






point to the presence of substantial amounts of
endogenous DNA. After quality filtering, we
analyzed 249 million bp of autosomal sequence
data and extracted genetic variants from the
Neolithic individuals at previously identified
single-nucleotide polymorphisms (SNPs) in var-
ious reference data sets (Table 1), excluding SNPs
that could be affected by postmortem nucleotide
misincorporation and randomly sampling a single
haploid variant from both ancient and modern
individuals (16).

Because the incomplete coverage causes little
overlap between the typed SNPs in the differ-
ent Neolithic individuals, we performed princi-

pal component analysis (PCA) (20) separately
for each Neolithic individual, together with a par-
ticular reference panel, and combined PC1 and
PC2 loadings from each independent analysis,
using a novel approach based on Procrustes trans-
formation (16). We found that compared to a
worldwide set of 1638 individuals (21–23), all
four Neolithic individuals clustered within Eu-
ropean variation (fig. S5). However, when the
analysis was focused on 505 individuals of Eu-
ropean and Levantine descent, the three Neo-
lithic hunter-gatherers appeared largely outside
the distribution of the modern sample but in the
vicinity of Finnish and northern European indi-

viduals (Fig. 1A). In contrast, the Neolithic farmer
clustered with southern Europeans but was differ-
entiated from Levantine individuals. This gener-
al pattern persisted for a geographically broader
reference data set of 1466 extant individuals of
European ancestry (22, 24) (Fig. 1B), for a much
larger number of markers from 241 individuals
in the 1000 Genomes Project (25) (Fig. 1C), and
using model-based clustering (26, 27) (Fig. 1D).
Although all Neolithic individuals were excavated
in Sweden, neither the Neolithic farmer nor the
Neolithic hunter-gatherers appeared to cluster
specifically within Swedish variation, a pattern
that remained also for a larger sample of 1525
individuals from across Sweden (28) (figs. S9,
S21, and S22).

Although several observations suggest that
authentic ancient molecules were sequenced, it
is possible that some degree of contamination
from modern humans could be present in the
data. To investigate whether contamination could
influence our analyses, we partitioned the data on
the basis of the fraction of cytosine deamination
toward the ends of the sequence reads (Fig. 2A),
a property that has been observed to be enriched
in authentic ancient DNA but not in contaminat-
ing modern human molecules (19, 29, 30). We
divided the data into sequences that had evidence
of cytosine deamination in the first 10 bp of the
read and those that did not. Examining the first
principal component obtained for Neolithic in-
dividuals and extant individuals from Italy and
Finland, combined by means of Procrustes trans-
formation, we found a robust separation between
the Neolithic hunter-gatherers and the Neolithic
farmer in both the data with evidence of cytosine
deamination and the data without (Fig. 2B).

To more closely investigate the genetic sim-
ilarity of extant European populations (22, 24)
to Neolithic humans, we determined for each
SNP and each extant population the average
frequency of the particular allele found in either

Fig. 2. Assessing authenticity by population genetic analysis of degraded and nondegraded molecules.
Authentic ancient DNA molecules show an increased rate of cytosine-to-thymine (C→T) mismatches due
to nucleotide misincorporation, at the 5′ ends of sequences. We use this feature to test whether
sequences with evidence of nucleotide misincorporation and sequences without such evidence have
different population genetic affinities, thus providing information on the possible influence of potential
modern human contamination. (A) T base frequency in the sequence reads at positions where a C is
seen in the human reference genome for all four Neolithic individuals. (B) Procrustes-transformed PCAs
of data from each Neolithic individual divided into molecules with a C→T mismatch in the first 10 bp
(“degraded”: solid red and blue symbols) and molecules without a C→T mismatch in the first 10 bp
(“not degraded”: open red and blue symbols). TSI, individuals from Italy; FIN, individuals from Finland.
The x axis displays random numbers to aid visualization.

Fig. 3. Allele sharing between Neolithic and extant Europeans. (A) Inter-
polated allele sharing between the Neolithic hunter-gatherers (pooled, a star
shows the sampling location) and extant European populations (black
squares). (B) Allele sharing between the Neolithic farmer (Gök4, a star shows
the sampling location) and extant European populations (black squares). (C)

In all extant European populations except for Turkey (black disk, excluded
from the test of correlation), a high degree of allele sharing with one Neo-
lithic population tends to be associated with a low degree of allele sharing
with the other Neolithic population. The population codes are explained in
table S10.
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the Neolithic hunter-gatherers or the Neolithic
farmer (16). The Neolithic hunter-gatherers shared
most alleles with northern Europeans, and the
lowest allele sharing was with populations from
southeastern Europe (Fig. 3A). In contrast, the
Neolithic farmer shared the greatest fraction of
alleles with southeastern European populations
(Cypriots and Greeks) and showed a pattern of
decreasing genetic similarity to populations
from the northwest and northeast extremes of
Europe (Fig. 3B). Individuals from Turkey
stand out because of low levels of allele sharing
with both Neolithic groups, possibly due to
gene flow from outside of Europe, but all other
European populations can roughly be repre-
sented as a cline in which allele sharing with
Neolithic hunter-gatherers is negatively corre-
lated with allele sharing with Neolithic farm-
ers (Fig. 3C).

