulations were designated

Western, Central, and Eastern to reflect the geographic distribu-
1844 Cell 185, 1842–1859, May 26, 2022
tion of the ancient genomes across Europe and SW Asia. These

three metapopulations represent the pools of western European

HGs, western EFs from Europe and Anatolia, and Iranian EFs,

respectively. Additional ancient individuals were then gradually

added to the initial model to infer their ancestry and relationships

with other populations (see Methods S1—Demogenomic infer-

ence with fastsimcoal2). Thus, increasingly complex models



Table 1. Archaeological and genetic information for newly sequenced genomes

Individual

Period

(culture) Site Country Age (cal. BP)

Mean

depth (X)

Genetic

sex

Haplogroups

mtDNA Haplogroups Y

VLASA7 LM Vlasac Serbia 8,764–8,340 15.21 M U5a2a I2

VLASA32 LM Vlasac Serbia 9,741–9,468 12.65 M U5a2a R1b1

AKT16 EN Aktopraklık Turkey 8,635–8,460 12.25 F K1a3 –

Bar25 EN Barcın Turkey 8,384–8,205 12.65 M N1a1a1 G2a2b2a1

Nea3 EN Nea Nikomedeia Greece 8,327–8,040 11.57 F K1a2c –

Nea2 EN Nea Nikomedeia Greece 8,173–8,023 12.51 F K1a –

LEPE48 TEN Lepenski Vir Serbia 8,012–7,867 10.92 M K1a1 C1a2b

LEPE52 E-MN Lepenski Vir Serbia 7,931–7,693 12.37 M H3 G2a2b2a1a1c

STAR1 EN (Star�cevo) Grad-Star�cevo Serbia 7,589–7,476 10.55 F T2e2 –

VC3-2 EN (Star�cevo) Vin�ca-Belo Brdo Serbia 7,565–7,426 11.22 M HV-16311 G2a2a1a3

Asp6 EN (LBK) Asparn-Schletz Austria 7,575–7,474 12.11 M U5a1c1 G2a2b2a3

Klein7 EN (LBK) Kleinhadersdorf Austria 7,244–7,000 11.30 F W1-119 –

Dil16 EN (LBK) Dillingen-

Steinheim

Germany 7,235–6,998 10.60 M J1c6 C1a2b

Ess7 EN (LBK) Essenbach-

Ammerbreite

Germany (7,050–6,900 BP) 12.34 M U5b2c1 G2a2b2a1a1

Herx EN (LBK) Herxheim Germany 7,164–6,993 11.46 F K1a4a1i –

LM, late Mesolithic; EN, early Neolithic; TEN, transformational/early Neolithic; E-MN, early-middle Neolithic; LBK, Linearbandkeramik. Samples with

genetic sex determined as XX and XY are noted as F and M, respectively.

The samples’ ages are based on 14C dating (95.4% probability), except Ess7, for which an approximate date is given based on the archaeological

context.
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could be built and tested, resulting in the demographic scenario

shown in Figure 3.

All western EFs share a remote common ancestry with
Caucasus HGs
In contrast with previous studies (Lazaridis et al., 2016), we

find that Caucasus HGs (represented by KK1) and western

EFs are all descended from a population ancestral to the

Central metapopulation. This is in line with a recent genetic

study showing that KK1 was more closely related to EFs

than to western European HGs (Speidel et al., 2021). This

ancestral Central metapopulation received about 14% (95%

CI 8–26) of its gene pool from the Western metapopulation

some 14.2 kya (95% CI 13.7–19.0, Figures 3 and M1_18). An-

cestors of the Iranian Neolithic population (represented by

WC1) were not affected by this initial admixture: they rather

diverged from the Eastern metapopulation 13.6 kya (95% CI

11–24.6) after its split from the Central metapopulation

�15.8 kya (95% CI 14.3–25.6). Even though Caucasus HGs

show closer genetic affinities with EFs from Iran (Figures 2A

and 2B), our analyses suggest that they share a common

ancestry with all western EFs.

Ancestors ofwestern EFs admixed twice with
western HGs
We find that the ancestors of western EFs received a second

pulse of gene flow (15%, 95% CI 6–17) from the Western meta-

population �12.9 kya (95% CI 9.4–13.9), while Caucasus HGs

did not (Figure M1_20B). Models that do not include this addi-

tional admixture have a lower likelihood and are therefore re-
jected (Figure M1_20A). Thus, the ancestors of western EFs

are the product of repeated episodes of gene flow from the

Westernmetapopulation. These populations have then diverged

from Caucasus HGs due to an intense period of genetic drift be-

tween 12.9 and 9.1 kya (Figures 3 and 4). Indeed, we find that

their effective population size was reduced to 620 individuals

(95%CI 72–2,150) during this relatively long period of drift, which

caused them to not only diverge genetically from their ancestral

population but also fromCaucasus and European HGs, and from

Iranian EFs (Figure 4).

Anatolian and Aegean farmers differentiation
Populations from Northwest Anatolia (the archaeological sites of

Aktopraklık and Barcın) and Northern Greece (Nea Nikomedeia)

appear to have diverged from one another at about the same

time �9.1–9.3 kya (95% CI 9.1–12, Figures M1_20 and

M1_22), potentially during the colonization of the wider Aegean

area by EFs. In contrast, EFs from Central Anatolia (represented

by a genome fromBoncuklu) diverged at least 1,000 years earlier

�10.5 kya (95% CI 10.5–11, Figure M1_24). That Anatolian and

Aegean populations show varying amounts of recent gene flow

from the Western metapopulation suggests different levels of

interaction with surrounding HGs. Indeed, genomes from North-

ern Greece show a lower degree of further HG introgression (3%,

95% CI 1–11) than those of Boncuklu (10%, 95% CI 3–15), Bar-

cın (12%, 95% CI 6–16), and especially Aktopraklık (17%, 95%

CI 11–18) (Table S4). The high level of Western metapopulation

admixture found in Aktopraklık, a site previously described as

influenced by both Epipalaeolithic and Neolithic traditions (Öz-

do�gan, 2011), is in line with the admixture analysis (Figure 2B)
Cell 185, 1842–1859, May 26, 2022 1845
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Figure 2. Genetic structure and affinities of ancient individuals

(A) Multidimensional scaling (MDS) analysis performed on the neutrally evolving portion of ancient (n = 25; large filled circles and squares: early farmers; triangles:

hunter-gatherers) and modern (n = 65, shown as small circles) genomes from Europe and SW Asia. Ellipses highlight two clusters of ancient individuals: the

European hunter-gatherers (HGs) and the European and Anatolians early farmers (i.e., western EFs).

(B) Admixture analyses (K = 3) performed on 22 ancient genomes (three genomes with the lowest quality were discarded: Bichon, Bon002, and Bar8). Note that

AKT16 in NWAnatolia is more admixed than a neighbor genome from the Barcın site (Bar25), in keeping with f-statistics analyses (see Figure S1), which has led us

to consider them as originating from independent populations in our demographic modeling.

(C) Heterozygosity computed at neutral sites in ancient genomes (HGs in blue, EFs in green).

(D) Runs of homozygosity (ROHs) computed on imputed ancient whole genomes for intermediate ROHs (2–10Mb, dark color) or long ROHs (>10Mb, light color),

indicative of background relatedness in small populations and close inbreeding, respectively.

See also Figure S1.
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and the f-statistics that show larger genetic affinities of AKT16

with European HGs than other western EFs (Figure S1).

A stepwise, demic expansion of Neolithic farmers into
Central Europe
To understand the progressive spread of EFs into Europe, we

expanded the existing demographic model by including three

EN populations from Serbia, Austria, and Germany (Fig-

ure M1_25). Even though the model is not spatially explicit, as-

pects of the EFs spread can be inferred from the spatial and tem-

poral distribution of the archaeological sites. We find that a

simple model with a strict stepwise migration of EFs originating

in the wider Aegean region (Northwest Anatolia or Northern

Greece) and extending to Serbia through the Balkans and along

the so-called Danubian corridor, then to Austria, and eventually

Germany, is better supported than a scenario allowing for

long-distance migration from the Aegean directly to Austria (Fig-

ure M1_26A; Table S4). We also find that early farming commu-

nities incorporated a few HG individuals at each modeled stage

of their dispersal along the Danubian corridor (2%–7%), compat-

ible with previous estimates of 3%–9% (Hofmanová et al., 2016;

Lipson et al., 2017; Nikitin et al., 2019; Figure M1_26B).
1846 Cell 185, 1842–1859, May 26, 2022
Scenarios without Western metapopulation introgression into

EF populations have a lower likelihood than scenarios with intro-

gression (Figure M1_26A). Even though we modeled this intro-

gression from the Western metapopulation that is closely

related to the newly sequenced genomes from the Mesolithic

site of Vlasac, we cannot exclude that it actually occurred

from other European HG groups like those related to Loschbour

and Bichon. Previous genetic studies have indeed suggested

that different Mesolithic backgrounds could have introgressed

into the EF gene pool in different regions of Europe (Lipson

et al., 2017).

A last glacialmaximumdivergence betweenEastern and
Western metapopulations
Our model also provides important insights regarding the deep

branching of pre-Neolithic populations. The divergence between

the ancestors of the Western and Eastern metapopulations is

estimated to date back to �25.6 kya (95% CI 17.3–31.3, Fig-

ure M1_18). This is much younger than the previously inferred

divergence time between the ancestors of western European

HGs and either Iranian EFs (46–77 kya; Broushaki et al., 2016)

or European EFs (46 kya; Jones et al., 2015). However, these
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Figure 3. Demographic scenario inferred from genomic modeling

This demographic history was obtained by compiling the best models of all tested scenarios (see Methods S1— Demogenomic inference with fastsimcoal2—

Final model). Times of the events (y axis) and population ages (shown below their symbols) are indicated in ky BP. Under each population name, we indicate their

sampled genomes, their associated inbreeding coefficients (Fis), and their diploid effective population sizes (Ne). Unfilled symbols indicate ancestral populations

that we simulated after or before key events (split times or admixture events). The X symbols indicate bottlenecks that occurred on ancestral branches, modeled

as a one-generation bottleneck through a population with its effective size shown in italics. Admixture proportions >10% from the Western metapopulation are

indicated by blue arrows.

See also Figure S2 for effective populations sizes inferred by MSMC2.
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previous divergence times were obtained using relatively simple

models without bottlenecks and assuming topologies with only

recent or even no admixture at all.

We have explored additional scenarios to evaluate the effects

of these simplifications on metapopulation divergence times. As

expected, a model without bottlenecks on the metapopulation

branches leads to a much older divergence time of 39 kya be-

tween Eastern and Western metapopulations (Table S4), which

is more in line with previous estimates, but this model is inher-

ently less likely than the original one (Figure M1_18A). On the

other hand, models without any admixture between theWestern

HG metapopulation and the ancestors of western EFs lead to a

much younger divergence time between the Eastern and West-

ern HG metapopulations (16 kya, Table S4), but the fit with the

data is very poor (Figure M1_18A).

Comparing two western European HGs from the sites of

Bichon and Loschbour with our newly sequenced Mesolithic in-

dividuals from Vlasac further reveals that European HG popula-

tions had already split during the last glacial maximum (LGM)

�22.8 kya (95% CI 16.7–24.7, Figure M1_28), with Bichon and

Loschbour populations subsequently diverging from one

another, approximately 1,000 years later.
The reduced diversity in European HGs is due to a
massive LGM bottleneck
Genetic diversity as quantified by the heterozygosity at neutral

sites is much lower in HGs than in EFs (Figure 2C), excepting

Northwest Anatolian EFs in line with previous studies (Kılınç
et al., 2016; Kousathanas et al., 2017). HG genomes furthermore

show a generally larger proportion of intermediate runs of homo-

zygosity (ROHs) (2–10 Mb ROHs, Figure 2D; Figure M1_7; Ring-

bauer et al., 2021) indicative of background relatedness within

European HGs, usually attributed to small population size (Ce-

ballos et al., 2021)—a small population size is also observed in

MSMC2 analyses (Figure S2).

