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ABSTRACT The Turkic language was introduced in
Anatolia at the start of this millennium, by nomadic Turk-
men groups from Central Asia. Whether that cultural
transition also had significant population-genetics conse-
quences is not fully understood. Three nuclear mi-
crosatellite loci, the hypervariable region I of the mito-
chondrial genome, six microsatellite loci of the Y
chromosome, and one Alu insertion (YAP) were amplified
and typed in 118 individuals from four populations of
Anatolia. For each locus, the number of chromosomes
considered varied between 51–200. Genetic variation was
large within samples, and much less so between them. The
contribution of Central Asian genes to the current Anato-
lian gene pool was quantified using three different meth-
ods, considering for comparison populations of Mediterra-

nean Europe, and Turkic-speaking populations of Central
Asia. The most reliable estimates suggest roughly 30%
Central Asian admixture for both mitochondrial and Y-
chromosome loci. That (admittedly approximate) figure is
compatible both with a substantial immigration accompa-
nying the arrival of the Turkmen armies (which is not
historically documented), and with continuous gene flow
from Asia into Anatolia, at a rate of 1% for 40 generations.
Because a military invasion is expected to more deeply
affect the male gene pool, similar estimates of admixture
for female- and male-transmitted traits are easier to rec-
oncile with continuous migratory contacts between Ana-
tolia and its Asian neighbors, perhaps facilitated by the
disappearance of a linguistic barrier between them. Am J
Phys Anthropol 115:144–156, 2001. © 2001 Wiley-Liss, Inc.

Evolutionary inferences from data on contempo-
rary populations are complicated by the fact that
long-term population sizes, rates of gene-flow, and
selection coefficients are seldom known. As a conse-
quence, observed patterns of genetic variation are
often compatible with more than one evolutionary
model. To discriminate among competing hypothe-
ses, however, one can exploit the available wealth of
archaeological and linguistic data. Comparative
studies of biological and cultural diversity (Sokal,
1988; Cavalli-Sforza et al., 1988; Torroni et al., 1993;
Barbujani and Pilastro, 1993; Ward et al., 1993;
Sajantila et al., 1995; Poloni et al., 1997) have pro-
vided insights into important aspects of the human
evolutionary history.

In Europe, many linguistic barriers, and espe-
cially those between Indo-European and non-Indo-
European speakers, are associated with increased
genetic change (Sokal et al., 1990, and references
therein), probably because genetic and linguistic di-
versity have often been shaped by the same demo-
graphic changes (Cavalli-Sforza et al., 1988; Barbu-
jani, 1997). However, despite the presence of a major
language barrier (Altaic vs. Indo-European), no
clear discontinuity has been described so far be-
tween the European and the Anatolian (i.e., Asian
Turkish) gene pools, in large-scale analyses of blood
groups, electrophoretic polymorphisms (Sokal et al.,
1988; Harding and Sokal, 1988; Simoni et al., 1999),

and mitochondrial DNA (Comas et al., 1996; Simoni
et al., 2000). Conversely, mitochondrial data suggest
that a statistically significant difference exists be-
tween Anatolia and its Arabic-speaking southern
neighbors (Simoni et al., 2000). The limited genetic
change across the boundary between Turkic and
Indo-European languages calls for an explanation.
Has linguistic change occurred independently from
genetic change in Anatolia, and, if so, why?

To address this question, we collected blood sam-
ples in four Anatolian population groups, from
which 11 DNA markers were typed. By analyzing
those data, along with other data collected in the
literature, we then tested whether DNA variation in
Anatolia is consistent with any of the demographic
models that can be built on the basis of historical
and linguistic evidence.
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THREE MODELS

The historical record shows that, in the 11th cen-
tury AD, Anatolia was invaded by nomadic groups
from Central Asia, collectively referred to as Oghuz
(Akyildiz, 1997; Endress, 1988). The Oghuz Turks,
called the Turkmen in Europe, are documented in
the area between Mongolia and the Caspian sea
from the 9th century AD. Under the leadership of
the Seljuq family, they entered Iran, and, in 1044,
emerged as secular rulers of the entire Islamic Near
East, except Syria and Egypt. With their invasion of
Anatolia in 1071 (Roux, 1984; Akyildiz, 1997; En-
dress, 1988), their language was imposed upon most
resident populations, previously speaking Indo-Eu-
ropean languages (Ruhlen, 1991).

