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Ancient DNA from the
First European Farmers in
7500-Year-Old Neolithic Sites

Wolfgang Haak,'* Peter Forster,” Barbara Bramanti,’
Shuichi Matsumura,? Guido Brandt,” Marc Tinzer,’

Richard Villems,*

Colin Renfrew,?

Detlef Gronenborn,*

Kurt Werner Alt,” Joachim Burger’

The ancestry of modern Eurepeans is a subject of debate among geneticists,
archaeologists, and anthropologists. A crucial question is the extent to which
Europeans are descended from the first European farmers in the Neolithic Age
7500 years ago or from Paleolithic hunter-gatherers who were present in Europe
since 40,000 years ago. Here we present an analysis of ancient DNA from early
European farmers, We successfully extracted and sequenced intact stretches of
maternally inherited mitochondrial DNA (mtDNA) from 24 out of 57 Neolithic
skeletons from various locations in Germany, Austria, and Hungary. We found
that 25% of the Neolithic farmers had one characteristic mtDMA type and that
this type formerly was widespread among Neolithic farmers in Central Europe.
Europeans today have a 150-times lower frequency (0.2%) of this mtDNA type,

revealing that these first Neolithic farmers did not have a strong geneti

influ-

ence on modern European female lineages. Our finding lends weight to a pro-
posed Paleolithic ancestry for modern Europeans.

Agriculture originated in the Fertile Crescent of
the Near East about 12000 years ago, from
where it spread via Anatolia all over Eurape (1),
1t bas been widely suggested hat the global ex-
pansion of farming included not only the
dispersal of cultures but also of genes and lan-
guages (2). Archacological cultures such as the
Linear pottery culture (Linearbandkeramik or
LBK) and Alfoldi Vonaldiszes Kerdmia (AVK)
mark the onset of farming in temperate re-
gions of Europe 7500 years ago (3). These
carly farming cultures originated in Hungary
and Slovakia, and the LBK then spread rapidly
as far as the Paris Basin and the Ukraine (4, 5).
The remarkable speed of the LBK expansion
within a period of about 500 years, and the gen-
eral uniformity of this archacological unit actoss
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a territory of nearly a million square kilome-
ters (Fig. 1), might indicate that the spread
was fucled to a considerable degree by a migm-
tion of peaple (6-8). On the other hand, a num-
ber of archacological studies suggest that local
European hunter-gatherers had shifted to farming
without a large-scale uptake of genes from the
first farmers (9-17). Genetic studies camied out
on modern Europeans have led to conflicting
results, with estimates of Neolithic input into the
present population ranging from 20 to 100%
(12-20). A theoretical simulation study by Currat
and Excoffier (21) has recently suggested a mi-
nor contribution, clearly less than S0P, and pos-
sibly much less, Conclusive ancient DNA studies
on skeletons of the fird European farmers have
so far nat been published 1o our knowledge,
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Response to Comment on “Ancient
DNA from the First European Farmers
in 7500-Year-0ld Neolithic Sites”

Joachim Burger,’* Detlef Gronenborn,? Peter Forster,” Shuichi Matsumura,’

Barbara Bramanti,' Wolfgang Haak"

The discovery of mitochondrial type N1a in Central European Neolithic skeletons at a high frequency
enabled us to answer the question of whether the modern population is materally descended from the
early farmers instead of addressing the traditional question of the origin of early European farmers.

ur study (/) described the discovery of
O!hc mitochondsial type N1 in 6 out of
24 Central European Neolithic skele-
tons, which was unexpected because today this

type is found at 150-times lower frequency in
Europe. We offered two possible

explana-
ly
n replaced
n; immigrant women afier the early Neolithic
(post-early-Neolithicreplacement theory). Sec-
ond, the female early Neolithic fammers could
have been genetically diluted by resident native
hunter-gatherers. (Paleolithic survival theory)
Both interpretations are compatible with our ge-
netic data. Because there is 5o far no archaco-
logical evidence for a major post-carly-Neolithic
population replacement, we suggested that the
Paleolithic survival theory is more ik

