Ancient DNA reveals male diffusion through the
Neolithic Mediterranean route
Marie Lacana,b,1, Christine Keysera,b, François-Xavier Ricauta, Nicolas Brucatoa, Francis Duranthona, Jean Guilainec,
Eric Crubézya, and Bertrand Ludesa,b
a
Laboratoire d’Anthropologie Moléculaire et Imagerie de Synthèse, Centre National de la Recherche Scientiﬁque, Unité Mixte de Recherche 5288, 31073
Toulouse, France; bLaboratoire d’Anthropologie Moléculaire, Centre National de la Recherche Scientiﬁque, Unité Mixte de Recherche 5288, Institute of Legal
Medicine, University of Strasbourg, 67085 Strasbourg, France; and cCentre de Recherche sur la Préhistoire et la Protohistoire de la Méditerranée, École des
Hautes Etudes en Sciences Sociales, 31500 Toulouse, France

Edited by Colin Renfrew, University of Cambridge, Cambridge, United Kingdom, and approved May 2, 2011 (received for review January 19, 2011)

Downloaded by guest on December 3, 2021

T

he Neolithic expansion was a major event in the European
settlement and its impact on the European gene pool is still
highly debated in terms of genetic ﬂow and dispersal routes (i.e.,
Mediterranean vs. Central European) (1–4). In this context,
molecular analyzes of ancient human populations of the end of
the Neolithic are crucial to understand the origin and genetic
structure of the European population. Because DNA is a very
fragile molecule, rarely well preserved in ancient European
specimens, only few molecular analyzes have been carried out on
Neolithic remains, and they have often been limited to the study
of mtDNA (4–9). The few published studies on nuclear DNA
concern a small number of individuals (10–13). In the present
work, the particularly good preservation of DNA in the samples
excavated from a collective burial of the end of the Neolithic
period (3000 B.C.) (14) allowed us to perform a study of short
tandem repeats (STRs) and/or SNPs located on the nuclear
DNA (Y-chromosome and autosomes) and mitochondrial DNA.
Concretely, we analyzed DNA extracted from 53 individuals
buried in Cave I of Treilles located in the Grands Causses region,
at Saint-Jean-et-Saint-Paul, Aveyron, France (Fig. 1). The Treilles
cultural group is a well identiﬁed archeological complex of the
late Stone Age period, preserved of any major late Neolithic
population movements as suggested by the absence of the Bell–
Beaker culture inﬂuence in the second part of the third millennium B.C. The study of this cultural group should give a snapshot
of the local genetic pool of the end of the Neolithic period in
southern France before all recent migrations.
The two main objectives of this ancient DNA work were (i) to
understand the structure of the Treilles community and its funeral
practices by determining the sex of the individuals buried as well as
putative close familial relationships; and (ii) to estimate the biogeographical origins of the specimens under study, and to infer the
patterns of peopling of the region in this transitional period. To
trace back the maternal and paternal lineages, we determined both
mtDNA and Y-chromosomal haplogroups. We also typed a particwww.pnas.org/cgi/doi/10.1073/pnas.1100723108