However, it is interesting to note that we estimate in our

model HG effective population sizes to be larger than those

of most EFs, particularly those from Anatolia (Bon002,

AKT16, and Bar25), which show effective population sizes of

a few hundred individuals only (Figure 3), consistent with their

high proportion of intermediate length ROHs (Figure 2D). The

lower diversity observed among European HGs thus appears

to be rather due to a very strong LGM bottleneck (Figures 3

and M1_18 and see discussion) than to individuals living in

small isolated groups.
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Figure 4. Evolutionary insights gained from the demographic scenario shown in Figure 3

(A) MDS analysis done on 12 populations used in the demogenomic analyses and on simulated ancestral populations (unfilled symbols) sampled at keymoments

of their history, as defined on Figure 3: (1) on the ancestral branch before the split between Western and Eastern metapopulations 25.6 kya; (2) on the Central

metapopulation branch just before and after the admixture occurring 14.2 kya; (3) on the Western metapopulation branch just before this admixture; (4) on the

Easternmetapopulation branch at the time of split of the Iranian population 13.6 kya; (5) at the top of thewestern EFs ancestors branch just after its admixture with

the Western metapopulation (12.9 kya), and then every 25 generations until the split of the Aegean populations 9.3 kya. Arrows indicate the trajectory of the

populations caused by important demographic events (i.e., admixture events, bottlenecks, episodes of drift).

(B) Admixture plot for K = 3 performed on sampled and ancestral populations.

See also Figure S3 for corresponding admixture plots done on observed and simulated individuals.
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The inferred model reproduces key features of
genomic data
Genomic data simulated under the most complete demographic

scenario (Figure 3) lead to population relationships (Figure 4A)

that are very similar to thoseobservedon theMDSplot performed

on real data (Figure 2A). Three clusters are clearly visible, with Eu-

ropean HGs all in proximity to each other, and markedly distinct

from the western EFs; Caucasus HGs, and Iran EFs in contrast

remain distinct. Furthermore, a simplified admixture graph (Pat-

terson et al., 2012) fitted on data simulated under the model pre-

sented in Figure 3 leads to f-statistics consistent with those

calculated on the real data (compare Figures M1_29 and

M1_30). All population relationships inferred in our model of Fig-

ure 3 are thus confirmed by f-statistics. Finally, an admixture

analysis performed on data simulated according to our model

leads to admixture proportions that are very similar to those

observed, as shown in Figures 4B and S3. In particular, the Cau-

casus HG shows a large yellow component shared with the Ira-

nian EF, in line with their proximity on the MDS plot. The good

match between observed and simulated data thus provides an

a posteriori validation of our model-based approach.

DISCUSSION

Evolutionary insights gained from explicit demographic
modeling
Our sequencing of ancient genomes at >10x has not only tripled

the number of high-quality whole genomes available for the early

Holocene in Europe but also allowed us to perform genetic ana-
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lyses on an unbiased set of markers minimally impacted by se-

lection. Such neutral markers are ideally suited for reconstruct-

ing the population history of Europe and Southwest Asia from

the Late Pleistocene to the Early Holocene. In addition to con-

firming long-held assumptions and interpretations, our modeling

provides several key insights about the demographic processes

that preceded the Neolithic transition and its expansion to

the west.

A split of European HGs triggered by the LGM

Our model suggests that European HGs had already split into

two subgroups (West 1 and West 2 in Figure 5C) �23 kya, after

experiencing a very severe bottleneck during the LGM, respon-

sible for their low level of genetic diversity (Figure 2C). In contrast

to previous studies (Ceballos et al., 2021; Günther et al., 2018),

HGs were found to have generally larger effective population

sizes than contemporary EFs (Figure 3). Such relatively large

effective population sizes can lead to slow population differenti-

ation, which might explain why the different HG groups show

close genetic affinities (Figures 2A and 4A) despite long

divergence times and a wide geographic distribution. Large

HG effective population sizes could be due to long-distance ge-

netic exchanges between groups. Contrastingly, the inferred low

effective population size of EFs (despite obvious large census

sizes) suggests that the Neolithic transition was linked to a

reduction in local EF effective population sizes, potentially due

to ‘‘sedentarization’’ or commitment to place (Aimé et al.,

2013) and restricted gene flow among small-scale farming com-

munities, as observed at the aceramic Neolithic sites of Boncu-

klu and Asxıklı (Yaka et al., 2021).
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Ancestors of western EFs are related to Caucasus HGs

We have shown that HGs from the Caucasus share a common

ancestor with western EFs, as both show traces of an ancestral

admixture event between theWestern and Easternmetapopula-

tions (Figure 3). Despite this historical relationship, our model still

manages to predict the apparent affinity of the Caucasus HG

genome with the Iranian EF (e.g. the yellow component shared

by KK1 and WC1 found for real and simulated data in

Figures 2B, 4B, and S3, as well as their proximities on the

MDS plots of Figures 2A and 4A). This shows that observed pat-

terns of genetic similarities are not sufficient to reconstruct

actual ancestry relationships.

Specific demographic processes explain EF and HG

differentiation from their ancestral population

Through our demogenomic modeling, we can demonstrate how

specific demographic processes gave rise to the genetic diver-

gence of past populations. We can indeed not only simulate

the genomic diversity of sampled ancient individuals but also

that of individuals drawn from ancestral populations at any

time point and thus predict their relationships with sampled indi-

viduals (Figure 4A). For instance, we infer that the population

ancestral to all our ancient sampled individuals was genetically

close to Iranian EFs and Caucasus HGs. As also shown in Fig-

ure 4A, the ancestors of European HGs (theWesternmetapopu-

lation) considerably diverged from the ancestral population due

to a LGM bottleneck, explaining their outlier position on the top

left of the MDS plot.

The ancestors ofwestern EFs (i.e., theCentralmetapopulation)

were initially close to the ancestral population and to the Iranian

EFs, but the two consecutive admixture events with theWestern

HGmetapopulation put them closer to the European HGs on the

MDSplot. Nonetheless, itwas the>2,500years of intensegenetic

drift thatmade themparticularly distinct fromall other groups, re-

sulting in them occupying the upper right corner of the MDS plot

in Figure 4A. We postulate that this rapid divergence process

could be due to recurrent founder effects having occurred during

their dispersal through Anatolia. Although western EFs were pre-

viously described as genetically intermediate between other SW

Asian groups (Feldman et al., 2019), or as amixture of Iranian and

Southern Levant Neolithic populations with western HGs (Lazar-

idis et al., 2016), this initial admixture signal remains hidden to

classical admixture analyses because it is progressively eroded

by the genetic drift that occurred during the migration of these

populations through Anatolia (Figure 4B). Whereas populations

simulated shortly after the two main admixture events with the

Western metapopulation appear as admixed (i.e., EFAncestors

[12.9 kya] in Figure 4B), this signal progressively disappears

through time with the emergence (and migration) of western

EFswhomore andmore appear as having a completely unrelated

gene pool (e.g., green component in the admixture analyses of

Figure 4B). Their slightly more central position on the MDS plot

(Figure 4A) in later generations is then due to admixture with the

Western metapopulation and surrounding farmers modeled as

the Central metapopulation.

A spatial interpretation of population differentiation
The timing and sequence of demographic events that emerge

from our model suggest a scenario of population differentiation
with a clear geographic and chronological resolution from the

LGM to the early Holocene (Figure 5).

HG structuration and divergence induced by the LGM

We find that the divergence between the Eastern and Western

HG metapopulations has been initiated by the LGM some 26

kya (Figures 5A and 5B), probably due to a deterioration of the

habitat and a contraction into LGM refugia potentially located

in milder regions (Figure 5B). The archaeological, environmental,

and climatic records indeed suggest that large tracts of Eurasia

were deserted at the height of the LGM, �26 kya, when ice

sheets were at their maximum extent (Clark et al., 2009; French,

2021; Jöris et al., 2009), and both human and animal populations

survived in glacial refugia located in more southern regions of

Europe (Sommer et al., 2008).

In our initial model, the LGM divergence is immediately fol-

lowed by a bottleneck of very strong intensity in the population

ancestral to European HGs. The modeled intensity I of this

bottleneck depends on the bottleneck duration (t) and its size

(Nbot) as I = t/(2Nbot). If the bottleneck had lasted 4,000 years

(corresponding to 138 generations of 29 years), our estimated in-

tensity I = 0.18 would correspond to an effective bottleneck pop-

ulation size of 383 individuals. This low number is in line with the

archaeological record suggesting a 60% decline in census pop-

ulation size in the latter part of the Gravettian, 14C-dated to

29,000–25,000 cal. BP, with total population size in Europe as

low as 700–1,550 individuals (Maier, 2017). We have explored

an alternative demographic scenario where the bottleneck was

decoupled from the divergence between the Eastern and West-

ern HG metapopulations. In that case (Figure M1_17; Table S4),

we find a slightly older metapopulation divergence (27 kya)

occurring during the phase of decrease in northern summer solar

insolation, i.e., between 32 and 26 kya (Clark et al., 2009), and a

more recent bottleneck (23 kya) sitting in the middle of the LGM,

confirming that the two events are related to this extreme

cold phase.

Our analyses further indicate that European HGs differentiated

in two separate refugia by the end of the LGM 21.7 kya (Figures 3

and 5C), perhaps corresponding to what archaeologists tradi-

tionally identify as the areas of distribution of Solutrean and Epi-

gravettian technocomplexes (Smith, 1966; Koz1owski and Kac-

zanowska, 2004).

Post-LGM range expansions and admixture

Following a period of range expansion after the LGM (Figure 5D),

representatives of the Central HG metapopulation, who were

likely descendants of the Epigravettian refugial population,

mixed�14.2 kya with the population ancestral to both Caucasus

HGs and western EFs (called East 1 in Figure 5E). Given the

assumed geographical distribution of the preceding glacial

refugia, this Bølling interstadial period admixture likely happened

in a region encompassing Southeastern Anatolia and the North-

ern Levant or even in neighboring regions such as Central and

Eastern Anatolia or the Turkish South coast.

Differentiation of Anatolian and Aegean EF groups

The demographic processes behind the differentiation between

Central Anatolian and Aegean EF populations are more difficult

to pinpoint and locate with precision. The inferred low population

size of the ancestors of western EFs after their split from the

Central metapopulation during the Older Dryas Figure 5F) could
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Figure 5. A spatiotemporal interpretation of population differentiation in SW Asia and Europe based on our model and the geographic

distribution of the genomes

For a Figure360 author presentation of this figure, see https://doi.org/10.1016/j.cell.2022.04.008.

Colored shaded areas indicate approximate putative distributions of populations at different time points. The letters (A) to (H) indicate the chronological order of

events; see main text for a detailed description. Note that warmer periods (Bølling and Allerød interstadials, Holocene) correspond to population range expan-

sions while colder periods (LGM, Older Dryas) are associated with contractions.

See also Figure S4 for additional f-statistics analyses supporting alternative connections between the Levant and the Aegean/Greece area.
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be due to a westward range expansion and associated recurrent

founder effects during the Allerød interstadial. This period was

characterized by relatively favorable climatic conditions, which

may have allowed the ancestors of western EFs to further mix

with Epipalaeolithic HGs in Anatolia (�12.9 kya; Figure 5G).

The fact that Central Anatolian EFs share the same admixture

event and drift with Aegean EFs suggests that they were part of

the same expansion wave, and that Central Anatolia was settled

by EFs before they reached the Aegean area, potentially by a

different route. However, a previous study (Feldman et al., 2019)

has shown that Central Anatolian EFs and Epipalaeolithic HGs

were genetically similar, which indicates that admixed groups ex-

isted in Central Anatolia prior to the Neolithic transition. Alterna-
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tively, admixed HG populations could have moved there from

the Fertile Crescent, adopting fully developed farming practices

at a later stage, which is in line with the observation that early

aceramic sites such as Boncuklu and Asxıklı on the Anatolian

Plateau show experiments in crop cultivation and caprine man-

agement �9.7 kya (Buitenhuis et al., 2018; Ergun et al., 2018).