In their comment, Ammerman et al. (2) raise

ancient DNA. studics. First, the authors may
have misread the central question asked in our
study. We tackled the question of the fate of the
carly European farmers [as represented by the
Neolithic skeletons of the Lincar potiery culture
(LBK), that is, whether modem central Euro-
peans are descended from them or not. In con-
trast, Ammerman ef al, imply that our study

incoming males. Irespective
standing, the origin of the famers remains
important question, and the plight of the early
fammers” descendants outlined in our study, along
with the intriguing ancient DNA data, may one
day contribute t0 a better understanding of farm-
ing origins.

nstut fir A rg Unverstit
are, Sarsase 31, osstm Wairz, Germany. “Romsch
Germarisches Zentralmuscm, Emstludig Ptz 2, 055116
T Gemory. o ottt NRocobgo e
searh, University of Cambiidge, Dowing Steet, Cambidge
B2 36R, UK.

To whom correspondence should be addressed. E-mait
iburger@uni-mainz de

J. Burger', M. Kirchner', B. Bramanti’, W. Haak", and M. G. Thomas®

We believe it is worthwhile 1o clarify the
points that Ammerman and collea
raise. Regarding the point that we should have
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analyzed far more than 24 samples, we point
out that our main conclusions (/) were based on
statistically significant results. Furthermore, we
carcfully examined the sample locations and
mitochondrial DNA types to exclude the pos-
sibilty of biased sampling. Ammerman ef .
(2) are correet that one of our 24 skeleto
namely the one from Ecscgfalva, is not  *
farmer but only an “carly” farmer, as far as
castern Hungary is concerned. We included this
skeleton in our analysis because it is culturally
and chronologically closely related to our actual
focus, the first farm the LBK arca of
neighboring Central Europe (Fig. 1). The other
23 skeletons represent the first full faming pop-
ulations in their local LBK regions; this is par-
ticularly the case for the Flombor sit, whicl
among the first LBK colonies west of the Rhi
and is also the type-site for the “Flomborn’

Aceramic Neolthic
7000 - 6500 cal BC

o
5650 - 5400 cal BC

Comotte o P et

et ] o

Greek and Batkan Neoithic
Later LBK and AVK
5400 - 4900 cal BC

6100- 5400 cal BC
Westom Mediterranean Neolthic
- 5000 cal BC ©  Archaeological site

Fig. 1. The spread of farming across Europe. The colors indicate time scales for the spread of the early

Neolithic in Europe. All 24 samy

ples of our ancient DNA study belong to the same LBK/AVK (Linear

pottery and Alféd linear pottery culture) chronostratum, representing the first farmers in much of

central Europe.
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Absence of the lactase-persistence-associated allele
in early Neolithic Europeans

*ohannes Gutenberg University, Institute of Anthropology, Saarstrasse 21, D-55099 Mainz, Germany: and SDepartment of Biology, University College
Londan, Waolfson House, 4 Stephenson Way, London NW1 2HE, United Kingdam

Edited by Walter Bodmer, Cancer Research UK, Oxford, United Kingdom, and approved December 27, 2006 (received for review September 4, 2006)

Lactase persistence (LP), the dominant Mendelian trait conferring
the ability to digest the milk sugar lactose in adults, has risen to
high frequency in central and northern Europeans in the last 20,000
years. This trait is likely to have conferred a selective advantage in
individuals who consume appreciable amounts of unfermented

been

roposed (58—

would have provided a selective advantage in the absence of a
supply of fresh milk, and because of observed correlations
between the frequency of LP and the extent of traditional
reliance on animal milk, the culture-historical hypothesis has

12). Under this model. LP was driven from

Genetic Discontinuity Between Local
Hunter-Gatherers and Central Europe’s

First Farmers

B. Bramanti,"*

M. G. Thomas,? W. Haak,'t M. Unterlaender, P. Jores,t K. Tambets,”

I. Antanaitis-Jacobs,” M. N. Haidle,” R. Jankauskas," . Kind,® F. Lueth,” T. Terberger,®

). Hiller,% S. Matsumura,"**||P. Forster,'