ular polymorphism associated with lactase persistence (i.e., ability to
digest raw milk at adulthood) probably carried in western Europe
with the Linearbandkeramic culture during the Neolithic (15).
Results
Necropolis Recruitment. Partial autosomal proﬁles were obtained
for 24 of the 53 specimens under study (Table S1). The amelogenin locus indicates that 22 individuals were male and two were
female (subjects 573 and 614). For ﬁve samples (samples 571,
581, 603, 609, and 637), the molecular sex could not be determined. Autosomal STR kinship analyzes highlighted at least
three close familial relationships within the necropolis: individuals 604 and 636 have a 99,9979% probability to have a father/
son relationship [likelihood ratio (LR), 48,400]. Individuals 612
and 583 could be siblings (LR, 66,400), with a probability of
99.9985%, and subject 612 could also be the father of 616, with
a probability of 99.9995% (LR, 22,4000).
Mitochondrial Results. Reproducible HVI sequences were obtained for 29 of the 53 individuals tested. They were classiﬁed
into 13 different haplotypes, which yielded a relatively high haplotype diversity (H) of 0.8966 ± 0.0354. All the haplogroups
inferred by HVI sequencing were conﬁrmed by typing of the
mitochondrial coding region SNPs, for which the typing rate was
as high as 98% (Table S2). Thanks to these coding region positions, the 13 haplotypes previously found could be classiﬁed in 11
different haplogroups or subhaplogroups: H1, H3, HV0, V, K1a,
T2b, U, U5, U5b1c, X2, and J1.
Analysis of the FST genetic distances based on HVI variation
showed that the Treilles specimens were genetically close to all
current European populations. Indeed, FST values were between
0 and 0.06 for all populations included in the database (Table S3
and Figs. S1 and S2). The study of shared lineages showed furthermore that the Treilles maternal lineages are found in all
present-day European populations with percentages as high as
nearly 18% (Fig. 2 and Table S4).
Nonrecombining Region of Y-Chromosome Results. From the 22
ancient male specimens studied, three complete and 18 partial
Y-STR-haplotypes were obtained (Table S5). Although all loci
could not be clearly ampliﬁed for all specimens, most of the
ancient individuals’ Y-STR haplotypes seem closely linked. This
explains the very low average gene diversity over all loci obtained
(H, 0.361664 ± 0.196576). Only individuals 577 and 596 seemed
different from the other ones. Among the six nonrecombining
region of Y-chromosome (NRY) SNPs typed to conﬁrm the af-
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The Neolithic is a key period in the history of the European
settlement. Although archaeological and present-day genetic data
suggest several hypotheses regarding the human migration
patterns at this period, validation of these hypotheses with the
use of ancient genetic data has been limited. In this context, we
studied DNA extracted from 53 individuals buried in a necropolis
used by a French local community 5,000 y ago. The relatively good
DNA preservation of the samples allowed us to obtain autosomal,
Y-chromosomal, and/or mtDNA data for 29 of the 53 samples
studied. From these datasets, we established close parental relationships within the necropolis and determined maternal and
paternal lineages as well as the absence of an allele associated
with lactase persistence, probably carried by Neolithic cultures of
central Europe. Our study provides an integrative view of the
genetic past in southern France at the end of the Neolithic period.
Furthermore, the Y-haplotype lineages characterized and the study
of their current repartition in European populations conﬁrm a greater
inﬂuence of the Mediterranean than the Central European route in
the peopling of southern Europe during the Neolithic transition.

To evaluate the molecular afﬁnity between the G2a haplotypes
from the Treilles samples and current G2a haplotypes found in
European populations, we constructed a median-joining network
of the G2a paternal haplogroup frequently observed in our ancient samples. The Treilles G2a haplotypes are located at the
periphery of the network in a particular branch, suggesting that
they are probably not the ancestral haplotypes (Fig. S5). Furthermore, they are located on a Mediterranean branch clearly
differentiated from the Caucasian G2a, in which G2a is currently
the most frequent in Europe, as high as approximately 30% (16).

Downloaded by guest on December 3, 2021

Lactase Persistence Results. The LP-13910-C/T SNP associated
with lactase persistence was successfully typed for 26 of the 29
ancient samples tested. All were homozygous C/C for this marker,
which suggests that the ancient Treilles individuals were probably
not able to digest fresh milk.
Fig. 1. Location of the Grands Causses region (bounded by square) and of
cave I of Treilles at Saint-Jean-et-Saint-Paul (France).

Discussion

ﬁliation to haplogroups previously deduced from STR haplotypes, only three gave workable results (P15, M438, and P37.2).
Nevertheless, the 22 male individuals were conﬁrmed to belong
to the Y-haplogroup previously inferred. As expected from YSTR data, all samples were found to belong to Y-haplogroup
G2a except samples 577 and 596, which belong to haplogroup
I2a. Cross-population comparison tests showed a great or very
great genetic differentiation between Treilles male samples and
current western Eurasian populations (FST values >0.15 and as
high as >0.45) except for Basque and Spanish populations, with
FST values of 0.0014 and 0.007, respectively (Table S6 and Figs. S3
and S4). The analysis of shared lineages showed that the Treilles
haplotypes are rarely observed in current western European
populations: among the 4,791 haplotypes carried by the 10,488
European individuals included in the databases, the Treilles
haplotypes were observed only 11 times (Table S7). The highest
percentage of shared lineages were found mainly in Mediterranean populations: 2.06% in Cypriot, 1.98% in Portuguese, 0.7%
in Turkish, 0.38% in Italian, and 0.35% in Lebanese populations
(Fig. 3).