By contrast, the migration to NW Anatolia (Figure 5H) likely

occurred at the time of the fully developed ceramic Neolithic

characterized by the establishment of widespread mixed

farming (Bogaard et al., 2017). Further support for such a demic

diffusion scenario to NW Anatolia by a direct (coastal) route and

to a lesser extent via the Konya plain region of Central Anatolia

comes from f-statistics showing Southern Levant populations

https://doi.org/10.1016/j.cell.2022.04.008
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sharing more drift with Aegean Neolithic individuals than with

Central Anatolian ones (Figure S4). This signal could be due to

either (1) long-distance gene flow between Aegean and Levan-

tine communities, as suggested by archaeologists based on

similarities in material culture (Perlès, 2001; Horejs et al., 2015)

(2) a higher level ofWesternmetapopulation admixture in Central

Anatolia as observed in Boncuklu (Figure S1B) and inferred in our

model (Figure 3), or (3) an early migration of the Boncuklu ances-

tors from the Fertile Crescent to Central Anatolia, combined with

some later gene flow between populations from the Fertile Cres-

cent and the ancestors of Aegean EFs. However, f-statistics an-

alyses reveal that EFs from the Aegean and NW Anatolia are

rather heterogeneous in their levels of shared drift with several

populations, including HGs from the Levant and EFs from Iran

(Figure S4; Table S5), suggesting that the Neolithization of the

Aegean was a more complex process.

Neolithic expansion occurred through a mixture of

cultural and demic diffusion

Even though the initial spread of the Neolithic must have been

through cultural diffusion in the FertileCrescent amonggenetically

well differentiated groups, our results indicate that expansion to

Northwestern Anatolia, the Aegean Basin and the Danubian

corridor occurred primarily through demic diffusion (Figure 5H).

The initial spread of populations beyond the Fertile Crescent

was certainly far from linear and associated with multiple genetic

influences from the Levant, some of which were not linked to the

emergence of a fully developed Neolithic economy. As soon as

Neolithic lifeways reached Europe, the mode of dispersal of pop-

ulations toCentral Europebecamemore linear and can essentially

be modeled as a stepping-stone migration (Figure M1_26).

Limitations of the study
Although our demogenomic model (Figure 3) can clarify

observed population affinities, it has exposed temporal and

geographical gaps, which can only be filled by producing addi-

tional genomic data of similarly high quality. In particular, high-

quality genomes from pre-Neolithic and Neolithic populations

of the Western Fertile Crescent, as well as reference genomes

for Central Anatolia and HGs from Eastern Europe are needed

to confirm our conclusions and render them more complete.

Whereas the demographic scenarios we have explored are

muchmore complex than those previously investigated (Broush-

aki et al., 2016; Jones et al., 2015), they are certainly still very

schematic and reality must have been more complex. In partic-

ular, we have used simplified assumptions such as constant mu-

tation rates and generation times, which may have actually

changed over time (Coll Macià et al., 2021; Harris, 2015), or we

have modeled genetic interactions between populations as

direct and unique pulses of gene flow, whereas gene flow could

have occurred over prolonged periods, or could have occurred

indirectly through unsampled populations. However, since our

model still captures and reproduces most observed genetic pat-

terns (Figure 4), it seems robust enough to provide key insights

into past demographic processes. Finally, while we have

analyzed genetic evidence relating to European EFs along the

Danubian corridor, the spread of EFs along the Mediterranean

coast remains to be investigated to obtain a more complete pic-

ture of the Neolithic settlement of Europe.
Conclusions
Population modeling using the framework outlined here allowed

us to extract key, unexpected, but complementary and far more

detailed information on population affinities than could be

concluded from summary statistics and multivariate analysis

alone. In addition, this model provides a time frame for the differ-

entiation of the major groups populating Southwest Asia and

Europe from the LGM until the introduction of agriculture and

highlights the crucial role of climatic changes as driver of popu-

lation fragmentation and admixture events (Lahr and Foley,

1998). Although the world’s first farmers look genetically very

different fromEuropeanHGs, our simulation based on high-qual-

ity genomes shows that some European and Southwest Asian

populations in fact shared a recent common history marked by

repeated interactions since the end of the last ice age. Strong

drift during their expansion through Anatolia contributed to mak-

ing western EFs look more dissimilar than they actually were and

somehow concealed their hybrid nature. In summary, the idea of

a single cultural and genetic origin of all farmers in the Fertile

Crescent, without significant initial contribution of European-

like HGs, is no longer tenable in its current form.
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Atici, L., Galik, A., Marciniak, A., Mulville, J., et al. (2014). Data sharing reveals

complexity in the westward spread of domestic animals across Neolithic

Turkey. PLoS One 9, e99845.
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Hofmanová, Z., Diekmann, Y., Cassidy, L.M., Dı́ez-del-Molino, D., et al.

(2016). Early Neolithic genomes from the eastern Fertile Crescent. Science

353, 499–503.

Browning, B.L., and Browning, S.R. (2013). Detecting identity by descent and

estimating genotype error rates in sequence data. Am. J. Hum. Genet. 93,

840–851.

Buckley, M.T., Racimo, F., Allentoft, M.E., Jensen, M.K., Jonsson, A., Huang,

H., Hormozdiari, F., Sikora, M., Marnetto, D., Eskin, E., et al. (2017). Selection

in Europeans on fatty acid desaturases associated with dietary changes. Mol.

Biol. Evol. 34, 1307–1318.

Budd, C., Karul, N., Alpaslan-Roodenberg, S., Galik, A., Schulting, R., and Lil-

lie, M. (2018). Diet uniformity at an early farming community in northwest Ana-

tolia (Turkey): carbon and nitrogen isotope studies of bone collagen at Akto-

praklık. Archaeol. Anthropol. Sci. 10, 2123–2135.

Budd, C., Lillie, M., Alpaslan-Roodenberg, S., Karul, N., and Pinhasi, R. (2013).

Stable isotope analysis of Neolithic and Chalcolithic populations fromAktopra-

klık, northern Anatolia. J. Archaeol. Sci. 40, 860–867.
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�Zegarac, A., Hofmanová, Z., Winkelbach, L., et al. (2020). Low prevalence of

lactase persistence in Bronze Age Europe indicates ongoing strong selection

over the last 3,000 years. Curr. Biol. 30, 4307–4315.e13.

Çakırlar, C. (2013). Rethinking Neolithic subsistence at the gateway to Europe

with new archaeozoological evidence from Istanbul. In Barely surviving or
Cell 185, 1842–1859, May 26, 2022 1853

http://refhub.elsevier.com/S0092-8674(22)00455-X/sref13
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref13
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref13
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref14
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref14
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref14
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref14
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref14
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref15
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref15
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref16
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref16
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref16
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref17
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref17
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref17
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref18
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref18
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref18
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref18
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref19
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref19
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref19
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref20
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref20
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref20
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref20
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref20
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref21
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref21
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref22
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref22
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref22
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref22
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref22
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref23
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref23
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref23
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref24
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref24
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref24
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref24
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref24
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref25
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref25
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref25
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref25
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref26
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref26
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref26
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref26
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref27
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref27
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref27
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref27
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref27
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref27
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref28
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref28
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref28
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref28
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref28
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref28
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref29
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref29
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref29
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref29
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref29
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref29
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref29
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref30
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref30
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref30
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref31
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref31
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref31
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref32
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref32
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref32
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref32
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref32
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref32
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref33
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref33
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref33
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref33
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref34
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref34
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref34
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref34
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref35
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref35
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref36
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref36
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref36
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref37
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref37
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref37
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref37
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref38
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref38
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref38
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref38
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref39
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref39
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref39
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref40
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref40
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref41
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref41
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref42
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref42
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref42
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref42
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref43
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref43
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref43
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref43
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref44
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref44
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref44
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref45
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref45
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref45
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref45
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref46
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref46
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref46
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref46
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref47
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref47
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref47
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref48
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref49
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref49
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref49
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref49
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref50
http://refhub.elsevier.com/S0092-8674(22)00455-X/sref50


ll
OPEN ACCESS Article
more than enough?, M. Groot, D. Lentjes, and J. Zeiler, eds. (Sidestone Press),

pp. 59–79.

Carter, T. (2016). Obsidian consumption in the Late Pleistocene–Early Holo-

cene Aegean: contextualising new data from Mesolithic Crete. Annu. Br.

Sch. Athens 111, 13–34.

Carter, T., Contreras, D.A., Holcomb, J., Mihailovi�c, D.D., Karkanas, P., Gué-
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terreichischen Akademie der Wissenschaften), pp. 111–122.

Mathieson, I., Alpaslan-Roodenberg, S., Posth, C., Szécsényi-Nagy, A., Roh-
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Özdoǧan, M. (1997). Anatolia from the Last Glacial Maximum to the Holocene

Climatic Optimum: cultural formations and the impact of the environmental
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REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Ancient human bone material This study AKT16; ERS10598167

Ancient human bone material This study Bar25; ERS10598177

Ancient human bone material This study Nea2; ERS10598179

Ancient human bone material This study Nea3; ERS10598178

Ancient human bone material This study VLASA32; ERS10598181

Ancient human bone material This study VLASA7; ERS10598180

Ancient human bone material This study LEPE48; ERS10598171

Ancient human bone material This study LEPE52; ERS10598168

Ancient human bone material This study STAR1; ERS10598170

Ancient human bone material This study VC3-2; ERS10598169

Ancient human bone material This study Asp6;ERS10598172

Ancient human bone material This study Klein7; ERS10598176

Ancient human bone material This study Ess7; ERS10598174

Ancient human bone material This study Dil16; ERS10598175

Ancient human bone material This study Herx; ERS10598173

Chemicals, peptides, and recombinant proteins

AccuPrimeTM Pfx SuperMix Invitrogen Cat#12344040

Bst Polymerase, Large Fragment (8 U/ml) New England Biolabs GmbH Cat#M0275S

dNTPs (each 10 mM) QIAGEN, Hilden, Germany Cat#201901

EDTA (0.5 M, pH 8.0) Ambion/Applied Biosystems,

Life Technologies

Cat#AM9262

Lauroylsarcosine, Sodium Salt Merck Millipore, Merck KGaA,

Darmstadt, Germany

Cat#428010

NEBNext End Repair Enzyme Mix New England Biolabs GmbH Cat#E6050L

NEBNext End Repair Reaction Buffer (10X) New England Biolabs GmbH Cat#E6050L

Nuclease-free H2O Life Technologies Cat#AM9932

PEG-4000 Thermo Scientific Cat#EL0011

Proteinase K Roche Diagnostics, Mannheim,

Germany

Cat#3115828001

T4 DNA Ligase (5 U/ml) Thermo Scientific Cat#EL0011

T4 DNA Ligase Buffer (10X) Thermo Scientific Cat#EL0011

ThermoPol Buffer (10X) New England Biolabs GmbH Cat#M0275S

Tris-EDTA Sigma-Aldrich Cat#T9285

Tris-HCl (1M, pH 8.0) Life Technologies Cat#15568025

USERTM enzyme New England Biolabs GmbH Cat#M5505L

Critical commercial assays

Agilent 2100 Expert Bioanalyzer System and

High Sensitivity DNA Analysis Kit

Agilent Technologies Cat#5067-4626 (kit)

Qubit Fluorometric quantitation and dsDNA

HS Assay Kit

Invitrogen Cat#Q32854 (kit);

Cat#Q32856 (tubes)

Deposited data

Sequencing data and aligned BAMfiles This study ENA: PRJEB50857

Code and input-files connected to this study This study https://doi.org/10.5281/zenodo.6367517 for

the release of https://github.com/CMPG/

originsEarlyFarmers/

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Ancient genome - Demultiplexed FASTQ

files kindly provided by the authors (contact:

Zuzana Hofmanová, co-author of this study)

(Hofmanová et al., 2016) Bar8

Ancient genome - Demultiplexed FASTQ files (Jones et al., 2015) Bichon; ERR1078331 - ERR1078351

Ancient genome - FASTQ files (produced from

BAMfiles by ENA)

(Kılınç et al., 2016) Bon002; ERR1514027

Ancient genome - Demultiplexed FASTQ files

kindly provided by the authors (contact: Kay

Prüfer)

(Lazaridis et al., 2014) Loschbour

Ancient genome - Raw sequencing FASTQ file

kindly provided by the authors (contact: Lara

Cassidy)

(Gamba et al., 2014) NE1

Ancient genome - Aligned BAM file (Günther et al., 2018) SF12; ERR2060277

Ancient genome - Demultiplexed FASTQ files

kindly provided by the authors (contact: Kay

Prüfer)

(Lazaridis et al., 2014) Stuttgart

Ancient genome - Demultiplexed FASTQ file

kindly provided by the authors (contact: Yoan

Diekmann, co-author of this study)

(Brace et al., 2019) CarsPas1

Ancient genome - Demultiplexed FASTQ files

kindly provided by the authors (contact: Jens

Blöcher, co-author of this study)

(Broushaki et al., 2016) WC1

Ancient genome - Demultiplexed FASTQ files (Jones et al., 2015) KK1; ERR1078321-ERR1078325

Modern genomes - Aligned BAMfiles from 77

modern individuals

The Simons Genome Diversity

Project (SGDP)

(Mallick et al., 2016)

https://www.simonsfoundation.org/simons-

genome-diversity-project/Individual identifiers,

see Table S2.