The linguistic and political consequences of these
episodes are well-documented (e.g., Renfrew, 1987),
but it is not clear to what extent the Anatolian gene
pool was affected by the Oghuz invasion. Schemati-
cally, three main scenarios may be envisaged, and
they are liable to be tested using genetic data. One
possibility is elite dominance (Renfrew, 1989), i.e.,
the process whereby the language of a few individ-
uals is adopted by the rest of the population. Such
elites are often military, and in their scrupulous
study of the effects of historical episodes on popula-
tion affinities, Sokal et al. (1996) concluded that
military attacks have very limited genetic conse-
quences. For the sake of clarity, here we shall posit
that they had no genetic consequence at all (pure
elite dominance; Fig. 1); indeed, there is evidence
among Finn speakers of language replacement with
no detectable genetic consequences (Sajantila and
Pääbo, 1995). An alternative is that the arrival in
Anatolia of substantial numbers of Central Asian
Turkic-speakers would have caused parallel linguis-

tic and demographic changes, the latter reflected in
new allele frequencies and in the presence of novel
alleles in the Anatolian gene pool. That may have
happened either at a specific moment in time (sec-
ond possibility: instantaneous admixture) or through
continuous immigration across many generations
(and that is the third possibility). Because the
Oghuz invaders were soldiers, and therefore mostly
males, if immigration was instantaneous, greater
effects may be expected upon Y-chromosome varia-
tion, whereas a continuous immigration seems com-
patible with equally large changes in the female- as
well as in the male-transmitted portion of the ge-
nome. In this study we looked for evidence support-
ing any of the three models outlined above (Fig. 1),
whose consequences are summarized in Table 1.
Note that in all three cases, the linguistic transition
may be explained by the imposition of the language
of a minority to all members of the Anatolian popu-
lation, i.e., by elite dominance sensu Renfrew (1989).

MATERIALS AND METHODS

Samples

Blood samples were collected from 118 male, Tur-
kic-speaking, unrelated blood donors dwelling in
four areas of Anatolia (Fig. 2), namely the Aegean
coast around the city of Izmir (sample IZM), the
southern Mediterranean coast around the town of
Antalya (sample ANT), the central Anatolian plain
around Ankara (sample ANK), and eastern Anato-
lia, close to the lake of Van (sample VAN). For eth-
ical and legal reasons, the members of the samples
were anonymous. Inhabitants of the major towns,
who have a higher probability to be recent immi-
grants, were excluded, and special care was taken to
avoid related individuals. The blood was preserved

Fig. 1. Schematic representation of the three models tested against DNA data in this study. Rectangles are Indo-European-
speaking populations; lozenges are Turkic-speaking populations. Dashed arrows represent linguistic transformations, horizontal solid
arrows indicate gene flow, and vertical solid arrows indicate inheritance, from older (top) to younger (bottom) generations. Different
shades of gray represent the likely proportion of alleles of Central Asian provenance in the Turkish allele pool.
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in K-EDTA solutions, and it was kept at 280°C until
DNA extraction. No information was recorded about
self-assessed ethnic affiliations.

DNA extraction and mitochondrial sequencing

DNA was extracted from the whole blood, either
by the classical protocol (Maniatis et al., 1982) or by
using a 5% Chelex-100 solution (Walsh et al., 1991).
It was then suspended in sterile water and kept at
4°C. The mitochondrial control region was amplified
using the primers L15926 and H408. A sequence of
360 base pairs within the first hypervariable region
(hereafter, HVRI), between positions 16024–16383
of the Cambridge reference sequence (CRS; Ander-
son et al., 1981) was obtained by Thermo Sequen-
ase™ cycle sequencing (Amersham kit), using
L15996 and/or H16401 (Vigilant et al., 1989). Vari-
able positions in the sequence are here indicated by
the numbering of the CRS less 16,000. The se-
quences of the primers are in Table 2.

Nuclear microsatellites

Three microsatellite loci were analyzed. PLA2A
(Hammond et al., 1994) and MFD179 (Deka et al.,
1995) were amplified using steps of 94°C for 30 sec,
annealing steps of 58°C for 30 sec, and elongation
steps of 72°C for 30 sec. TH01 (Hammond et al.,
1994) was amplified under similar conditions, but
increasing the annealing temperature to 61°C.
Thirty cycles were performed for all loci. The reac-
tions were terminated by a step of 72°C for 3 min.
(primers are listed in Table 1). The alleles (here
designated by their repeat number, but see footnote

of Table 2) were separated on an 8% acrylamide gel,
and the bands were visualized by a silver staining
procedure.

Y-chromosome markers

Seven loci of the Y chromosome were typed, six of
them microsatellites. An Alu insertion, or YAP ele-
ment, was amplified in 35 cycles, using a denatur-
ation step of 94°C for 30 sec, an annealing step of
51°C for 30 sec, and an elongation step of 72°C for 45
sec (Hammer and Horai, 1995). DXYS156 was am-
plified in 35 cycles, using a 58°C annealing temper-
ature for 30 sec (Chen et al., 1994). Four tetranucle-
otide repeat loci, DYS19, DYS390, DYS391, and
DYS393, were amplified together in 35 cycles, using
denaturation steps of 94°C for 30 sec and elongation
steps of 72°C for 1 min; a 58°C annealing step was
performed for 20 cycles, and then the temperature
was decreased to 56°C for the last 15 cycles (Kaiser
et al., 1997). Finally, a trinucleotide microsatellite,
DYS392, was independently amplified under the
same conditions as above. All reactions were termi-
nated by a step of 72°C for 5 min (sequences of
primers are in Table 1).