We also conducted tests of population topol-
ogy using genealogical concordance (16), and
found that Neolithic hunter-gatherers have the
strongest affinity to modern Finnish individuals
[FIN and “Late Settlement” FIN (LSFIN) (22)],
whereas the Neolithic farmer appears most re-
lated to extant Mediterranean European pop-
ulations (fig. S17). However, in formal tests for
admixture (31) that assumed the topology (Out-
group, Neolithic farmer),(X,LSFIN), we found
widespread evidence for gene flow between the
Neolithic farmer and other European populations
(X) for various non-European outgroups (table
S14). To estimate the extent of this putative gene
flow, we constructed a hypothetical model in
which each of 14 modern European populations
(21, 22, 28) is a mixture of genetic material from
a population that is most similar to LSFIN and
a second population more related to the Neo-
lithic farmer (Gök4) than to Levantine Druze
(fig. S18). We estimated that people of south-
ern, central and northern Swedish descent are,
on average, of 41 T 8%, 36 T 7%, and 31 T 6%
Neolithic farmer–related ancestry, respectively
(T1 SE). Across Europe, this fraction decreases
from 95 T 13% in Sardinians to 52 T 8% in
the CEU population (individuals of northwest-
ern European descent) and 11 T 4% in Russians
(table S15). Additionally, on the basis of two
complete CEU genomes (25), we estimated sim-
ilar population divergence times (32) between
the CEU population and the Neolithic farmer
[9.8 thousand years ago (ka); confidence inter-
val (CI), 1.5 to 18.5 ka] and the Neolithic hunter-
gatherers (6.5 ka; CI, 1.5 to 11.5 ka) [(16) fig.
S15 and table S11], which is consistent with an
intermediate fraction of Neolithic farmer–related
ancestry in the CEU population.

In our genomic analyses, the Scandinavian
Neolithic hunter-gatherers (PWC) have a genetic
profile that is not fully represented by any sam-
pled contemporary population (Fig. 1) and may
thus constitute a gene pool that is no longer
intact or no longer exists. Although the origin of
the Neolithic hunter-gatherers is contentious, the
similar mtDNA haplogroup composition of PWC

individuals (8) (Table 1) and Mesolithic and
Paleolithic individuals (7, 29) indicates some
continuity with earlier European populations,
but resolving this hypothesis will require pre-
Neolithic genomic data.

A parsimonious model for explaining our
results is that farming practices were brought to
northern Europe by a group of people that were
genetically distinct from resident hunter-gatherers.
The alternative explanation—that Gök4 is not typ-
ical of the Neolithic farmer population—appears
less likely, based on isotopic analyses and burial
context (16, 17). Furthermore, the mtDNA haplo-
groups of Gök4 and other investigated TRB
individuals (8) occur among central European
Neolithic farmers associated with the LBK cul-
ture [Linearbandkeramik (9)], a culture with close
connection to the TRB culture (5). However, the
alternative explanation, that Gök4 is a recent mi-
grant, would still suggest long-range migration
across the European continent. Although Neo-
lithic farmers associated with cultures other than
TRB could potentially have different histories,
the observation that Gök4 is genetically most
similar to extant populations found in Mediter-
ranean Europe is in contrast (see e.g. Figs. 1 and
3) to an mtDNA study that suggests extant pop-
ulations in Turkey and the Near East as being
genetically most similar to central European Neo-
lithic farmers (9). The genetic affinity of an in-
dividual (Gök4) from the northern frontier of
the agricultural expansion to southern Europe-
ans suggests persistent barriers to gene flow be-
tween resident and colonizing groups during
the initial stages of expansion and settlement,
barriers that perhaps became more permeable
over time. That gene flow between farmer and
hunter-gatherer populations, possibly over a long
period, eventually gave rise to the present pat-
tern of genetic variation in Europe is also sup-
ported by the observation that most European
populations appear genetically intermediate to
the two Neolithic groups. Regardless of the un-
derlying model, our study provides direct ge-
nomic evidence of stratification between Neolithic
cultural groups separated by less than 400 km,
differentiation that encapsulates the extremes of
modern-day Europe and appears to have been
largely intact for ~1000 years after the arrival
of agriculture. Thus, the genetic composition of
contemporary Europeans may have been shaped
by prehistoric migration that drove the expan-
sion of agriculture.

References and Notes
1. G. V. Childe, The Dawn of European Civilization (Kegan,

Paul, Trench & Trubner. London, 1925).
2. P. Menozzi, A. Piazza, L. Cavalli-Sforza, Science 201, 786

(1978).
3. L. Cavalli-Sforza, P. Menozzi, A. Piazza, The History and

Geography of Human Genes (Princeton Univ. Press,
Princeton, NJ, 1994).