1000 Genomes phase3 per chromosome VCFs (1000 Genomes Project Consortium

et al., 2015)

http://ftp.1000genomes.ebi.ac.uk/vol1/

ftp/release/20130502/

Allen Ancient DNA Resource v42.4 and v37.2 Reich lab public data release https://reichdata.hms.harvard.edu/pub/datasets/

amh_repo/curated_releases/index_v42.4.html;

https://reich.hms.harvard.edu/allen-ancient-dna-

resource-aadr-downloadable-genotypes-present-

day-and-ancient-dna-data

Assembly gaps and centromeres UCSC genome browser http://hgdownload.cse.ucsc.edu/goldenPath/

hg19/database/gap.txt.gz

Chimpanzee hg19 nucleotide states UCSC genome browser http://hgdownload.cse.ucsc.edu/goldenpath/

hg19/vsPanTro4/axtNet/

Chimpanzee Reference Genome (panTro4) The Chimpanzee Sequencing

and Analysis Consortium (2005)

GenBank assembly accession: GCA_000001515.4

CpG islands list UCSC genome browser (CpG Islands (cpgIslandExt) Track)

Ensembl Compara 71 genome FASTA files Ensembl Compara http://ftp.ensembl.org/pub/release-71/fasta/

ancestral_alleles/homo_sapiens_ancestor_

GRCh37_e71.tar.bz2

Gorilla hg19 nucleotide states UCSC genome browser http://hgdownload.cse.ucsc.edu/goldenpath/

hg19/vsGorGor5/axtNet/

Haplotype Reference Consortium dataset (McCarthy et al., 2016) accession number EGAD00001002729 on the

European Genome-phenome Archive

HapMap file for chrX (ANGSD) HapMapChrx.gz (Rasmussen et al., 2011) http://www.popgen.dk/angsd/index.php/ANGSD

HapMap phase II b37 genetic map N/A https://github.com/odelaneau/shapeit4/

tree/master/maps

Human reference sequence hs37d5 (1000 Genomes Project Consortium

et al., 2015)

ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/

technical/reference/phase2_reference_assembly_

sequence/hs37d5.fa.gz

(Continued on next page)
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Known InDel positions (1000 Genomes Project Consortium

et al., 2015)

ftp://gsapubftp-anonymous@ftp.broadinstitute.org/

bundle/b37/1000G_phase1.indels.b37.vcf.gz

Known InDel positions (1000 Genomes Project Consortium

et al., 2015)

ftp://gsapubftp-anonymous@ftp.broadinstitute.org/

bundle/b37/Mills_and_1000G_gold_standard.indels.

b37.vcf.gz

Per chromosome mappability mask for human

reference genome hs37d5

The Simons Genome Diversity

Project (SGDP)

(Mallick et al., 2016)

https://github.com/wangke16/MSMC-IM/blob/

master/masks/um75-hs37d5.bed.gz

Recombination Map for YRI population (1000 Genomes Project Consortium

et al., 2015)

ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/

working/20130507_omni_recombination_rates/

Ultraconserved sites for recalibration step (Dimitrieva and Bucher, 2013) https://ccg.epfl.ch/UCNEbase/data/download/

ucnes/hg19_UCNE_coord.bed

Oligonucleotides

P5 and P7 adapters (Meyer and Kircher, 2010)

IDT, Leuven, Belgium

N/A

P5 and P7 indexing primers with index

sequences (8 bp) from the NexteraXT

index Kit v2

(Kircher et al., 2012) and Illumina,

San Diego, California, United States

IDT, Leuven, Belgium

N/A

Software and algorithms

ADMIXTOOLS package v7300 (Patterson et al., 2012) https://github.com/DReichLab/AdmixTools

ANGSD - version 0.917 (Rasmussen et al., 2011) http://www.popgen.dk/angsd/index.php/ANGSD

ANNOVAR (Wang et al., 2010) https://annovar.openbioinformatics.org

ATLAS - commits 6bd2482 & 7cfc900 (Link et al., 2017) https://bitbucket.org/wegmannlab/atlas/

ATLAS-Pipeline, commit 6df90e7 Wegmann lab, Ilektra Schulz bitbucket.org/wegmannlab/atlas-pipeline

bcftools versions: 1.9 and 0.1.15 (Danecek et al., 2021) https://samtools.github.io/bcftools/howtos/

index.html

bwa - Burrows-Wheeler Alignment Tool - versions

0.7.15 and 0.7.17

(Li, 2013) bio-bwa.sourceforge.net

BEDOPS v2.4.40 (Neph et al., 2012) https://bedops.readthedocs.io/en/latest/

Bedtools 2.25.0 (Quinlan and Hall, 2010) https://bedtools.readthedocs.io/en/latest/

ContamMix - version 1.0 (Fu et al., 2013) https://science.umd.edu/biology/plfj/

dadi (Gutenkunst et al., 2009) https://bitbucket.org/gutenkunstlab/dadi

fastsimcoal2.7 (Excoffier et al., 2013, 2021) http://cmpg.unibe.ch/software/fastsimcoal2/

fastqc - version 0.11.5 Babraham Bioinformatics www.bioinformatics.babraham.ac.uk/projects/

fastqc/

GATK - version 3.7 (DePristo et al., 2011) https://gatk.broadinstitute.org

HIrisPlex-S webtool (Chaitanya et al., 2018; Walsh

et al., 2013)

https://hirisplex.erasmusmc.nl/

IBDSeq v. r1206 (Browning and Browning, 2013) http://faculty.washington.edu/browning/ibdseq.html

LEA R package v.2.6.0 (Frichot and François, 2015) https://bioconductor.org/packages/release/

bioc/html/LEA.html

mafft - version 7.31 (Katoh et al., 2002) https://mafft.cbrc.jp/alignment/software/linux.html

MIA (Mapping Iterative Assembler) - version 1.0 MPI EVA Bioinformatics https://github.com/mpieva/mapping-iterative-

assembler

MSMC2 (Schiffels and Wang, 2020) https://github.com/stschiff/msmc2

MSMC-tools, commit 07bc8a9 (Schiffels and Wang, 2020) https://github.com/stschiff/msmc-tools

phy-mer (Navarro-Gomez et al., 2015) https://github.com/MEEIBioinformaticsCenter/

phy-mer/

Picard-tools - version 2.9 Broad Institute http://broadinstitute.github.io/picard/

(Continued on next page)
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R - version 4.0, 3.7, and 3.6.1 R Core Team (2019). R: A language

and environment for statistical

computing. R Foundation for

Statistical Computing, Vienna,

Austria

https://www.R-project.org/

SAMtools - version 1.3 (Li et al., 2009) http://www.htslib.org/

Samtools 1.9 (Danecek et al., 2021) https://github.com/samtools/samtools

seqtk - version 1.2 N/A https://github.com/lh3/seqtk

SHAPEIT4 v1.2 (Delaneau et al., 2019) https://odelaneau.github.io/shapeit4/

Snakemake - version 4.0 (Köster and Rahmann, 2012) https://snakemake.readthedocs.io/en/stable/

Trim Galore! - version 0.4.3 Babraham Bioinformatics www.bioinformatics.babraham.ac.uk/projects/

trim_galore/

Yjasc_3752_ry_compute.py, version 0.4 (Skoglund et al., 2013) https://ars.els-cdn.com/content/image/1-s2.0-

S0305440313002495-mmc1.zip

Yleaf (Ralf et al., 2018) https://github.com/genid/Yleaf

Other

Agencourt� AMPure� XP beads Beckmann Coulter Cat#A63880

Amicon Ultra-4 Centrifugal Filter Units, 30kDa Merck Millipore, Darmstadt,

Germany

Cat#UFC803096

Hydroxyapatite Sigma-Aldrich Cat#21223

MinElute PCR Purification Kit QIAGEN, Hilden, Germany Cat#28006

MSB� Spin PCRapace Invitek Molecular GmbH, Berlin,

Germany

Cat#1020220400

Spezial-Edelkorund (EW60/250m) Harnisch+Rieth, Winterbach,

Germany

Cat#75250

Spezial-Edelkorund (30B/50m) Harnisch+Rieth, Winterbach,

Germany

Cat#75308
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RESOURCE AVAILABILITY

Lead contact
d Further information and requests should be directed to and will be fulfilled by the lead contact Laurent Excoffier (laurent.

excoffier@iee.unibe.ch).
Materials availability
d This study did not generate new unique reagents.
Data and code availability
d Raw sequencing data (FASTQ-files) and aligned BAM-files generated in this study have been deposited to European Nucleo-

tide Archive (ENA: PRJEB50857) and are publicly available as of the date of publication. Individual Accession numbers are

listed in the key resources table. Filtered VCF-files have been deposited to European Variant Archive (EVA: PRJEB51919)

and are publicly available as of the date of publication. Further archaeological information and analyses additional to the pre-

sent article are available (Data S1; Methods S1), as well as Supplemental Tables and Figures.

d All original code has been deposited at https://github.com/CMPG/originsEarlyFarmers and is publicly available as of the date of

publication. under DOI https://doi.org/10.5281/zenodo.6367517.

d Any additional information required to reanalyse the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

In this study, we present new whole-genome sequences for 15 ancient human individuals (see Table 1, Figure D1_1 from Data S1,

and key resources table for an overview). Our sample set consists of two Mesolithic individuals from Vlasac (Serbia), two individuals

from Transitional and Neolithic layers at Lepenski Vir (Serbia) and 11 early Neolithic individuals originating from Aktopraklık and
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Barcın in Turkey (one individual each), from Nea Nikomedeia in Greece (two individuals), from Vin�ca-Belo Brdo and Grad-Star�cevo in

Serbia (one individual each), from Kleinhadersdorf and Asparn-Schletz in Austria (one individual each) and Essenbach-Ammerbreite,

Dillingen-Steinheim and Herxheim in Germany (one individual each). For detailed information on the archaeological background,

please refer to the Data S1. Age estimated from anthropological analyses and genetic sex of the individuals are reported in Table 1

and Data S1.

The ancient skeletal material used for this study was collected and analysed in collaboration with the anthropologists/archaeolo-

gists in charge of the archaeological sites, in accordance with the laws of the respective countries. Specifically, for the Greek

samples, we had permission by the Greek Ministry of Culture and Sports for the sampling, DNA extraction, and radiocarbon dating

according to Greek law for destructive sampling of archaeological material (N.3028/02).

METHOD DETAILS

Data generation
Sample preparation

All laboratory analyses were conducted in the dedicated ancient DNA facilities of the Palaeogenetics GroupMainz (Institute of Organ-

ismic andMolecular Evolution, JohannesGutenberg University, Mainz), according to strict ancient DNA protocols to prevent contam-

ination with modern DNA as well as cross contamination between samples as previously described (Bollongino et al., 2013; Bramanti

et al., 2009; Scheu et al., 2015). These ancient DNA standards include decontamination of workspace, labware and samples, inde-

pendent DNA extractions and the processing of blank controls during sample pulverisation, DNA extraction, library preparation and

PCR reactions to monitor contaminations.

All steps prior to PCR amplification (sample preparation, DNA extraction and library preparation) were carried out in the dedicated

ancient DNA facilities of the Palaeogenetics Group, which are separated from post-PCR areas.

The petrous bone samples were prepared as described in Hofmanová et al. (2016). In detail, after documentation, samples were

sterilised under ultraviolet light (254 nm) from 2 sides for 45 minutes per side. In order to remove superficial contaminants, soil re-

mains and the outer bone surface were removed using a sandblasting machine (P-G 400, Harnisch+Rieth) with Spezial-Edelkorund

(EW60/250m and 30B/50m; Harnisch+Rieth). The densest, inner part of the petrous bone was then isolated and cut in cubes using a

disk saw (Electer Emax IH-300, MAFRA). After irradiation with ultraviolet light (254 nm) from two sides, for 45 minutes per side, the

densest bone cubes were pulverised using a mixer mill (MM200, Retsch). To control contamination, blank milling controls containing

hydroxyapatite were processed in parallel.