The presence of the Alu insertion was investigated
by running the amplified products in 2% agarose gel,
and checking whether a 455-bp or a 150-bp band
was present. The alleles of the microsatellite loci
were visualized by an automated sequencing system
(ALF-Pharmacia), using CY5 labelled primers, or
silver staining dye after a run over a 6% acrylamide
gel.

TABLE 1. Summary of demographic models tested

Model Brief explanation

Expected genetic consequences

Contribution of
Asian alleles

Effects on Y-chromosome
diversity

Pure elite dominance Language change not associated with significant
demographic change

Zero None

Instantaneous admixture1 Language change due to demographic change Greater than zero Greater than on mtDNA
diversity

Continuous immigration1 Language change followed by demographic
change

Greater than zero Same as on mtDNA diversity

1 These models were termed, respectively, “intermixture” and “gene flow” by Long (1991).

Fig. 2. Locations of the four Turkish samples (open squares), and of other samples used for estimating admixture (solid squares).
IZM, Aegean coast; ANK, central Anatolia; VAN, eastern Anatolia; ANT, Mediterranean coast.
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Diversity indices and phylogenetic analysis

The nucleotide diversity p was estimated as

p 5
n

n 2 1
1
L O

j

L S1 2 O
i

4

xij
2D

where n is the sample size, L is the length of the
sequence of interest, and xij is the frequency of the
i-th nucleotide at the j-th site (Nei and Tajima,
1981).

Gene diversity D (often referred to as heterozygos-
ity) was estimated as

D 5 ~n/n 2 1!~1 2 Sqi
2!

where n is sample size and qi is the allele frequency
(Nei, 1987). Genetic heterogeneity, within and
among populations, was quantified by estimating
Wright’s F statistics, or their molecular equivalents,
the F statistics, by means of the analysis of molec-
ular variance (AMOVA; Excoffier et al., 1992). The F
statistics are genetic variances, estimated taking
into account not only frequency differences between
individuals and populations, but also the molecular
differences between mitochondrial sequences or mi-
crosatellite alleles. The significance of the variance
components thus estimated was assessed by ran-
domization (Excoffier et al., 1992).

The phylogenetic relationships among sequences
were inferred by maximum parsimony. One thou-
sand putatively most-parsimonious trees were gen-
erated in repeated runs of DNAPARS* from Phylip
3.5c (Felsenstein, 1989), and the consensus tree was
obtained by CONSENSE from the same software
package.

Estimating admixture: assumptions

Models of admixture are necessarily based on sev-
eral assumptions (e.g., see Guglielmino et al., 1990;
Long, 1991; Comas et al., 1998), which we shall here
make explicit. To quantify the contribution of alleles
of Central Asian provenance to the current Anato-
lian gene pool, the simplest starting point is to as-
sume that, before the 11th century AD, the Turkish
population was genetically similar to its neighbors
in the Mediterranean area, i.e., the Levant and
Southeastern Europe. If so, the best estimates of
Turkish allele frequencies before admixture are the
frequencies of the same alleles in the available sam-
ples from that area, qE.

Second, before 992 AD, the Oghuz tribes were
located in what is now Kirghizistan (Endress, 1988).
Today, the Kazakh, Uighurs, and Kirghiz of Central
Asia are among the closest linguistic relatives of the
Turks, all belonging to the Common Turkic branch
of the Altaic language phylum (Ruhlen, 1991). If
linguistic affinities reflect common origins in the
not-so-remote past (as suggested by several authors,
including Sokal, 1998; Cavalli-Sforza et al., 1988,
1994), the best available estimate of the immigrants’
allele frequencies are the frequencies of the same
alleles among Turkic speakers of Central Asia, qA.