). Burger

After the domestication of animals and crops in the Near East some 11,000 years ago, farming

had reached much of central Europe by 7500 years before the present. The extent to which these early
European farmers were immigrants or descendants of resident hunter-gatherers who had adopted
farming has been widely debated. We compared new mitochondrial DNA (mtDNA) sequences from late
European hunter-gatherer skeletons with those from early farmers and from modern Europeans. We
find large genetic differences between all three groups that cannot be explained by population
continuity alone. Most (82%) of the ancient hunter-gatherers share mtDNA types

that are relatively rare in central Europeans today. Together, these analyses provide persuasive evidence
that the first farmers were not the descendants of local hunter-gatherers but immigrated into central

Europe at the onset of the Neolithic.

urope has witnessed several changes in

archacological cultures since anatomically

modem humans displaced the Neandertal
population 30,000 to 40,000 years ago (/, 2).
Palacolithic hunter-gatherers survived the Last
Glacial Maximum (LGM) about 25,000 years
ago in southem and caster refugia (3) and re-
settled central Europe after the refreat of the ice
sheets. With the end of the Ice Age at ~9600 BCE.,
their Mesolithic descendants or successors had
recolonized large parts of the deglaciated north-
em latitudes (4, 5). From around 6400 B.C.E.,
the hunter-gatherer way of life gave way to
farming cultures in a transition known as the Ne-

Fig. 1. mtDNA types
from prehistoric samples
of hunter-gatherers and
farmers. The green shad-
ing represents the first
farming areas [dark
green: early LBK, 5650
t0 5400 calibrated years
B.C.E. (calBQ); light
green: LBK, 5400 to
4900 calB(] in central
Europe, based on archae-
ological finds, whereas
squares represent suc-
cessfully analyzed Late
Palaeolithic, Mesolithic,
and Ceramist hunter-
gatherers dating from
13,400 to 2300 B.C.E.
The term “Neolithic” is
sometimes applied to the

m European Ceram-

(lture because of their use of pottery, but this does not imply a farming
omy (21). Previously analyzed (11, 12) LBK farming sites are marked with
s for comparison. The area of each square or circle is proportional to the
ser of individuals successfully investigated. In red are labeled archaeolog-
ites with one or more U4/US individuals; in yellow, sites with other mtDNA
. highlighting the specificity of U types in the prehistoric hunter-gatherers.

olithic Revolution (6). The extent to which this
important cultural transition was mediated by the
amival of new peoples, and the degree of Meso-
lithic and early Neolithic ancestry in Europeans
today, have been debated for more than a century
(7-10). To address these questions direct
obtained mitochondrial DNA (miDNA) types from
22 central and northem European post-LGM
hunter-gatherer skeletal remains (Fig. 1) and com-
pared 20 of these (those for which full sequence
information was available) to homologous mtDNA
sequences from 25 early farmers (77, 12) and 484
modem Europeans from the same geographic re-
gion (13). Our ancient sample spans a period from

REPORTS I

cirea (ca.) 13,400 to 2300 B.C.E. and includes
bones from Hohler Fels in the Ach valley (Late
Upper Palcolithic) and Hohlenstein-Stadcl in the
Lone valley (Mesolithic). Extensive precautions
were taken to ensure sequence authenticity (74).
including extracting independent samples from
different skeletal locations of the same indi-
viduals and examining remains only from high
latitudes or cave sites with good biomolecular
preservation.
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The sites are as follows: 1, Ostorf; 2, Bad Diirrenberg; 3, Falkensteiner Hahle; 4,

Hohler Fels; 5, Hohlenstein-Stadel; 6, Donkalnis; 7, Spiginas; 8, Dudka; 9,

Kretuunas, 10, Drestwo; 11, Chekalino; 12 Lebyazhinka; 13, Unseburg; 14,
15,

16, Eilsleben; 1:

18, Seehausen; 19, Flomborn; 20, Vaihingen an der Enz;
22, AspamiSchletz; 23, Ecsegfalva.
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Distinct Clones of Yersinia pestis Caused the Black Death

>4, Minoarisoa Rajerisun’, Michael Schultz®,
2, Derek Hurst'®, Mark Achtman'®, Elisabeth

nucci®*, Michel Signol
Sa:ha Kacki”™®, Marr.n Vermunt®, Darlene A. Weston'®
Carniel'®, Barbara Bramanti'*

Ainstitute for Anthropalogy, Johannes Gutenberg University, Mainz, Germany, 2 Laboratory of Criminalistic Sciences Department of Anatomy, Pharmacology and Legal
Medicine, University of Turin, Turin, Haly, 3 Unité d'Anthropologie Bioculturelle, Faculte de Medecine, University of Mediterranean-CNRS-EFS, Marseille, France, 4 Centre
d’Emdes Fréhistoire Antiquité, Moyenge, UMR 6130 CNRS-250 University of Nice Valbonne, France, 3 Center for Plague, nsitute Pasteur de Madagascar, World Health

o Ce Madagascar, of Anatemy and Embryology Medical Faculty, Georg-August University, Gottingan, Germany,
7Inrap, Villeneuve-d Aseq Archasological Center, Villeneuve-d'Asca, France, 8 Laboratoire d'Anthiopologie des Populations du Passé, Université Bordeaux 1, Talence,
France, of Wonuments and Municipalty of Bergen op Zoom, Bergen op Zoom, The Netherlands, 10 Barge’s Anthropologica, Department of

Anatomy and Embryology, Leiden University Medical Center, Leiden, The Metherlands, 11 Division of Archaeological Sciences, University of Bradford, Bradford, West
Yorkshire, United Kingdom, 12 Department of Human Evolution. Max Planck Institute for Evalutionary Anthropology, Leiptig. Genmany, 13 Worcestershire Historic

and Service, County Council, Warcester, United Kingdom, 14 Environmental Research Institute, University College Cork, Cork,
Ieetand, 15 Yersinia Research Unit, Institut Pasteur, Paris, France

Abstract

From AD 1347 to AD 1353, the Black Death killed tens of millions of peaple in Europe, leaving misery and devastation in its
wake, with successive epidemics ravaging the continent until the 18™ century. The etiology of this disease has remained
highly controversial, ranging from claims based on genetics and the historical descriptions of symptoms that it was caused
by Yersinia pestis to conclusions that it must have been caused by other pathogens. It has also been disputed whether
plague had the same etiology in northern and southern Europe. Here we identified DMA and protein signatures specific for
¥. pestis in human skeletons from mass graves in northem, central and southern Europe that were associated
archaeologically with the Black Death and subsequent resurgences. We confirm that Y. pestis causad the Black Death and
later epidemics on the entire European continent over the course of four centuries. Furthermore, on the basis of 17 single
nucleatide polymaorphisms plus the absence of a deletien in glpD gene, our aDNA results identified two previously unknown
but related clades of ¥. pestis associated with distinct medieval mass graves. These findings suggest that plague was
imported to Europe on two or mere occasions, each following a distinct route, These two clades are ancestral te modern
isolates of V. pestis biovars Orientalis and Medievalis. Our results clarify the etiology of the Black Death and provide a
paradigm for a detailed historical reconstruction of the infection routes followed by this disease.