Authenticity of Results. The main issues in ancient DNA studies is
to avoid contamination by modern DNA templates and to produce authentic data. During all the steps of this study, extensive
precautions were taken to avoid the ampliﬁcation of contaminating contemporary DNA molecules (SI Materials and Methods).
Despite the fact that not all of the classical authenticity criteria
(17) could be satisﬁed, the following data support the authenticity
of the results: (i) extraction controls, PCR blanks, and ampliﬁed
products from animal remains were always negative; (ii) autosomal proﬁles were different from each other and different from
those of researchers recently in contact with the samples; (iii)
there was an inverse relationship between the ampliﬁcation efﬁciency and length of the ampliﬁcation products, especially with
STR markers, which is characteristic of ancient degraded DNA;
(iv) results of ampliﬁcations performed several times on various
extractions were always concordant between each others; (v)
results of SNP genotyping were also 100% concordant with mitochondrial and Y-chromosome haplotypes previously deduced
from HVI sequencing and Y-STRs analysis; and (vi) results
obtained are consistent with what can be expected on European
ancient remains, as all samples were unambiguously afﬁliated to
European haplogroups.

Fig. 2. Map showing mitochondrial lineages shared between Treilles individuals and current European populations. Crosses denote the location of
modern-day populations used in the analysis. The gray gradient indicates the
percentage of shared lineages between modern local populations and ancient
samples: the highest percentages are in black and the weakest are in gray.

Fig. 3. Map showing the Y-lineages shared between Treilles individuals and
current European populations. Crosses denote the location of modern-day
populations used in the analysis. The gray gradient indicates the percentage
of shared lineages between modern local populations and ancient samples:
the highest percentages are in black and the weakest are in gray.
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Maternal and Paternal Origins. The results of the mitochondrial
and Y-chromosome analyzes suggest that the maternal and paternal biogeographical origins of the Treilles samples might be
substantially different.
Concerning the maternal origin, the gene pool of the Treilles
samples seems to reﬂect a combination of the main events of the
settlement of southwest Europe. Most of the mitochondrial
haplogroups have an ancient ancestry consistent with the oldest
episodes of settlement of western Europe from the Near East
during the upper Paleolithic (52% of individuals are U, U5, HV0,
X2, K1a, or T2b) (20–22) or from the Franco-Cantabrian region
during the late glacial recolonization of the continent after the
late glacial maximum (28% of individuals are H1, H3, V, or
U5b1c) (23–25). A frequent haplogroup in Neolithic samples (4,
5, 8), haplogroup J1, found in six of 29 of the Treilles individuals,
indicates also a Neolithic contribution of approximately 20% in
the gene pool of our ancient samples (24, 26). The great haplotype
diversity of the U5 cluster, one of the most ancient haplogroups
found in Europe and very frequent in Neolithic and Mesolithic
specimens (20), conﬁrms moreover that part of the maternal
lineage of Treilles samples is probably very ancient, originating
from the upper Paleolithic. Similarly, the lack of haplotype diversity within haplogroup J1 conﬁrms a probable recent origin of
this haplogroup in the genetic pool of the Treilles samples.
On the contrary, similarly to southern Europe Neolithic specimens (4), there is no evidence in the Treilles samples of the N1a
haplogroup, which was highly present in central Europe and Atlantic coast Neolithic cultures (6, 8). According to mitochondrial
data, the Neolithic wave in the Treilles genetic pool is thus more
likely to be Mediterranean than central European in origin.
The biogeographical origin of male samples appears less diverse. Treilles males belong to only two different haplogroups:
I2a and G2a. In the Y phylogeny, haplogroup I is widespread
over Europe but virtually absent elsewhere (27). Subclade I2a
(formerly I1b1) probably originated in southern Europe during
the Ice Age. Haplogroup G may represent a male contribution to
a demic diffusion of farmers (1) from the Middle East to Europe
(16, 28). G2a (formerly G2) is the major subclade of haplogroup
G (29). Its origin in Europe is still unclear, but it could be a good
marker for the Neolithic migrations of farmers into Europe (30).
The low percentage (<2%) of shared lineages between Treilles
and current populations, and the fact that the ancestral and
current G2a haplotypes do not seem related, imply that the G2a
lineage of Treilles was probably lost between the end of the
Neolithic and today. Few ancient data are currently available on
Y-haplogroups to conﬁrm this hypothesis, but G2a haplotypes
have been found in other prehistoric remains; two ancient DNA
studies revealed the presence of G2a in the Czech Republic
during the seventh century (31) and in a German sample of a
central European Neolithic culture (13), whereas this haplogroup
is very rare in these places nowadays (32).
Anyway, even if the lineages shared between Treilles individuals and present-day populations are small, their location along
the Mediterranean coast is consistent with an origin of part of the
males’ gene pool in the Mediterranean Neolithic expansion (33).
Lacan et al.