The genetic data available for Kirghiz, Kazakh,
and Uighur (Comas et al., 1998; Perez-Lezaun et al.,
1999) seem therefore suitable for this purpose. We
believe that this is true even if these populations
show some evidence of admixture, which Comas et
al. (1998) attributed to their central position in a
gradient going from East Asia to Europe, and/or to
the movement of people along the Silk Road (Comas
et al., 1998). In both cases, the gene-flow phenomena

TABLE 2. Primers used for amplification

Locus Primer name Primer sequence Reference

HVR-I L15926 59-tacaccagtcttgtaaacc-39 Present study
H408 59-ctgttaaaagtgcataccgcca-39 Vigilant et al., 1989
L15996 59-ccaccattagcacccaaagct-3 Vigilant et al., 1989
H16401 59tgatttcacggaggatggtg-3 Vigilant et al., 1989

DYS-19(27h39) Forward 59-ctactgagtttctgttatagt-39 Kaiser et al., 1997
Reverse 59-atggcatgtagtgaggaca-39

DYS-390 Forward 59-tatattttacacatttttgggcc-39 Kaiser et al., 1997
Reverse 59-tgacagtaaaatgaacacattgc-39

DYS-391 Forward 59-ctattcattcaatcatacaccca-39 Kaiser et al., 1997
Reverse 59-gattctttgtggtgggtctg-39

DYS-392 Forward 59-tcattaatctagcttttaaaaacaa-39 Kaiser et al., 1997
Reverse 59-agacccagttgatgcaatgt-39

DYS-393 Forward 59-gtggtcttctacttgtgtcaatac-39 Kaiser et al., 1997
Reverse 59-aactcaagtccaaaaaatgagg-39

DXYS156 Forward 59-gtagtggtcttttgcctcc-39 Chen et al., 1994
Reverse 59-cagataccaaggtgagaatc-39

YAP Forward 59-caggggaagataaagaaata-39 Hammer and Horai, 1995
Reverse 59-actgctaaaaggggatggat-39

TH01 Forward 59-gtgggctgaaaagctcccgattat-39 Hammond et al., 1994
Reverse 59-attcaaagggtatctgggctctgg-39

PLA2A Forward 59-ggttgtaagctccatgaggttaga-39 Hammond et al., 1994
Reverse 59-ttgagcacttactatgtgccaggct-39

MFD179 Forward 59-caaattcaaattcttccagc-39 Deka et al., 1995
Reverse 59-actgtactcctgcatgttag-39
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that could have affected the genetic composition of
the Kirghiz, Kazakh, and Uighur appear older and
more time-diluted than the specific admixture pro-
cess we are analyzing in this study. Given the allele
frequencies estimated in this study for the four
Turkish samples, qT, the contribution of Central
Asian genes to the Anatolian gene pool was thus
estimated in three ways.

The first two methods are classical ways to quan-
tify admixture in populations where migration can
be considered unidirectional (from Asia into Turkey,
in this case). Both methods are applied to allele
frequencies, and the results are averaged across al-
leles. Since we also had measures of sequence diver-
gence between alleles, we also used a third, multilo-
cus method for inferring admixture from the mean
coalescence times between alleles.

Estimating admixture: 1. Single-locus, instan-
taneous gene flow. Under an island model
(Wright, 1969), and assuming that all gene flow from
Central Asia into Turkey occurred at one moment in
time, the relationship between the allele frequencies
in Turkey, Europe, and Central Asia is

qT 5 ~1 2 mI!qE 1 mIqA

where mI is the only unknown term, and can be
defined as the instantaneous gene-flow rate, i.e., the
amount of immigration necessary for qE to reach qT
in one generation’s time.

Estimating admixture: 2. Single-locus, contin-
uous gene flow. Alternatively, one may imagine
that the current allele frequencies in Anatolia are
the result of continuous gene flow from Asia, across
the 1,000 years, or 40 generations, following the
Oghuz invasion. From the formula above, one ob-
tains

qT 5 qA 1 ~1 2 mC!40 3 ~qE 2 qA!

which can be solved for mc, the rate of continuous
gene flow per generation. Note that 40 generations
is a minimum estimate of the time through which
gene flow may have occurred between Anatolia and
Central Asia, once the language barrier between
them began to be removed. Had genetic exchange
begun earlier, lower rates of gene flow (i.e., lower mc
values) could account for the data.

Estimating admixture: 3. Multilocus, instanta-
neous gene flow. To estimate admixture from
multilocus data (see also Chakraborty et al.,
1992), we chose a recently developed method
based on the estimation of the mean coalescence
times between pairs of alleles drawn from the
three populations of interest (Bertorelle and Ex-
coffier, 1998). The molecular differences between
alleles are considered under an infinite-site model
or, for microsatellite data, under a single-step
stepwise mutation model. The relative weight of
alleles coming from Central Asia in the composi-

tion of the hybrid population’s gene pool, mM, was
estimated from those coalescence times. (In Ber-
torelle and Excoffier (1998), mM is called mY, a
symbol we preferred to avoid here because of the
ambiguity with the Y-chromosome data; in the
same paper, mc is another estimator of admixture,
which was not used in the present study.)