Citation: Haznsch 5, Bianuce R, Signoli M, Rajerison M, Schultz M, et al. (2010} Distinet Clanes of Yersinia pestis Caused the Black Death, PLoS Pathag 6(10):
£1001134. doi10.1371 fjournal ppat. 1001134

Editar: Nora J. Besansky, University of Notre Dame, United States of America
Received May 28, 2010; Accepted September 7, 2010; Published October 7, 2010

Copyright: © 2010 Haensch et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unvestricted use, distribution. and reproduction in any medium, provided the original author and source are credited.
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2007) and the Science Foundation of Ireland (05/FE1/B82). The RDT analysis was supported by Compagnia di Sen Paolo (2007.0171). The funders had no role in
study design. data collection and analysis, decision to publish, o preparation of the manuscript.
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Yersinia pestis DNA from Skeletal Remains from the 6™
Century AD Reveals Insights into Justinianic Plague

Michaela Harbeck %, Lisa Seifert®, Stephanie Hansch®*, David M. Wagner®, Dawn Birdsell®, Katy L. Parise®,
Ingrid Wiechmann®, Gisela Grupe"z, Astrid Thomas’, Paul Keim®, Lothar Zéller’, Barbara Bramanti®
Julia M. Riehm’, Holger C. Scholz™

1 5tate Collection for and Munich, Germany, 2 Department Biclogy |, and Human Genetics, Ludwig Masimilian University of
Munich, Martinsried, Germany, 3 Institute for Anthropology, Johannes Gutsnbarg University, Mainz, Gemany, 4 Centre for Ecalogical and Evalutionary Synthess CEES),
Department of Biosclences, University of Oslo, Oslo, Morway, § Center for Microbial Genetics and Genomics, Northem Arizona University, Flagstaff, Arizona, United States
of America, 6Institute of Palacoanatomy. Domestication Ressarch and the History of Veterinary Medicine, Department of Veterinary Sciences. Ludwig Maximilian
University of Munich, Munich, Germany, 7 Bundeswehe Institute of Microbiology, Murich, Germany

Abstract

Yersinia pestis, the etiologic agent of (he disease plague, has been implicated in three historical pandemics. These include
the third pandemic of the 19™ and 20™ centuries, during which plague was spread around the world, and the second
pandemic of the 14™-17" centuries, which included the infamous epidemic known as the Black Death. Previous studies
have confirmed that Y. pestis caused these two more recent pandemics. However, a highly spirited debate still continues as
to whether Y. pestis caused the so-called Justinianic Plague of the 61-g™ centuries AD. By analyzing ancient DNA in two
independent ancient DNA laboratories, we confirmed unambiguously the presence of ¥, pestis DNA in human skeletal
remains from an Early Medieval cemetery. In addition, we narrowed the phylogenetic position of the responsible strain
down to major branch 0 on the Y. pestis phylogeny, specifically between nodes NO3 and N05. Qur findings confirm that ¥.
pestis was responsible for the Justinianic Plague, which should end the controversy regarding the etiology of this pandemic.
The first genotype of a Y. pestis strain that caused the Late Antique plague provides important information about the history
of the plague bacillus and suggests that the first pandemic also originated in Asia, similar to the other two plague
pandemics.

Citation: Harbeck M, Seifert L. Hiinsch 5, Wagner DM, Birdsell D, et al. (2013) Yersinia pestis DMA from Skeletal Remains from the 6™ Century AD Reveals Insights
into Justinianic Plague. PLoS Pathog 9(5): 1003349, doi 10,1371 journal ppat, 1003348

Editor: Nora J. Besansky, University of Notre Dame, United States of America
Received December 19, 2012; Aecepted March 24, 2013; Published May 2, 2013

Copyright: © 2013 Harbeck et al, This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credit

Funding: This work was supported by a PhD scholarship from the Bavarian graduate scholarship program, the US Department of Homeland Security [2010-5T-
10800001 5; HSHODC-10-C-00139), and the Deusche Forschungsgemeinschaft (DFG Br 2965/1-2). The funders had no role in study design, data collection and
analysis, declsion to publish, or preparation of the manuscript.

Competing Interests: The authrs have declared that no competing interests exlst.
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Introduction

In 541 AD, eight centuries before the Black Death,
infectious disease hit the By

adeadly  Biovars, which are based upon phenotypic properties, do ot ahvays

tine Eanpire, reaching Constanti-  correspond directly 10 specific molecular groups because th

- same
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Introduction sequences specific for 17 pestis in the teeth of central Euwropean
plague victims hum the first and sceond - pandemies [5-7].