Radiocarbon dating and stable isotope analysis

New radiocarbon dates and stable isotope values (carbon d13C and nitrogen d15N) were obtained for seven individuals (Table D1_2).

The analyses were performed at the Curt-Engelhorn-Zentrum Archäometrie gGmbH (Mannheim, Germany). The collagen used for

the analyses was extracted from fragments of the petrous bones used for palaeogenomic analysis.

All dates were uniformly re-calibrated in OxCal 4.4.2 (Bronk Ramsey, 2009) using the IntCal20 calibration curve (Reimer et al.,

2020). The isotope results were used as a basis for palaeodietary inference (Figure D1_11) and for freshwater reservoir effect correc-

tion in the case of the Vlasac sample (Table D1_2). Radiocarbon dates on human bones from archaeological sites in the Danube

Gorges are known to be influenced by a large freshwater 14C reservoir effect, due to high intake of freshwater food, and need to

be corrected before calibration (Cook et al., 2001). We did it following the method described by Cook et al. (2001), later amended

by Bonsall et al. (2015): for human bones with d15NR8:3&, uncalibrated dates of the form m± s were adjusted to ðm � 545cÞ±ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2 + ð70cÞ2

q
where c = d15N� 8:3

17� 8:3 .

DNA extraction

DNA extraction followed the protocol by Yang et al. (1998) with themodifications described inMacHugh et al. (2000) andGamba et al.

(2014) as well as additional modifications described below. For each sample, 0.15-0.31 g of bone powder was used for extraction.

Prior to extraction, a pre-lysis was performed by adding 1 mL of EDTA (0.5 M, pH8) to the bone powder and incubating at room

temperature for 10minutes. The solution was centrifuged atmaximum speed to pellet the powder and the supernatant was removed.

Lysis was performed on rocking shakers at 37�C for 24 hours (900 rpm) using 1 ml of extraction buffer containing EDTA (950 ml, 0.5

M, pH8), Tris-HCl (20 ml, 1 M, pH8), N-Lauroylsarcosine (17 ml, 5%) and Proteinase K (13 ml; 20 mg/ml). After 24 hours of incubation,

the samples were centrifuged for 10minutes at 10,000 rpm, the supernatant was removed, transferred into new tubes and stored in a

fridge until further processing. A second lysis step was performed following the same procedure.

Following lysis, the supernatants from the two lysis steps were merged on an Amicon Filter (Amicon Ultra-4 30 kDA, 15 ml)

and centrifuged for 10 min at 2500 rpm. The DNA was then washed twice with 3 ml 1X Tris-EDTA, followed by centrifugation

at 2500 rpm for 20 minutes and discarding of the flow-through in between. After washing, the extract was concentrated to 100 ml

and subsequently purified with the MinElute PCR Purification Kit following the manufacturer’s instructions but incubating for

5 minutes during elution with 44 ml elution buffer (preheated to 65�C).
Blank controls were processed during DNA extraction and incorporated into all further steps of the analyses.

Library preparation

Double-indexed libraries were prepared according to the protocol by Kircher et al. (2012) with slight modifications.
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Prior to library preparation the DNA extracts were treated with USERTM enzyme: 5 ml of USERTM enzyme was added to 16.25 ml of

DNA extract (exception: 17ml of twomerged extracts were used for library SL3_5 of sample AKT16, see Table S1) and themixturewas

incubated for three hours at 37�C (Verdugo et al., 2019).

The blunt-end repair step followed immediately and was performed using the NEBNext End Repair Module: the DNA extract was

mixed with NEBNext End Repair Reaction Buffer (10X, 7 ml), NEBNext End Repair Enzyme Mix (3.5 ml) and nuclease-free water

(38.25 ml; for a final reaction volume of 70 ml) and incubated for 15 minutes at 25�C followed by 5 minutes at 12�C. Deviating from

this procedure, two libraries (SL2.12_MU and SL3.12_MU of sample VC3-2) were produced using 20 ml DNA extract and without

USERTM enzyme treatment of the DNA extract (see Table S1). In the adapter ligation step hybridised adapters P5 and P7 (Meyer

and Kircher, 2010) were used at a concentration of 0.75 mM. 3 ml of Fill-In product (total volume: 40 ml) were amplified using the

AccuPrimeTM Pfx SuperMix (20 ml) in one PCR parallel adding unique and sample-specific index combinations to the library mole-

cules (final reaction volume: 25 ml; final primer concentration: 200 nM or 160 nM each). Double indexing followed Kircher et al.

(2012), but using index sequences from the NexteraXT index Kit v2 (Illumina; barcode length 8 bp; ordered at IDT, Leuven, Belgium).

The PCR was performed in 9-13 cycles; the PCR temperature profile followed the manufacturer’s recommendations but using an

annealing temperature of 60�C, extending for 30 seconds during each cycle and performing a final elongation step for 5 minutes.

For purification during library preparation theMinElute PCRPurification Kit was used, while amplified libraries were purifiedwith the

MSB� Spin PCRapace. Libraries were quantified by Qubit Fluorometric quantitation (dsDNA HS assay) and measurement on the

Agilent 2100 Bioanalyser System (High Sensitivity DNA Analysis).

Blank controls as well as positive controls (nonsense hybrids) of known concentration, were processed in every library step

including PCR amplification to verify the success of the library preparation and tomonitor contamination. Quantification of blank con-

trols did not indicate significant contamination during any laboratory step (pulverisation, DNA extraction, library preparation and

amplification).

Sample Screening

Using shallow shotgun sequencing on an Illumina MiSeqTM platform at StarSEQ GmbH (Mainz, Germany), all samples were screened

for their endogenous DNA preservation. Libraries were equimolarly pooled, subsequently purified with Agencourt� AMPure� XP

beads and sequenced in single-end runs with 50 bp read length. Demultiplexing was performed by the sequencing facility using the

MiSeq Reporter and allowing one mismatch in the barcode. Blank controls from DNA extraction, library preparation and PCR-steps

were sequenced alongside to estimate the fraction of potentially contaminating reads introduced in the lab (for details see Table S1).

Whole-genome sequencing

For deeper shotgun sequencing, 2-5 DNA extracts and 3-9 libraries of each sample were prepared (as detailed above). The libraries

were amplified in up to 13 PCR parallels, each with an individual index combination, to increase the complexity of the libraries. Sub-

sequently, PCR parallels were purified and quantified individually as described above. For sequencing, PCR parallels were pooled

equimolarly according to their concentrations measured on Qubit� and purified with Agencourt� AMPure� XP beads. The samples

were sequenced on an Illumina HiSeq3000 (SE, 100 cycles or PE, 150 cycles) at the Next Generation Sequencing Platform at the

University of Berne, Switzerland. A summary and details of the laboratory work and the sequencing strategy for each sample can

be found in Table S1.

Bioinformatics pipeline
The bioinformatic steps within this section were conducted with the following programs and versions unless specified otherwise:

- ANGSD - version 0.917 (Rasmussen et al., 2011)

- ATLAS - version 1.0, commit 6bd2482 (Link et al., 2017)

- ATLAS-Pipeline, commit 6df90e7 (bitbucket.org/wegmannlab/atlas-pipeline)

- BWA - Burrows-Wheeler Alignment Tool - version 0.7.15 (Li, 2013)

- ContamMix - version 1.0 (Fu et al., 2013)

- fastqc - version 0.11.5 (www.bioinformatics.babraham.ac.uk/projects/fastqc/)

- GATK - version 3.7 (DePristo et al., 2011)

- mafft - version 7.31 (Katoh et al., 2002)

- MIA (Mapping Iterative Assembler) - version 1.0 (https://github.com/mpieva/mapping-iterative-assembler)

- Picard-tools - version 2.9 (http://broadinstitute.github.io/picard/)

- SAMtools - version 1.3 (Li et al., 2009)

- seqtk - version 1.2 (https://github.com/lh3/seqtk)

- Snakemake - version 4.0 (Köster and Rahmann, 2012)

- Trim Galore! - version 0.4.3 (https://github.com/FelixKrueger/TrimGalore)

Raw data handling

Wecommitted to process all 102 samples (15 ancient genomes from this study, 10 previously published ancient genomes fromBrace

et al., 2019; Broushaki et al., 2016; Gamba et al., 2014; Günther et al., 2018; Hofmanová et al., 2016; Jones et al., 2015; Kılınç et al.,

2016; Lazaridis et al., 2016, and 77 modern SGDP genomes from Mallick et al., 2016; see Table D1_1 and Table S2 for the complete
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list) with the same bioinformatic pipeline, albeit minor changes due to variation in how the raw data were obtained. We therefore first

describe the pipeline used for the 15 samples sequenced in this study, followed by a description of the differences in how previously

published data were analysed:

The sequencing quality was checked with fastqc. Raw reads were trimmed using TrimGalorewith no quality filter and a length filter

of 30 bp (-q0, –length 30, -a ‘AGATCGGAAGAGCACACGTCTGAACTCC’). For paired-end libraries, the additional option –retain un-

paired was used and the second adapter sequence (-a2 ’AGATCGGAAGAGCGTCGTGTAGGGAAAG’) was provided. A second

fastqc analysis was performed to verify trimming and the quality of the remaining sequences. Reads were then aligned to the

1000 Genomes project version of the human reference genome hs37d5 (1000 Genomes Project Consortium et al., 2015) using

bwa -mem with options -t 8 -M. Reads with a mapping quality below 30 were filtered out with SAMtools -q30. Duplicate reads

were marked but not removed using picard-tools MarkDuplicates with VALIDATION_STRINGENCY=SILENT and AS=TRUE. Un-

mapped reads were removed with SAMtools with option -F4. Informative read groups were added to keep track of individual

PCR-parallels with picard-tools AddOrReplaceReadGroups. All necessary sorting and indexing in-between the steps was performed

with SAMtools index and sort, library-files from the same samples were merged using SAMtools merge.

Local Realignment

Local indel-realignment is an important but computationally expensive step in our pipeline. In order to allow for parallelization, we

proceeded with the following three steps:

(i) We identified potential target intervals using GATK RealignerTargetCreator, on a set of ten ancient and ten modern samples

(Asp6, Bar25, Dil16, Ess7, Klein7, LEPE48, Nea2, Nea3, STAR1, VC3-2, VLASA32, VLASA7, French-1, Sardinian-1,

Russian-1, Spanish-1, Georgian-1, Hungarian-1, Icelandic-1, Finnish-1, English-1, Greek-1, Mende-1, Estonian-1, Polish-1),

while providing known indel sites identified by the 1000 Genomes project (see Key Resources table). We refer to the obtained

target set as TargetsBase.

(ii) Using ATLAS task=downsample, we created a set of reads by downsampling the following 5 ancient and 5modern samples to

a depth of 4X: Bar25, Klein7, STAR1, VLASA32, VLASA7, French-1, Georgian-1, Finnish-1, Greek-1, Polish-1. We refer to this

set as the GuidanceSet.

(iii) We run local indel-realignment for each sample individually as follows: we identified private target positions for the sample

using GATK RealignerTargetCreator while providing the known indel sites from the 1000 Genomes project (as above). We

then unified the identified targets with TargetsBase to obtain a sample-specific target set. Finally, we runGATK IndelRealigner

on this sample together with the GuidanceSet on the sample-specific targets. We parallelized this step additionally by contig,

merging the output with picard-tools.

Filter and Sample Statistics

To reduce spurious alignments, we used picard-tools FilterSamReads to filter out reads that contained soft-clipped bases previously

identified with ATLAS task=assessSoftClipping or did not pass picard-tools ValidateSamFile. We further used SAMtools to keep only

primary alignments and, for paired-end libraries, proper pairs.

We determined read counts, sequencing depth, endogenous DNA-content and other statistics using ATLAS task=BAMDiagnos-

tics and SAMtools flagstat. These statistics are given per library-parallel and for themerged data for all 15 ancient samples presented

here in Table S1.