4. J. Novembre, S. Ramachandran, Annu. Rev. Genomics
Hum. Genet. 12, 245 (2011).

5. C. Renfrew, P. G. Bahn, Archaeology: Theories,
Methods, and Practice (Thames and Hudson, New York,
1991).

6. M. Stoneking, J. Krause, Nat. Rev. Genet. 12, 603 (2011).
7. B. Bramanti et al., Science 326, 137 (2009).
8. H. Malmström et al., Curr. Biol. 19, 1758 (2009).
9. W. Haak et al., PLoS Biol. 8, e1000536 (2010).

10. M. Lacan et al., Proc. Natl. Acad. Sci. U.S.A. 108, 9788
(2011).

11. M. Rasmussen et al., Nature 463, 757 (2010).
12. M. Malmer, The Neolithic of South Sweden: TRB, GRK, and

STR (Royal Swedish Academy of Letters History and
Antiquities; Almquist & Wiksell International, Stockholm,
Sweden, 2002).

13. H. Malmström et al., Mol. Biol. Evol. 24, 998 (2007).
14. H. Malmström et al., BMC Evol. Biol. 10, 89 (2010).
15. K.-G. Sjögren, Megaliths and Identities, paper presented

at the third European Megalithic Studies Group Meeting,
13 to 15 May 2010, Kiel University, Germany, M. Furholt,
F. Lüth, J. Müller, C. Scarre, Eds.; www.jungsteinsite.de.

16. See supplementary materials on Science Online.
17. K.-G. Sjögren, T. Price, T. Ahlström, J. Anthropol.

Archaeol. 28, 85 (2009).
18. G. Lunter, M. Goodson, Genome Res. 21, 936 (2011).
19. A. W. Briggs et al., Proc. Natl. Acad. Sci. U.S.A. 104,

14616 (2007).
20. N. Patterson, A. L. Price, D. Reich, PLoS Genet. 2, e190

(2006).
21. J. Z. Li et al., Science 319, 1100 (2008).
22. I. Surakka et al., Genome Res. 20, 1344 (2010).
23. D. M. Altshuler et al.; International HapMap 3 Consortium,

Nature 467, 52 (2010).
24. M. R. Nelson et al., Am. J. Hum. Genet. 83, 347 (2008).
25. R. M. Durbin et al.; 1000 Genomes Project Consortium,

Nature 467, 1061 (2010).
26. D. H. Alexander, J. Novembre, K. Lange, Genome Res. 19,

1655 (2009).
27. M. Jakobsson, N. A. Rosenberg, Bioinformatics 23, 1801

(2007).
28. E. Salmela et al., PLoS ONE 6, e16747 (2011).
29. J. Krause et al., Curr. Biol. 20, 231 (2010).
30. L. Orlando et al., Genome Res. 21, 1705 (2011).
31. D. Reich, K. Thangaraj, N. Patterson, A. L. Price, L. Singh,

Nature 461, 489 (2009).
32. P. Skoglund, A. Götherström, M. Jakobsson, Mol. Biol.

Evol. 28, 1505 (2011).

Acknowledgments: We thank M. Rasmussen, K. Magnussen,
E. Salmela, A. Vargas Velasquez, L. Orlando, and K.-G. Sjögren
for technical assistance and discussions; G. Burenhult,
L. Drenzel, P. Persson, and J. Norderäng for access to the
Ajvide material; and the 1000 Genomes Project for access to
population data. Computations were performed at the Swedish
National Infrastructure for Computing (SNIC-UPPMAX) under
project b2010050. The POPRES data were obtained from
dbGaP (accession number phs000145.v1.p1). Per Hall
(per.hall@ki.se), Karolinska Institutet, retains governance over
the sample collection from Sweden. Supported by the Lars
Hierta Memorial Foundation (grant FO2010-0563 to P.S.), the
Nilsson-Ehle Donationerna (P.S.), Marie Curie Actions (M.R.),
the Danish National Research Council (E.W. and M.T.P.G.), the
Royal Swedish Academy of Science (A.G.), and the Swedish
Research Council (grant 2009-5129 to M.J.). P.S., A.G., and
M.J. conceived and designed the study; M.R. and H.M.
performed experiments coordinated by P.S., E.W., M.T.P.G.,
A.G., and M.J.; P.S. and H.M. processed the data; P.S. and
M.J. analyzed the data; J.S. described the archaeology; J.S. and
P.H. contributed samples; and P.S., A.G., and M.J. wrote and
edited the manuscript with input from all authors. Data are
available from the European Nucleotide Archive under accession
no. ERP001114 and data aligned to the human reference
genome are available at www.ebc.uu.se/Research/IEG/evbiol/
research/Jakobsson/. The authors declare no competing interests.

Supplementary Materials
www.sciencemag.org/cgi/content/full/336/6080/[page]/DC1
Materials and Methods
Supplementary Text
Figs. S1 to S22
Tables S1 to S15
References (33–85)

7 November 2011; accepted 15 February 2012
10.1126/science.1216304

www.sciencemag.org SCIENCE VOL 336 27 APRIL 2012 469

REPORTS

 o
n 

Ju
ne

 1
5,

 2
01

2
w

w
w

.s
ci

en
ce

m
ag

.o
rg

D
ow

nl
oa

de
d 

fr
om

 

http://www.sciencemag.org/