Other samples considered and expected results

Allele frequencies of TH01 in an additional Ana-
tolian sample, Adana (Alper et al., 1995), were
added to the database analyzed, for a total of 590
chromosomes. The same was done with 74 Turkish
mitochondrial sequences coming from all over the
country (Comas et al., 1996; Calafell et al., 1996),
bringing the total Turkish mtDNA sample size to
146. Data about Central Asian populations are from
Comas et al. (1998) for mtDNA, and from Perez-
Lezaun et al. (1999) for Y-chromosome polymor-
phisms. In addition, we had unpublished allele fre-
quencies for TH01 in 11 Uighurs and 9 Kirghiz
(Luiselli et al., personal communication). The qE
values of this study, for both nuclear and mitochon-
drial loci, are based on samples from Bulgaria,
Greece, Crete, peninsular Italy, and Sicily (Fig. 2).
To the best of our knowledge, samples from the
Levant have only been typed for different Y-chromo-
some markers than those typed in this study (Scoz-
zari et al., 1997; Semino et al., 2000). Therefore, for
the sake of consistency, although mtDNA data were
available in samples from the Levant (Druzes and
Near-Eastern Arabs), they were not considered
here.

Clusters of mitochondrial alleles

A mitochondrial phylogeny for Eurasia as a whole
is not established yet, and it is unclear which sites
are most informative for identifying evolutionary
relationships among sequences from the two conti-
nents. Based on 217 individual sequences, Comas et
al. (1998) listed nine substitutions which appeared
restricted to Asia and six which were only found in
Europe. That classification proved unsuitable in the
present study, for some European sequences showed
substitutions defined as typically Asian (e.g., at
16189), and vice versa (e.g., the 16129–16223 motif).
We therefore decided to identify in the data clusters
of mtDNA sequences that show likely phylogenetic
relationships, and to use their frequencies for com-
paring the three population groups of interest. Most
such clusters correspond to the haplogroups which
have been separately identified for Europe (Ma-
caulay et al., 1999) and for Asia (Torroni et al., 1993;
Kolman et al., 1996; Starikovskaya et al., 1998; Cas-
trı̀, unpublished data).

RESULTS

In the first hypervariable region of mtDNA, a
360-bp sequence was typed in 72 individuals (17, 19,
16, and 20 for the ANK, ANT, IZM, and VAN sam-
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ples, respectively). Seventy-four polymorphic sites
defined 61 haplotypes (Fig. 3), with a gene diversity
D 5 0.957. D is approximately constant for the four
samples (0.923 in ANK, 0.886 in ANT, 0.933 in IZM,
and 0.942 in VAN), and the mean number of pair-
wise differences is also almost identical in ANK,
ANT, and VAN (respectively, 4.69, 4.74, and 4.65),
with a lower value (3.47) only in IZM. As a conse-
quence, estimates of nucleotide diversity, p, are
0.013 in ANK, ANT, and VAN, and 0.010 in IZM.
The most frequent sequence in Anatolia is the CRS
(which is also the most common sequence in Europe)
with a total frequency of 0.139. No significant differ-
entiation is evident among samples (FST 5 0.004,
n.s.), and neither was that variance significant when
two other samples (Calafell et al., 1996; Comas et
al., 1996) were compared.

Anatolian mtDNAs were classified in 24 groups
based on HVR I motifs (Table 3). Some European
and Asian haplogroups defined in previous studies
(such as haplogroups H and G, and some subgroups
of cluster UK) were ignored due to the impossibility
of identifying them on the basis of HVRI sequences.
Even then, some ambiguities remained, because
some clusters are characterized by substitutions at
sites that may have undergone recurrent mutations
(e.g., 16189, 16304, 16362, or 16311; Macalauy et al.,
1999). This is the case of haplogroup R1, which is
defined on HVRI by a rather widespread transition
at position 16311, and cluster JT, which is charac-
terized by a transition at 16126. Moreover, some
mutations have been observed in association with
various haplogroups, whose frequency may conse-
quently be under- or overestimated (e.g., cluster M).
An example is the Asian haplogroup E, which shares
with the European haplogroup X two transitions
(16223 and 16278), also found in African sequences
(Rando et al., 1998).

Despite these ambiguities, the Anatolian popula-
tions tend to show intermediate frequencies between
South European and Central Asian values (Fig. 4).
Note the relatively high frequency of sequences be-
longing to J, a rather common haplogroup in the
Near East, and the presence of what Richards et al.
(1998) termed subcluster J1b1, i.e., the HVRI motif
16069-16261-16145-16222-16172 (Fig. 3), so far ob-
served mostly in Northern Europe, but also in Italy
(Richards et al., 1998) and Central Asia (Comas et
al., 1999).

Maximum-parsimony trees were estimated to
assess the reliability of clusters of mitochondrial
alleles used in this study. The resulting consensus
tree (Fig. 5) confirmed the subdivision into the 24
groups listed in Table 3. Two main clusters are
apparent in that tree. The first one only includes
two sequences likely related to the L3a* group
(HVRI motif 16145-16176G-16223), observed in
Africa, and which has candidate members in
Southern Europe and the Near East (Macaulay et
al., 1999). Most other sequences fall in a much
larger cluster, within which several previously de-

scribed haplogroups can be identified. Another ev-
ident split separates the alleles harboring the
16223T substitution (Asian haplogroups M, C, and
D, and European haplogroups I and X) from the
rest of the sample.