Of the numerous cpidemics in human bistory, three pandemics  Moreover, the T pesiis FL protein capsule antigen has been
are generally accepted as having been caused by plague. dumrd,mnr.mu plague skeletons from Germany and France by

tinian's plague (AD 541 342) spread from Egypt to areas nunochromatography [8.9].

surrounding the Mediterrancan [1]. In 1347, an epidemic known Based on studies on modern strains, micrabiologists bhave
as the Black Death spread from the Cas Sea to almost all subdivided 17 pestis into three biovars: Antiqua, Medicvalis, and

ropean countries, causing the death of one third of the  Orientalis. These biovars can be distinguished depending on the

Eurapean population over the next few years [2]. This second  abilities 0 ferment glyceral and reduce nitrte [10]. The
pandemic persisted in Europe until 1750, causing suceessive and — Medicvalis biovar is unable to reduce nitrates due to a G 1o T
progressively declining epi . A third plague pandemic  mutation that results in a stap codan in the napd gene [11]. while
began in the Yunnan region of China in the mid-19" centw the Orientalis biovar cannot ferment glycerol because of a 93 bp
spread globally via shipping from Hong Kong in 1894, During this  deletion in the gof) gene [11,12]. Conversely. the Antiqua biovar
last pandemic, the ctiological cause of plague was identified as 5 capable of performing both reactions [10]. An
Tewsinea pestes, a Gramenegative bacterium [3,4]. Most microbiol historical association of the routes of the three pande
ogists and cpidemiologists believe that 1. pestis was the modern geographical sources of the three Imnuwhdl)rnm
etivlogical agent of the first two pandemics. This belief to propose that cach plague pandemic was cansed by
supported by anciemt DNA (aDNA) analyses which identified biovar [10]. There is no doubt that the cmqnmn third pandemic

'@ PLoS Pathogens | www.plospathogens.org 1 ‘October 2010 | Volume 6 | Issue 10 | 1001134

DF Deutsche
Forschungsgemeinschaft

nople in 542 and North Afi
German border by winter 343 [1]. The so called “Plague of
Justinian™, named after the contemporancous emperor, led 1o
m mortality in Europe similar to that of the Black Death. It
o in the territory of the Roman Empire until the middle of
|h«. 8% century and likely contributed 1o its decline, shaping the
end of antiquity [1]. Based on historical records, this discase has
dthough discrepancies between
on of 1. pestis infections have led
some authors 1w suppose that the Plagy
a different pathagen (as discussed in [2]1. This vivacious discussion
was recently reinforced by an ancient DNA study of the second
pandemic that also questioned whether 10 pestis was truly the
causative agent of the first pandemic [1,4]

been diagnosed as hubonic plague

Western scientists have traditionally subdivided 1. pestis strains
Med

on their abilities w0 ferment gly

nto three biovars: 5, and Orie

talis; depending
ol and reduce nitrate [3]
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Taly, Spain, and the French- phenotype can result from different mutations [9]. As a result, it has

been suggested that groupings within 1. pestis, or assignment of
unknown strins to specific populations should be hased upon
malecular signatures and not phenotypes [9]. Fortunately, the
recent construction of highly-accurate rooted global phylogenetic
es fior - pestis [10,11] {reproduced in Figure 1) have facilitated the
gnment of isolates to distinet populations, The most recent
global phylogeny is based upon single nucleotidc. polymor |\l|i"mw
identificd from th of 133 global strains [11]. 2
clonies that cansed the thind pandemic belong to pupm.mmn
assigned to the molecular group LORI [10,1 he basal node for
this group is N14 (Figure ).

Two recent studies [3,12] have queried key SNPs in DNA
samples obtained from vietims of the second pandemic (147
century AD), facilitating the phyl fic place

ent of these

samples in the most recent global phylogeny [11]. These samples
are along the branch between nades NO7 and N10 (Figure 1) close
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