Recent studies on modern samples link the geographical distribution of the R1b-M269 haplogroup to its spread from the
Near East during the Neolithic (34). More speciﬁcally, subclade
R1b-S116 has been linked with the early north-central European
plain colonization (35). This haplogroup was not found in the
Treilles samples. The Treilles group is strongly structured by
paternal lineage, implying a low diversity among paternal lineages. The absence of the R1b haplogroup in the ancient samples
could be linked to this particular genetic structure but it could
also be caused by the absence of a Danubian route inﬂuence in
the southwestern Mediterranean male gene pool. The latter
hypothesis is highly compatible with shared lineages distribution.
In summary, even if the maternal lineages seem to have more
diversiﬁed origins in time and space, both mitochondrial and NRY
studies reveal a contribution of the Neolithic wave in the gene
pool of the Treilles specimens. Furthermore, our results also show
that, at least for the gene pool of the male samples, the Neolithic
dispersals had to take place along the Mediterranean route.
Lactase Persistence in the Treilles Individuals. The allele T located at
position 13,910 bp upstream of the lactase gene is a polymorphism
strongly associated with the ability to produce lactase, an intestinal enzyme that aids the digestion of untransformed milk.
Largely widespread in northern and western current Europe, the
13910T allele is present in 43% of the present French population
(36). This polymorphism is very rare or absent in Mesolithic
Scandinavian samples and in early Neolithic Europeans (10, 12).
According to a recent study, the T allele probably appeared in
Europe in a region between the Balkans and central Europe and
spread with the dissemination of the Linearbandkeramic culture
over central Europe (15). This allele was not found in Treilles
samples. This suggests that the Treilles individuals probably
did not directly acquire the possibility to digest fresh milk from
the farming communities of central Europe. This could also
imply that the Treilles community was closer to the Mediterranean agropastoral cultures, which have an economy based on
farming of sheep/goat and consumption of fermented milk (15)
than to central European cultures, which practiced dairy farming.
This ﬁnding also suggests that the peopling of southern France
during the Neolithic expansion is more likely to have originated
from the Mediterranean Sea than the central European plains.

Conclusion
All three systems used in this work to estimate the genetic origin
of the Treilles samples (mtDNA, NRY, and lactase persistence
SNP) are consistent with a substantial contribution of the Mediterranean Neolithic spread into the gene pool of ancient specimens. The absence of the mitochondrial haplogroup N1a and
of the R1b Y-chromosomal haplogroup, both potentially associated with the spread of a Neolithic culture in Central Europe,
conﬁrms moreover the probable heterogeneity of Neolithic dispersals into Europe.
However, data obtained on the Y-chromosome suggest that
the Treilles group was strongly structured by paternal lineage,
and thus these data provide information on only a limited part of
all of the existing lineages of southern European populations
living nearby at the same period. New ancient Y-chromosomal
studies from adjacent ancient populations will be needed in the
future to give a complete overview on the Neolithic male diffusion through the Mediterranean route.
Materials and Methods
Samples. The cave of Treilles is a collective burial site containing a minimum
number of 149 individuals buried over a period of one or two centuries (14).
Babies and young children were less represented than would be expected
from the natural mortality of a community (63 children and subadults and 86
adults), and the adults’ bodies were partially disarticulated, a widespread
ritual in the French Neolithic (37). Consequently, to sample each individual
only once, we used mandibular teeth without carious lesions and still ﬁxed
to the mandible. All mandibles still bearing teeth were collected. Molecular
analyzes were thus performed on teeth from 53 individuals. Sampling was
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Social and Burial Implication. According to molecular data, 22
individuals were male and two were female. Morphometric analysis
on 30 well preserved hipbones (not included in the analysis) also
showed an imbalance of sex ratio: 20 male and 10 female (14).
Furthermore, in the Treilles samples, a very low gene diversity was
calculated from Y-haplotypes (H, 0.361664 ± 0.196576), combined
with a high gene diversity from HVI haplotypes (H, 0.8966 ±
0.0354). We can thus hypothesize that the necropolis was only
dedicated to male specimens of the same paternal lineage (18).
In present-day populations, this particular sex-speciﬁc genetic
structure often involves a limited gene ﬂow within the male
component of the populations and suggests that the communities
are patrilocal (19). In our ancient samples, this genetic structure
suggests that the community that used this burial cave was patrilocal, or that it reﬂects a particular funeral rite.