We could attribute to the 24 haplogroups (Table 3)
62.3% of the Turkish mtDNA sequences available,
69.3% of the 205 Central Asian sequences, and
63.4% of the 142 European sequences. For the two
single-locus methods described above, admixture
proportions were inferred from the frequencies of
these haplogroups.

Y-chromosome markers were studied in 118 indi-
viduals (Table 4), but the complete set of loci could
only be typed in 51 of them, among which 45 differ-
ent multilocus haplotypes were found. D is lowest in
the ANK sample (0.40), whereas in ANT, IZM, and
VAN, D was respectively equal to 0.54, 0.53, and
0.47. The ANK sample shares one haplotype with
IZM and another with VAN. No other shared haplo-
types were observed. Once again, molecular vari-
ances are not significantly greater than zero among
samples (FST 5 0.027, n.s.).

Two hundred chromosomes, 50 for each sample,
were typed for the autosomic loci (Table 4). Contrary
to what observed for mtDNA and the Y chromosome,
AMOVA shows significant differentiation among
samples, accounting for only 1.82% of the total ge-
netic variance, but reaching the P 5 0.011 signifi-
cance level (FST 5 0.018). Because genetic variances
were tested independently three times (for mito-
chondrial, Y-chromosome, and autosomic loci), this
level of significance must be multiplied by 3. After
such a Bonferroni correction (Sokal and Rohlf,
1995), the overall differentiation remains significant
(P 5 0.033), but that significance is entirely due to
the effect of the MFD179 locus, where diversity
among populations accounts for 7.4% of the total,
FST 5 0.070 (P , 0.001). On the contrary, among-
population variances are insignificant for TH01
(FST 5 0.013, P 5 0.069) and for PLA2A (FST 5
0.008, P 5 0.164).

Preliminary treatment of data for inferring
admixture

The relative contribution of Central Asian genes
to the current Turkish gene pool could be esti-
mated on the basis of the mitochondrial HVRI,
TH01, DYS390, DYS391, DYS392, DYS393, and
DYS19. European and/or Central Asian data
about MFD179, PLA2A, DYXS156, and YAP were
insufficient for the purposes of the analysis, and
had to be excluded. The Turkish samples de-
scribed by Comas et al. (1996) and Calafell et al.
(1996) were also insignificantly different from
ours, as well as the TH01 frequencies of the Turk-
ish population of Adana (Alper et al., 1996). There-
fore, in all successive steps of the analysis we
treated all Turkish data as a single entity, thus
assuming that the heterogeneity observed at the
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Fig. 3. HVRI sequences in four Turkish samples. Absolute frequencies of each sequence in the four localities are shown in the right
columns.
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MFD179 locus does not indicate substantial pop-
ulation subdivision.

Estimates of admixture

All admixture models assume that the hybrid pop-
ulation (Anatolia in our case) has intermediate genetic
characteristics between those of the parental popula-
tions. In practice, because of genetic drift and sam-
pling effects, some allele frequencies of the supposedly
hybrid population may be higher or lower than those of
both parental populations, leading to single-allele es-
timates higher than 1 or lower than 0. We refer to
those results as implausible. When estimating a rate
of continuous gene flow, the logarithms of negative
numbers are of course impossible to calculate; we refer
to those results as intractable. In what follows, only
the intractable results were disregarded, whereas
means, medians, and standard errors were estimated
from both plausible and implausible results, assigning
equal weight to each locus.

Table 5 summarizes the admixture estimates
obtained by the single-locus approaches. The av-
erage mI and mc values estimated from the fre-
quencies of the 24 mitochondrial haplogroups dif-
fer sharply from the respective median values,
revealing a strong effect of some statistical outli-
ers. The calculations were repeated several times,
each time excluding one or more haplogroups, un-
til it became evident that some rare haplogroups
exerted a disproportionate effect on the final re-
sult. The haplogroup we refer to as V, for instance,
is present in few individuals of Southern Europe
and absent elsewhere, yielding mI and mc esti-

mates 5 0. We eventually chose to reestimate mI
and mc based on four haplogroups whose fre-
quency is polymorphic (i.e., higher than 0.05) in at
least two of the samples considered, i.e., D, K, T,
and the CRS (and excluding M and X, whose fre-
quencies are probably overestimated). These esti-
mates, more robust than the previous ones, indi-
cate that the effects of an instantaneous
immigration of 29.5% of Central Asian alleles can
be obtained under continuous immigration at a
rate mc 5 0.01 per 40 generation.