ATLAS Pipeline

We used commit 6df90e7 of the snakemake pipeline ATLAS-Pipeline, which is available at bitbucket.org/wegmannlab/atlas-pipeline

and summarised below. Configfiles used are made available at https://github.com/CMPG/originsEarlyFarmers.

Since Post-mortem-Damage (PMD) is most prevalent at read ends, the PMD pattern is different if a read spans the entire fragment

or not. Following Kousathanas et al. (2017), we split single-end read groups by length using ATLAS task=splitRGbyLength with the

option allowForLarger. We identified reads that span the entire fragment as those shorter than the maximum read length minus 5

bases to account for variation introduced by adapter-trimming. We then identified PMD patterns for each read group using ATLAS

task=estimatePMD, providing the reference genome with fasta=hs37d5.fasta and limiting the analysis to the chromosomes 1-22, X

and Y with option chr. PMD estimates are shown in Figure M1_1A. We performed base-quality recalibration as described in Kousa-

thanas et al. (2017), using ATLAS task=recal on known ultraconserved sites obtained from https://ccg.epfl.ch/UCNEbase/data/

download/ucnes/hg19_UCNE_coord.bed (Dimitrieva and Bucher, 2013). We assumed equal base frequencies (equalBaseFreq)

and inferred recalibration parameters for each PCR-parallel (pmdFile) from all sites with a minimum depth of 2 (minDepth=2).

Sequencing- and PCR-duplicates were not excluded from the estimation of recalibration parameters (keepDuplicates) to add addi-

tional power. A quality transformation by base quality recalibration was created with ATLAS task=qualityTransformation

(Figure M1_2).

For paired-end sequenced read-groups, the estimated recalibration parameters were directly corrected in the BAM file using

ATLAS task=recalBAM, providing the recal-parameters (recal) and the reference (fasta=hs37d5.fasta). Paired-end reads with cor-

rected base qualities were then physically merged with ATLAS task=mergeReads to avoid overlapping bases to be counted twice

in downstream analysis. Reads that did not pass picard-tools ValidateSamFilewere omitted. As a result of the physical merging, rela-

tive positions of bases within a read have changed, and we thus re-estimated PMD patterns as outlined above.
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We called Bayesian genotypes in the reference genome with ATLAS task=callNew and parametersmethod=Bayesian prior=theta

fixedTheta=0.001 infoFields=DP equalBaseFreq. The reference genome, PMD patterns and recal-patterns (for single-end read

groups) were provided with fasta, pmdFile and recal, respectively. The first and last 2 bp of each read were ignored (trim5=2,

trim3=2). We also created recalibrated BAMfiles from single-end libraries, whichwe used in any subsequent analysis in whichATLAS

was not involved (e.g. contamination estimation).

The molecular sex was inferred using a script from (Skoglund et al., 2013) version 0.4, based on the ratio of reads aligning to the X

and Y chromosomes (Table 1; Figure M1_1B).

Contamination estimation

Blank controls of extraction, library-preparation and index-PCR were analysed alongside the screening process. The concentration

of potential contaminants was never higher than 0.81 ng/ml. A Bioanalyser analysis (HS DNA, Agilent Technologies, Waldbronn,

Germany) and the screening results for extraction- and library-controls confirm the detected DNA to consist of primer- and

adapter-dimers with a maximum of 55 aligning reads per blank control (out of a potential share of 200,000 reads; see Table S1).

We used the ContamMix R-script estimate.R to estimate the amount of authentically mapping mitochondrial reads at 311 modern

diagnostic marker positions. We runContamMixwith the option –baseq20 and the following two input-files that we generated from all

reads in the recalibrated BAM file that mapped against the MT-Genome: i) An alignment of mitochondrial reads against their own

consensus (-samFn). This consensus was constructed by iteratively mapping the reads withMIA (mia) and mapping the last iteration

with MIA (mia) to obtain one FASTA-sequence. The MT-reads were mapped against their consensus using bwa aln and samse

(v.0.7.17) and filtered for a minimum mapping quality of 30 with SAMtools -q30. ii) A multiple alignment of the consensus genome

and a fasta-file containing the diagnostic marker positions against each other (–malnFn) obtained with mafft.

For male individuals, contamination was additionally estimated using the ANGSD contamination script based on haploid

X-chromosomal regions (X:5000000-154900000). We run ANGSD with the options -doCounts 1 and -iCounts 1, followed by the

executable misc/contamination, providing the publicly available HapMap file HapMapChrx.gz.

The contamination estimates obtained with both methods (ANGSD and ContamMix) are shown in Figure M1_1C and Table S1.

Reference samples

Tominimise reference biases (Günther andNettelblad, 2019), we analysed all previously published samples with the same pipeline as

outlined above. However, some adaptations were necessary for some samples:

d Blank characters in read names (e.g. from ENA accession numbers) were removed to ensure the proper detection of optical

duplicates.

d Quality scores of Bichon FASTQ files were converted from illumina 1.5 to illumina 1.9 with setqk seq -V 64.

d Stuttgart and Loschbour were received as unaligned and untrimmed demultiplexed raw data in BAM file format and trans-

formed to unaligned FASTQ format using picard-tools SamToFastq.

d For Loschbour files, individual library information was not recoverable. Therefore, duplicates across all sequencing files were

marked.

d Raw sequencing data was not obtainable for Bon002 and SF12. For Bon002, we downloaded the FASTQ files that were pro-

duced from BAM files by ENA. For SF12, we used published BAM files with already physically merged reads and converted

them back to FASTQ files using picard-tools SamToFastq. For both, we split the FASTQ files by run identifiers to treat each

run separately throughout the pipeline. Since those reads were already pre-processed, we omitted adapter trimming, removed

orphaned reads and otherwise followed the pipeline for single-end samples without splitting read groups by length.

d For NE1, one of the FASTQ files was corrupted and only 25% of the contained reads could be recovered. As a result, we could

only use 97% of the total number of reads generated for that sample (Gamba et al., 2014). We then demultiplexed the fixed

FASTQ-files with a custom bash script, allowing one mismatch at the first position and one mismatch at any other position

of the index.

d Since the modern samples from the SGDP dataset were already aligned to the desired reference genome, we abstained from

remapping them and analysed them along the ancient samples as described above, starting with filtering with for MQ<30,

marking optical and PCR duplicates and performing local realignment.

For each ancient sample, all pipeline results and differences from the standard pipeline are detailed in Table S1.

Data filtering

Individual VCFs obtained after Bayesian genotype calling were first filtered according to their read depth (DP): for each individual we

excluded sites that had DP < 8 and those that had a DP bigger or smaller than 2.5 s.d. away from the mean DP for each individual. To

minimise effects of outliers, the mean DP was calculated using the R function optimize for the sites comprised +/-10 of the mode DP

and a tolerance of 10-6 (see Table S2). We also excluded sites that had poor genotype quality (GQ < 30), and we only kept autosomal

sites. Furthermore, heterozygous sites were considered as homozygous if they had a significant allelic imbalance (p-value % 0.1)

tested by Fisher’s exact test. After filtering, the modern individuals had on average 2,549,812,798 sites passing the filters against

1,980,736,974 for the ancients (ranging from 333,061,590 to 2,544,170,685). All VCF file processing was performed using bcftools

v0.1.15 (Danecek et al., 2021).
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Applying these filters led to a substantial increase in the quality of our heterozygous sites, reducing the amount of sites with high

allelic imbalances and decreasing the asymmetry between singleton and non-singleton sites to aminimum (FiguresM1_3 andM1_4).

To quantify this improvement explicitly, let us denote by His the set of loci at which individual i was called heterozygous either for a

singleton (only non-reference allele across all samples, s = 1) or not (s = 0). We then define the imbalance statistics

ris =

P
l ˛ His

I
�

ril
dil
> 0:5

�

P
l ˛ His

I
�

ril
dil
< 0:5

�;
where r denotes the number of reference alleles observed in indiv
il idual i at site l out of the total number of observed alleles dil at this

site. To compare singleton (s = 1) against non-singleton (s = 0) positions, we further quantify r = ri1=ri0. As shown in Figure M1_4, the

chosen filters guarantee comparable imbalances at singleton and non-singleton sites, indicating similar quality of both categories. A

striking outlier was sample CarsPas1, which was not included in any demographic analysis.

Dataset assembling
For further downstream analysis we assembled the following datasets:

d ‘‘Ancient’’: The filtered individual VCFs from the 25 ancient individuals were merged into a single VCF polarised with the Chim-

panzee reference genome (panTro4 from The Chimpanzee Sequencing Analysis Consortium, 2005). We only kept the biallelic

polymorphic sites (6,986,216) for which individuals can have missing genotypes (pipeline made available in our GitHub repos-

itory: https://github.com/CMPG/originsEarlyFarmers).

d ‘‘102samples’’: Same as Ancient but with all 102 ancient and modern samples, keeping 14,896,103 biallelic polymorphic sites.

On average, the modern genomes show 4% of missing sites with a maximum of 6%, the ancients 29% ranging from 3 to 87%.

d ‘‘Neutral’’: In order to avoid biases due to background selection (BGS) and biased gene conversion (BGC)when estimating pop-

ulation diversity and relationships (Matthey-Doret and Whitlock, 2019), we performed most of our genetic and demographic

analyses on a ‘‘neutral’’ portion of the genome (Pouyet et al., 2018). We defined this portion as the restricted set of sites

from the 102samples dataset that had the same reference allele in the chimpanzee and gorilla reference genomes, that

were in regions with recombination rate >1 cM/Mb where BGS has little effect, outside of CpG islands, non CpG sites (i.e.

when a C is followed by a G in the chimpanzee and gorilla genomes and has a T as alternative allele in our data; or a G preceded

by a C in in the chimpanzee and gorilla genomes with an A as alternative allele) and with A4T and G4C mutations which are

not affected by BGC or post-mortem damages. We kept 473,834 biallelic sites. We obtained the Chimpanzee and the Gorilla

hg19 nucleotide states from the chained and netted alignments http://hgdownload.cse.ucsc.edu/goldenpath/hg19/

vsPanTro4/axtNet/ and http://hgdownload.cse.ucsc.edu/goldenpath/hg19/vsGorGor5/axtNet/, respectively; the recombina-

tion map for the YRI population from the 1000 Genomes Project (ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/

working/20130507_omni_recombination_rates/); the CpG islands listing from the UCSC genome browser (CpG Islands cpgI-

slandExt Track). Filtering was performed in R, with VCF files read using SNPRelate package (Zheng et al., 2012)

d ‘‘Phased’’: We did genotype imputation and phasing for each chromosome on the 102samples dataset that was polarised back

with hs37d5 human reference genome. We used SHAPEIT4 v1.2 (Delaneau et al., 2019) with by-default parameters for

sequencing data, the HapMap phase II b37 genetic map provided in SHAPEIT4 folders, and the Haplotype Reference Con-

sortium (McCarthy et al., 2016) dataset (accession number EGAD00001002729 on the European Genome-phenome Archive)

as reference panel. All the chromosomal phased-imputed VCFswere then concatenated into a single phased VCFwith bcftools

v1.9, which includes 2,795,127,079 sites in total.

d ‘‘1240k’’: We compared the samples obtained in this study with previously published, target-enriched datasets available

through Allen Ancient DNA Resource v42.4 (AADR) at https://reichdata.hms.harvard.edu/pub/datasets/amh_repo/

curated_releases/index_v42.4.html. We use these population labels, but split Peleponnese_N into Diros_EN and Peleponne-

se_LN. To ensure our data is comparable to the pseudo-haploid calls, we generated majority calls for all our ancient individuals

with ATLAS (task=majorityBase; commit 7cfc900) at the 1,233,013 SNP positions present in this reference dataset. We then

combined the calls of the 25 ancient genomes with the AADR and refer to this dataset as 1240k in the following.

d ‘‘1240k_HOIll’’: We extracted the non-functional HOIll subset of sites (Lazaridis et al., 2016) for the Ancient dataset. HOlll sites

were also extracted for additional samples (Altai, Chimp, Vindija and Dinka) retrieved from the target-enriched dataset available

through Allen Ancient DNA Resource v37.2 (AADR) at https://reich.hms.harvard.edu/allen-ancient-dna-resource-

aadr-downloadable-genotypes-present-day-and-ancient-dna-data.
Phenotype predictions
Pigmentation

Pigmentation phenotypes of hair, skin and eyes were predicted with the HIrisPlex-S webtool (Chaitanya et al., 2018; Walsh et al.,