done by two laboratory members at the Natural History Museum of Toulouse (France), where the bone collection is preserved.
DNA Extraction. The teeth were ﬁrst decontaminated with bleach, rinsed with
ultrapure water, exposed to UV light (254 nm) on each side during 30 min,
and powdered in a grinder mill under liquid nitrogen. Two hundred millgrams of the tooth powder were suspended in an extraction buffer and
incubated overnight at 50 °C. Puriﬁcation and concentration steps were then
performed as previously described (38). Between three and six extractions
were carried out for each individual, depending on the powder quantity
retrieved from each tooth.
Nuclear Quantiﬁcation. For one DNA extract per sample, a nuclear quantiﬁcation was performed on an ABI Prism 7000 Sequence Detection System by
using the Quantiﬁler Human DNA Quantiﬁcation Kit (Applied Biosystems)
according to the manufacturer’s protocol.
Autosomal Analysis. Sixteen autosomal STR loci were analyzed using the
AmpFiSTR Identiﬁler Plus and the MiniFiler PCR Ampliﬁcation Kits (Applied
Biosystems). Capillary electrophoreses were performed on a 3500 Genetic
Analyzer and the STRs proﬁles were analyzed with GeneMapper 4.1 software.
Two ampliﬁcations were performed on three or four different DNA extracts
for each sample.
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mtDNA Analysis. Mitochondrial haplogroups were determined for each ancient sample on the basis of the HVI haplotype and of SNPs chosen on the
mtDNA coding region according to the latest mtDNA phylogeny (39). Three
hundred eighty-one base pairs of the HVI region of the mtDNA were ampliﬁed and sequenced in two overlapping fragments (40). Twenty-one diagnostic SNPs of the mitochondrial coding region were typed to clarify the
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haplogroup status inferred from HVI sequences. Typing was performed using the iPLEX Gold technology (Sequenom) as described by Mendisco et al.
(38). Two multiplexes containing a total of 28 SNPs located on mtDNA, the
NRY, and the MCM6 gene were designed with MassArray Assay design
software (version 4.0). The typing reactions were performed twice on two
different DNA extracts.
Y-Chromosomal Analysis. Y-chromosomal analyzes were made on the 22
ancient male samples. Haplotypes were obtained from the analysis of 17
Y-STRs loci using the AmpFiSTR Yﬁler PCR Ampliﬁcation Kit (Applied Biosystems). Haplogroups deduced with the haplogroup predictor software
(41) were then tested by SNP typing by using iPLEX Gold technology
(Sequenom). We chose the six Y-SNP markers characteristic of the haplogroups and subhaplogroups G (M201), G2 (M287) and G2a (P15) (42), and
I (M170), I2 (M438), and I2a (P37.2) (43) to conﬁrm the assignment to the
haplogroups initially inferred.
Lactase Persistence Typing. One SNP located in the MCM6 gene and found to
be associate with hypolactasia, more commonly known as lactose intolerance in European Caucasian populations, was added into the multiplex
2 of the SNP typing (LP-C/T13910; Rs4988235).
Statistical Analysis. All statistical analyses performed on the Treilles data are
detailed in SI Materials and Methods.
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