When all tractable information is considered (Table
5, five loci), the Central Asian contribution to the Ana-
tolian gene pool appears lower for the Y chromosome
than for mtDNA. By analogy to what had been done
for mtDNA, we selected six alleles complying with the
criterion of being polymorphic in at least two popula-
tions (DYS19*15, DYS19*17, DYS390*25, DYS392*11,
DYS392*12, and DYS393*13). In this way, the stan-
dard errors are reduced, and the mean and median
estimates differ only slightly. The mI inferred from
these alleles is slightly higher than that inferred
from mtDNA data; if it reflects continuous immigra-
tion from Central Asia, the rate is mc 5 0.01 per
generation.

Estimates of admixture from the only nuclear
marker for which comparison is possible suffer from
the limited size of the Asian sample, 40 chromo-
somes. One allele proved to be intractable, and all
alleles longer than TH01*10 have not been observed
in Turkey and in the small Central Asian sample,
leading to mI estimates 5 1, despite the fact that
they are also extremely rare in Europe (qE , 0.003).
When these alleles are neglected, the autosomal es-
timate of mI is a low 0.078, which does not signifi-
cantly differ from the mitochondrial and Y-chromo-
some estimates, because of the small sample size
and of the associated large standard error. Intracta-
ble values result in a negative mc estimate, suggest-
ing a similarity between Turkish and European al-
lele frequencies.

The multilocus approach based on coalescence
times gives a range of mM values, also listed in Table
5. The analysis of selected sets of alleles has a lesser
impact on the mM than on the mI and mc estimates
for mitochondrial data, but not for Y-chromosome
polymorphisms. Regardless of the number of haplo-
groups considered, female admixture seems close to
30%, in agreement with single-locus estimates. For
Y-chromosome microsatellites, conversely, selection
of alleles leads to a substantial decrease in the esti-
mated Central Asian admixture. All the mI and mM
estimates we consider reliable fall in the interval
between 0.25–0.35, and all differ from zero by more
than 2 standard errors.

In theory, by the multilocus method, one could
also estimate the time elapsed since admixture.
However, owing to the presence of the same alleles
in the parental and in the hybrid populations, this
estimate is zero both for mitochondrial and Y-chro-
mosome polymorphisms (Bertorelle and Excoffier,

TABLE 3. List of HVR I motifs, along with respective
haplogroup attribution

HVRI motif
Haplo-
group

Central
Asia

16223 C 3 T M

16223 C 3 T 16298 T 3 C 16327 C 3 T C
16223 C 3 T 16362 T 3 C D
16223 C 3 T 16227 A 3 G 16278 C 3 T E
16223 C 3 T 16290 C 3 T 16319 G 3 A

16362 T 3 C
A

16189 T 3 C 16217 T 3 C B
16140 T 3 C 16189 T 3 C B5
16304 T 3 C F

Europe CRS
16298 T 3 C V
16067 C 3 T HV
16189 T 3 C 16249 T 3 C U1
16343 A 3 G U3
16192 C 3 T 16256 C 3 T 16270 C 3 T U5
16093 T 3 C 16224 T 3 C 16311 T 3 C K
16126 T 3 C JT
16069 C 3 T 16126 C 3 T J
16126 T 3 C 16294 C 3 T 16296 C 3 T T
16126 T 3 C 16163 A 3 G 16186 C 3 T

16189 T 3 C 16294 C 3 T
T1

16223 C 3 T 16292 C 3 T W
16189 T 3 C 16223 C 3 T 16278 C 3 T X
16129 G 3 A 16223 C 3 T I
16311 T 3 C R1
16145 G 3 A 16176 C 3 G 16223 C 3 T L3a*
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1998). Here we are speaking of units of mutational
time, and so zero really means that admixture was
recent enough not to be followed by successive dif-
ferentiation, which is consistent with the limited
time-scale, in evolutionary terms, of the events we
are studying. This result is not to be taken at face
value, but it certainly suggests that we are not deal-
ing with the effects of very remote admixture.

DISCUSSION

As is usual with DNA data (Barbujani et al., 1997;
Jorde et al., 2000), variation in Anatolia appears to
be extensive within populations, and limited be-
tween them, with only one locus showing significant
population differences. Contrary to what was ob-
served elsewhere in Eurasia (e.g., Salem et al., 1996;
Seielstad et al., 1998), population differences in
Anatolia are not much greater for the Y chromosome
than for mtDNA. As an example, genetic variances
(Fst) inferred from Y-chromosome data in Central
Asia were 40-fold higher than those inferred from
mtDNA data (Comas et al., 1998; Perez-Lezaun et
al., 1999), which was explained by an increased fe-
male mobility (Perez-Lezaun et al., 1999). In Anato-
lia things are clearly different. Estimates of FST
among the four samples of this study are 5-fold
higher for the markers of the Y chromosome than for
the mtDNA markers, neither value being signifi-
cantly greater than 0.