2013) for each of the newly sequenced samples and the previously published samples. In case of missing genotypes for any of
e9 Cell 185, 1842–1859.e1–e13, May 26, 2022

https://github.com/CMPG/originsEarlyFarmers
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/vsPanTro4/axtNet/
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/vsPanTro4/axtNet/
http://hgdownload.cse.ucsc.edu/goldenpath/hg19/vsGorGor5/axtNet/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/working/20130507_omni_recombination_rates/
ftp://ftp.1000genomes.ebi.ac.uk/vol1/ftp/technical/working/20130507_omni_recombination_rates/
https://reichdata.hms.harvard.edu/pub/datasets/amh_repo/curated_releases/index_v42.4.html
https://reichdata.hms.harvard.edu/pub/datasets/amh_repo/curated_releases/index_v42.4.html
https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-present-day-and-ancient-dna-data
https://reich.hms.harvard.edu/allen-ancient-dna-resource-aadr-downloadable-genotypes-present-day-and-ancient-dna-data


ll
OPEN ACCESSArticle
the 41 SNPs used by HIrisPlex-S, the sites with low or no depth in the Ancient dataset were examined directly in the BAMs and the

most abundant allele was chosen (Table S3). In BAMs, we only considered bases at least 3 bases away from either end of the read,

with a base qualityR 25, and no C4T and G4A SNPs to avoid any effect of PMD on the prediction. To account for the uncertainty

associated with low-coverage sites, two HIrisPlex-S input files were created for each individual: one in which the missing genotype

consisted of the allele taken from the BAM and the non-effect allele and one where the genotype was comprised of the allele taken

from the BAM and the effect allele. Running HIrisPlex-S twice for each sample resulted in ranges of probabilities for each phenotype

(Table S3). A prediction was accepted without further explanation if in both runs the same phenotype showed a probability R 0.7

(Chaitanya et al., 2018). If predictions differed between runs, the most parsimonious phenotype was chosen, following the approach

of Walsh in Brace et al. (2019) (Figure M1_9).

Standing height

To assess genetic variation related to standing height, a classical highly heritable polygenic trait (McEvoy and Visscher, 2009), poly-

genic scores (PS) were computed based on a set of 670 SNPs (Chan et al., 2015) on the Ancient dataset (Figure M1_10). To account

for missing data common even in high depth ancient genomes, we applied the generalised risk score approach described by Veer-

amah et al. (2018) on samples where enough SNPs were present to account for at least 75% of the scores effect size. This led to the

exclusion of five ancient individuals (Bar8, Bon002, Bichon, CarsPas1, AKT16) out of the 25 included in this study.

Other phenotypes

Genotypes for SNPs associated with additional phenotypes of interest were inspectedmanually for each sample in the Ancient data-

set or BAM files if necessary: rs4988235 a variant in theMCM6 gene associated with lactase-persistence in Eurasia; rs3827760 in the

EDAR gene; rs17822931 in ABCC11; seven SNPs located in the FADS1/2 gene complex (listed in Table M1_2). A two-sided binomial

test was used to compare counts of derived alleles in the ancient individuals with frequencies estimated in the CEU population from

phase3 of the 1000 genomes project (1000 Genomes Project Consortium et al., 2015), chosen as a proxy for Central European mod-

ern populations (http://ftp.1000genomes.ebi.ac.uk/vol1/ftp/release/20130502/).

QUANTIFICATION AND STATISTICAL ANALYSIS

Population genetics analyses
Uniparental haplogroup determination

Mitochondrial haplogroups were determined from the BAM files for the 15 newly-sequenced genomes using phy-mer (Navarro-Go-

mez et al., 2015) with K-mer minimal number of occurrences = 10 (Table S3).

For the samples genetically identified as men, Y-chromosomal haplogroups were determined using Yleaf (Ralf et al., 2018) with

minimal base-quality of 20 (-q 20) and base-majority to determine an allele set to 90% (-b 90).

Neanderthal introgression

We quantified proportions of Vindija Neanderthal (Prüfer et al., 2017) introgression by computing f4 ratio statistics of the form
f4ðAltai;Chimp;X;DinkaÞ

f4ðAltai;Chimp;Vindija;DinkaÞ as previously suggested (Petr et al., 2019) with qpF4ratio from the ADMIXTOOLS package (Patterson et al.,

2012) on the 1240k_HOIll dataset.

Genomic heterozygosity

We estimated the level of genetic diversity of each individual as the proportion of heterozygous sites found in the neutrally evolving

portion of the genome (Figure 2C; Table S2). Thus, for every genome, we divided the amount of heterozygous sites observed in the

Neutral dataset by the expected number of neutral sites genotyped for this individual. This number is obtained by considering all the

genotyped sites for the considered individual that i) have the same reference allele for both the chimpanzee and gorilla reference ge-

nomes, ii) are not CpG sites and out of CpG islands, iii) are in regionswith recombination rate > 1 cM/Mbbased on Pouyet et al. (2018).

Finally, in order to consider only sites unaffected by BGC, we divided the number of these previously defined sites by three, as only

one third of all mutations should be BGC free (i.e. A4T and G4C polymorphisms).

Runs of homozygosity (ROHs)

ROHswere identified on thePhased dataset in genomes of 90 European andSWAsianmodern and ancient individuals imputed using

IBDSeq v. r1206 (Browning and Browning, 2013) with default parameters but errormax = 0.005 and ibdlod = 2. We further processed

the artificially long tracts spanning assembly gaps or centromeres (genomic locations were obtained from UCSC genome browser:

http://hgdownload.cse.ucsc.edu/goldenPath/hg19/database/gap.txt.gz) and split them into shorter tracks excluding the gap

stretch, inspired by Sikora et al. (2017). As advised when genomes do not come from a homogeneous population (Browning and

Browning, 2013), we focused on intermediate (2-10 Mb) and long (>10 Mb) ROHs similarly to Racimo et al. (2020).

Multi-Dimensional scaling (MDS)

Genetic relationships among individuals were estimated from pairwise average nucleotide divergence pXY (Nei and Li., 1979). For

each pair of individuals X and Y, we identified the sites showing no missing data for the two individuals, and we computed their

average nucleotide divergence pXY over these sites (Table S2). We considered whole-genome sites or neutral sites only (in this

case, the number of differences was divided by the expected number of neutral sites as defined above in the heterozygosity para-

graph). We then represented the relationships between modern and ancient genomes from Europe and SW Asia (for sites from the
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102samples or Neutral data sets; Figure 2A; Figure M1_5A) or only the ancient genomes (for sites from the Ancient dataset; Fig-

ure M1_5B), using a classical multidimensional scaling (MDS) approach implemented in R (cmdscale function from stats package).

Uniform manifold approximation and projection

In order to represent potentially complex relationships between 90 individuals (85 modern and 25 ancient samples) from Western

Eurasia, we performed a Uniform Manifold Approximation and Projection (UMAP) dimension reduction on their genotypes

obtained at 2035 neutral polymorphic sites (from theNeutral dataset) that did not present missing data for any individual. The analysis

was performed using the umap function from the umap R package (using the options n_neighbors=3, n_epochs=1000,min_dist=0.1,

negative_sample_rate=5, n_components=2, and metric="euclidean") (Figure M1_6).

Admixture clustering analyses

Admixture coefficients of each ancient genome were estimated using the R package LEA (Frichot and François, 2015) with param-

eters K = 2 or 3, alpha = 10, and number of repetitions = 5. We used the function snmf to calculate the fit (entropy) of each run and we

plotted the admixture coefficients from the run with the smallest entropy value. The groups were defined in an unsupervised manner.

In order to maximise the number of genomic sites to be used, we excluded for these analyses the three lowest quality Neolithic ge-

nomes (Bichon, Bon002, Bar8) from the Ancient dataset (Figure 2B; Figure S3A).

f-statistics
We first used f-statistics to confirm that the assignment of samples to specific populations is not violated by the presence of shared

drift with external samples. For this, we calculated all possible f-statistics on the 1240k dataset of the form of D(Individual 1 from the

population tested, Individual 2 from the same population; Other samples, Outgroup) using ADMIXTOOLS (Patterson et al., 2012) and

Mbuti as the outgroup. We used qpGraph from ADMIXTOOLS v7300 (Patterson et al., 2012) using 1,000 initial conditions to match

specificities of the datasets.

To validate the model inferred by fastsimcoal2, we aimed at comparing f-statistics predicted under the fastsimcoal2model against

those calculated from the data. For this, we first created a full admixture graph carefully matching the model in Figure 3. To validate

this graph, we used data simulated with fastsimcoal2 under the model shown in Figure 3 (seeMethods S1 "- Demogenomic inference

with fastsimcoal2 - Final Model" section), which we fitted with qpGraph 100 times with 1,000 initial conditions each. However,

qpGraph failed to identify a suitable set of branch lengths and admixture proportion to explain the simulated data with all runs result-

ing in predicted f-statistics very different from those calculated on the simulated data, suggesting that the SFS captures more infor-

mation of the full data than f-statistics do.

Since the full graph could not be fitted, we next aimed at manually simplifying the graph. Specifically, we removed admixture

edges, until we identified the simplest graph (in terms of admixture edges) for which no major differences between the f-statistics

predicted under the model and those calculated from the simulated data were detected. This graph was then re-fitted with qpGraph

on both a subset of the Ancient dataset (the sites from the EurEF panel shown in Table M1_4) as well as on the 1240k dataset

described above. In both cases, qpGraphwas run 100 times with 1,000 initial conditions each. To present the fitted graphs and quan-

tify the reliability of the fitting, we calculated the median and 90% quantiles for all branch lengths and admixture odds ratios across

the 20 best graphs as judged by the final score. A more detailed description can be found in Methods S1.

Joint Distribution of Fitness Effects

To create a representative Neolithic model population, we aggregated all Neolithic samples that were newly sequenced, plus the

WC1 genome (N = 14) from the 102samples dataset. As well, to create a representative modern population, we used the SGDP pop-

ulations in the 102samples dataset that are in rough proximity to the ancient populations (Polish, Bergamo, Czech, French, Hungar-

ian, Greek, Albanian, Bulgarian, and Turkish). We annotated the synonymous and nonsynonymous SNPs using ANNOVAR (Wang

et al., 2010) with hg19/GRCh37 (included with ANNOVAR) as the reference genome. Ancestral alleles were determined based on

the Ensembl Compara 71 genome FASTA files. To account for missing data, we projected the joint allele frequency spectra down-

ward to 16 Neolithic chromosomes and 28 modern chromosomes, to roughly maximise the number of segregating synony-

mous SNPs.

The joint Distribution of Fitness Effects (DFE) analysis requires a simpler demographicmodel than ourmain inference (Figure 3), and

simulations suggest that joint DFE analysis is robust to demographic model details (Huang et al., 2021). Based on prior results (Gravel

et al., 2011), we used dadi (Gutenkunst et al., 2009) to fit a demographic model to the synonymous data in which the ancestors of the

Neolithic population underwent a bottleneck to relative size nB followed by exponential growth (Figure M1_11A). The ancestors of the

modern samples diverged TB time units after the bottleneck, following the same growth rate to reach final size nF. TS time units after

this divergence, Neolithic chromosomes were sampled, TF time units before present. We also included a parameter pmis to account

for potential ancestral state misidentification (Ragsdale et al., 2016). To fit this model, we used grid points of [128, 138, 148], and the

best-fit parameters were nB = 0.113, nF = 1.42, TB = 0.106, TS = 0.0054, TF = 0.0232, pmis = 0.0634.

We then fit a model including this demographic history plus a joint DFE to the nonsynonymous data (Huang et al., 2021). We

modelled the DFE as a bivariate lognormal distribution. We assumed that the population-scaled mutation rate q for nonsynonymous

mutations was 2.31 times that for synonymous mutations, and we again included a parameter for ancestral state misidentification.

We assumed that selection coefficients were potentially different in the ancestors of the modern individuals (Figure M1_11E). The

best fit parameters for the joint DFE were m = 3.29, s = 2.61, and r = 0.9968, with 0 misidentification inferred.
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Demographic Analyses
MSMC2

We used MSMC2 (Schiffels and Wang, 2020) to infer past effective sizes of ancestral populations and their split times for all

high-quality ancient and some representative modern individuals (Table M1_3) on the Phased dataset. To ensure high data quality

especially high mappability and genotype quality, we followed (Schiffels and Wang, 2020) and used two masks: 1) per chromosome

mappability masks (um75-hs37d5.bed.gz) for the human reference genome hs37d5 downloaded from https://github.com/

wangke16/MSMC-IM/tree/master/masks; 2) sample-specific masks that we generated as suggested by Schiffels and Wang

(2020). We then ran the generate_multihetsep.py script from MSMC-tools (https://github.com/stschiff/msmc-tools, commit

07bc8a9) to get single, multi-sample and paired population input files for MSMC2.

Example of a command line for two, four or eight haplotypes:

generate_multihetsep.py –chr 1 –mask ind1.chr1.mask.bed –mask

mappabilityMaskperChr/chr1_m75-hs37d5.bed ind1.chr1.phased.vcf > ind1.chr1.multihetsep.txt

generate_multihetsep.py –chr 1 –mask ind1.chr1.mask.bed –mask ind2.chr1.mask.bed –mask

mappabilityMaskperChr/chr1_m75-hs37d5.bed ind1.chr1.phased.vcf ind2.chr1.phased.vcf > pop1.chr1.multihetsep.txt

generate_multihetsep.py –chr 1 –mask ind1.chr1.mask.bed –mask ind2.chr1.mask.bed –mask

ind3.chr1.mask.bed –mask ind4.chr1.mask.bed –mask mappabilityMaskperChr/chr1_m75-hs37d5.bed ind1.chr1.phased.vcf in-

d2.1.phased.vcf ind3.chr1.phased.vcf ind4.chr1.phased.vcf >

pop1_pop2.chr1.multihetsep.txt

We inferred past effective population size for each diploid individual separately (Figure M1_12) as well as using two samples per

population if available (Figure S2), using command lines such as:

msmc2 -t11 -s -o ind1.2haps.msmc2 ind1.chr*.multihetsep.txt

msmc2 -t11 -I 0,1,2,3 -s -o pop1.4haps.msmc2 pop1.chr*.multihetsep.txt

AllMSMC2 results were scaled using amutation rate of 1.253 10�8 per base pair per generation (Scally andDurbin, 2012; Schiffels

and Wang, 2020), and a generation time of 29 years (Fenner, 2005).

To estimate split times between population pairs, we usedMSMC2 1) to estimate coalescent rates among the samples of the first

population, 2) to estimate coalescent rates among the samples of the second population, and 3) to estimate coalescent rates across

the two populations. Example command lines used for two populations pop1 and pop2 were:

msmc2 -t11 -I 0,1,2,3 -s -o pop1.4haps.msmc2 pops.chr*.multihetsep.txt,

msmc2 -t11 -I 4,5,6,7 -s -o pop2.4haps.msmc2 pops.chr*.multihetsep.txt,

msmc2 -t11 -I 0-4,0-5,0-6,0-7,1-4,1-5,1-6,1-7,2-4,2-5,2-6,2-7,3-4,3-5,3-6,3-7 -s -o

pop1-pop2.8haps.cross.msmc2 pops.chr*.multihetsep.txt.

We then used the MSMC2 script combineCrossCoal.py to create a single output file with all three rates:

combineCrossCoal.py pop1-pop2.*.cross.msmc2.final.txt pop1.*.msmc2.final.txt pop2.*.msmc2.final.txt

> pop1-pop2.combined.msmc2.final.txt

For each population-pair, we then plotted the relative cross-coalescence rate (CCR), which is estimated by taking the ratio of the

across-rate and the mean within-rate (Figure M1_13; Schiffels and Wang, 2020). The relative CCR indicates when two populations

were a single population (values around 1) and when they were well separated into two isolated populations (values close to zero)

(Schiffels and Wang, 2020). However, translating the relative CCR into estimates of split times is difficult for two reasons: First, if

a population split was followed bymigration, the relative CCRwill remain high even after the split. Second, the uncertainty associated

with the different coalescent rates translates into a gradual change in the relative CCR, even under a hard split. As a rough estimate,

(Schiffels and Wang, 2020) recommends estimating split times as the time when the relative CCR hits 0.5, which we show in Fig-

ure M1_14 for all pairwise comparisons.

To obtain confidence intervals around coalescence rate estimates, we generated 20 artificial genomes by block-bootstrapping

MSMC2 input files in 5Mb blocks (Figures M1_15 and M1_16) as suggested in Schiffels and Wang (2020).

fastsimcoal2

Demographic inferences were carried out with fastsimcoal2.7 (Excoffier et al., 2013, 2021) on six different panels of newly sequenced

ancient individuals, on the neutral SFS and with neutral mutation rate adjusted for each panel from the basal mutation (Table M1_4).

Panels composition and properties: For each panel, we excluded from the Ancient dataset i) sites with any missing data in any

individual of the panel using BEDOPS (Neph et al., 2012), ii) sites with different reference allele for the chimp and gorilla reference

genomes, iii) CpG sites, iv) sites found in CpG islands or v) in genomic regions with recombination rate less than 1 cM/Mb. We

thus kept a total of TX sites for the panel X, among which SX were polymorphic and MX monomorphic (the properties of each panel

are found in Table M1_4). Second, in order to have neutral data best suited for demographic inference (Pouyet et al., 2018), we only

kept Sneutral_X BGC-free A4T andG4Cpolymorphic sites, which represented aX� 0.2 of the filtered polymorphic sites for any panel.

Since we would have expected them to represent one third of all filtered sites if mutation rates had been equal for all mutation types,

we computed the ratio rX = aX=ð1 =3Þ = 3 aX , which represents the reduction in mutation rates that has occurred at those sites in

panelX. We then estimated the number of neutrally evolving monomorphic sites in each panel as Mneutral_X = MX/3, since we expect

that one third of all mutations should be BGC-free.
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Parameter inference via maximum likelihood: Parameter estimates were obtained by maximising the model likelihood over 50

independent runs of fastsimcoal, 50 expectation conditional maximisation (ECM) cycles per run and 500,000 coalescent simulations

per estimation of the expected SFS (except for the Coremodels for which 200,000 simulations were run). The command line used for

the estimation was of the type:

fsc -t xxx.tpl -n500000 -d -e xxx.est -M -L50 -q -C5 –multiSFS –logprecision 18 -c1 -B1

where fsc is the fastsimcoal2.7 program (available on http://cmpg.unibe.ch/software/fastsimcoal2/) and xxx the generic name of the

input files. The .est and .tpl input files are available in our GitHub repository: https://github.com/CMPG/originsEarlyFarmers.

Likelihood comparison andmodel choice: When several models were tested for the same panel, we retained the model with the

highest estimated likelihood over 50 runs, and recorded the maximum likelihood (ML) parameters of this model. In order to take into

account the variance in the estimation of the likelihoods due the limited number of performed coalescent simulations (here 200,000 or

500,000) to estimate the expected SFS, we also compared the likelihoods of the models estimated on the basis of 10 million coales-

cent simulations done under the ML parameters. We repeated this procedure 100 times per model to check if the distributions of

these likelihoods were overlapping and thus not distinguishable. We used the following command line to get these 100 likelihoods:

fsc -i xxx_maxL.par -R100 -n10000000 -d -u -C5 –logprecision 18 -q

Finally, we also computed the Akaike criterion (AIC) (Akaike, 1974) and the model relative likelihoods assuming site independence,

even though our ‘‘neutral’’ sites may be linked on some chromosomes.

Confidence intervals: Confidence intervals around ML parameter point estimates were obtained via a parametric bootstrap

approach, for which we first generated 100 SFS covering Tneutral_X nucleotides using estimated ML parameters, with the command

line:

fsc -i xxx.par -n100 -j -d -s0 -x –I -q -u

Then, for each of these bootstrapped SFS, we re-estimated the parameters of themodel using 20 independent runs starting at theML

parameters value (option –initvalues in fastsimcoal2). We used 60 ECM cycles for each run and performed 500,000 simulations for

estimating the expected SFS under a given set of parameter values and to estimate themodel likelihood. The fastsimcoal2 command

line used for the bootstrap was of the type:

fsc -t xxx.tpl -n500000 -d -e xxx.est –initvalues xxx.pv -M -L60 -q -C5 –multiSFS –logprecision 18

The limits of 95% confidence intervals were finally estimated by computing the 2.5% and 97.5% quantiles of the distribution of the

100 newly estimated ML parameter values.
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Supplemental figures

A

B

Figure S1. Population grouping verified with f-statistics, related to Figure 2 and Methods S1

These analyses were performed on the 1240k dataset.

(A) We first tested if some individuals of a specific group had significantly more shared ancestry with individuals of a different group using f-statistics of the form

D(Ind1 from a population, Ind2 from the same population; Test, Mbuti [outgroup]). We only found three significant absolute Z scores (>3.0, yellow). For Austria,

Asp6 appears to share more ancestry with VLASA7 than Klein7. Since variation in European HG ancestry is expected in EF populations due to the ongoing pro-

cess of admixture and since these samples did not show variation in their affinities to other EF samples, modeling them as a single population seems justified. For

NWAnatolia, AKT16 was found to share significantly more ancestry with both Loschbour and Bichon, which we further investigated in (B).

(B) To shedmore light on the variation in European HG ancestry among Anatolian and Greek samples, we calculated f-statistics of the formD(NGreece/SGreece/

NWAnatolia/CAnatolia, CAnatolia; HG_west, Mbuti [outgroup]), where we use HG_west to denote both West 1 and West 2 European HGs. This test indicates

whether the tested individual/population from NGreece, SGreece, NWAnatolia, or CAnatolia (left) shares more (orange, Z score > 0) or less (blue, Z score < 0)

ancestry with the tested HG_west individual (bottom) than the tested individual from CAnatolia (top). Significant Z scores above 3.0 or below �3.0 are shown

with more intense colors. Among the CAnatolian individuals, Pınarbasxı and Boncuklu_N appear to share excess drift with HG_west when compared with individ-

uals from Greece and NWAnatolia, in contrast to Tepecik-Çiftlik_N. Among the individuals from NGreece, SGreece, and NWAnatolia, AKT16 appears closest to

HG_west, and much closer than Bar25. In light of these results, we modeled AKT16 and Bar25 independently in the demographic inferences.
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Figure S2. MSMC2 effective population size estimates, related to Figure 3 and Methods S1

These were obtained for populations either with four haplotypes or two haplotypes when only one ancient individual was available for the population (shown in the

legend with *, details in TableM1_3, population sizes estimated from single ancient andmodern genomes are shown in FigureM1_12). We used amutation rate of

1.253 10�8 per generation per site and a generation time of 29 years. The analysis suggests smaller effective population sizes in the most recent times for HGs

compared with EFs.
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Figure S3. Comparison of observed and simulated Admixure plots, related to Figure 4 and Methods S1.

Admixture plot for K = 2 (left panel) and K = 3 (right panel) carried out on (A) observed data for 16 ancient genomes included into fastsimcoal2 demographic

inferences (909,688 sites without missing data; Bichon, Bar8, and Bon002 were not included because of lower quality) and on (B) data simulated accordingly to

our final model (shown in Figure 3), for the same subset of individuals as in (A).
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Figure S4. Patterns of population admixture revealed by f-statistics, related to Figure 5 and Methods S1.

Relationship of Anatolian and Greek Neolithics with the Levant using f-statistics on the 1240k dataset of the form D(CAnatolia/NWAnatolia/NGreece/SGreece/

CEurope,Test; Levant,Mbuti [outgroup]). This test indicates whether Neolithic individuals fromCAnatolia, NWAnatolia, Greece, orCEurope (left) share less (blue, Z

score < 0) or more (orange, Z score > 0) ancestry with samples from the Levant, namely individuals from contemporary Israel associated with Natufian culture

(Israel_Natufian), Pre-Pottery Neolithic B (Israel_PPNB), and Chalcolithic (Israel_C; all bottom) than the Test individuals/populations from Greece and CAnatolia.

Significant Z scores above 3.0 or below �3.0 are shown with more intense colors. We find a strongly significant excess of shared drift between populations from

the Levant and NGreece, SGreece, NWAnatolia, and CEurope when contrasted to Boncuklu. This signal was, however, not replicated when representing CAn-

atolia by Pınarbasxı. In contrast, the SGreece populations Diros_EN and Peloponnese_N appear to share excess drift with populations from the Levant, and in

particular the Chalcolithic Israel_C, when contrasted to samples from NGreece, NWAnatolia, or CEurope.
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