The models of admixture we know of do not incor-
porate the effects of genetic drift after admixture.
Because drift and sampling have a heavier impact
upon rare alleles, the estimates obtained from the
common alleles are more robust; incidentally, only

for one such allele, DYS19*15, did the Anatolian
allele frequencies fall out of the interval between
their European and Central Asian counterparts (a
result that we earlier defined as implausible).

The genetic features of populations before admix-
ture are unknown, and must be approximated using
information on contemporary samples (see
Guglielmino et al., 1990). If the European popula-
tions of the eastern Mediterranean region are not
too different genetically from the 11th century Ana-
tolian population, and if the Turkmen incomers
were not too different from the modern Turkic-
speaking groups of Central Asia, this study shows
that: 1) the Anatolian gene pool contains a substan-
tial fraction of alleles of Asian origin; 2) immigration
rates inferred from female- and male-transmitted
traits are similar; 3) if there was a single, nearly
instantaneous admixture event, some 30% of the
current Anatolian genes have a Central Asian ori-
gin; and 4) if there was a continuous input of Central
Asian alleles, it occurred at a rate of 1% per gener-
ation (or less, had the process started before the first
Turkmen contact).

Admixture estimates have large standard errors,
and it comes as no surprise that none of them differs
significantly from the others. But it is interesting to
note that, with one exception, the estimated m val-
ues converge in suggesting a Central Asian contri-
bution to the current Turkish gene pool of around
30%. The exception is mM 5 47%, based on Y-chro-
mosome diversity. The mM estimator is known to be
biased towards 50% if the parent populations sepa-
rated recently (Bertorelle and Excoffier, 1998). Be-
cause all other estimates we obtained are rather

Fig. 4. Comparison of frequencies of various mitochondrial allele clusters or haplogroups in Mediterranean Europe (left, light grey
bars), Anatolia (central, dark grey bars), and Turkic-speaking samples of Central Asia (right, black bars). Y-axis: percent values.
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consistent, we think it is safer to interpret the mM
estimate as due to the limited statistical power of
our data for genealogical inferences over such a
short time period.

An instantaneous input of Asian alleles, account-
ing for 30% of the current gene pool, means that the
11th century invasion entailed a massive movement
of people, females as well as males. This is in con-
trast with historical reconstructions, referring to the
Oghuz as an army or a tribe, and not as a large
immigrating wave (Roux, 1984; Endress, 1988). Ge-

netic data cannot tell us whether the historical
sources are reliable. But if most Asian alleles in the
current Anatolian gene pool arrived in the 11th cen-
tury AD, the Oghuz invasion had a much greater
demographic impact than is commonly believed by
historians.

The alternative is a continuous input of alleles
from Central Asia (for the sake of clarity, it seems
necessary to maintain the schematic opposition be-
tween instantaneous and continuous gene flow, al-
though things may well have occurred in an inter-

Fig. 5. Consensus maxi-
mum-parsimony tree of the
Turkish mitochondrial se-
quences of this study. For each
sequence, the geographic ori-
gin and, when possible, the
haplogroup definition (accord-
ing to Macaulay et al., 1999;
Torroni et al., 1993; Kolman et
al., 1996; Starikovskaya et al.,
1998) are given. Figures at
nodes refer to percentage of
support for each branch.
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mediate manner). Is it realistic to imagine 40
generations of gene flow from Central Asia into Ana-
tolia, at a rate of m 5 0.01?

In a comparable study, gene flow from non-Jewish
neighbors into the Jewish gene pool was estimated
between 0.6–2.3% per generation, for the last 100
generations (Morton et al., 1982). Higher figures, up
to 8.7%, have been estimated among Italian commu-
nities of the Po valley (Barrai et al., 1984). There-
fore, the immigration rate obtained for Anatolia is
not unreasonably high for western Eurasia. How-
ever, the above populations moved within a rather
small area. Although Asia and Europe were con-
nected through Anatolia by one of the major medi-
eval trading routes, the Silk road (see Comas et al.,
1998), it is unclear whether Central Asian groups
could consistently contribute as much as 1% of the
Anatolian gene pool at each generation.

One possibility is that, once a Turkic language
came to be spoken in Anatolia, gene flow from lin-
guistically related areas was facilitated. Language
barriers have been shown to reduce levels of gene
flow in various regions of the world (see Sokal et al.,
1990), including the Caucasus, at the borders of
Turkey (Barbujani et al., 1994). However, the oppo-
site case, i.e., higher genetic exchange between geo-
graphically distant but linguistically related groups,
has only been observed in Africa (Excoffier et al.,
1991). If the amount of admixture estimated in this
study is due to continuous gene flow, long-range
migration between linguistic relatives would appear
substantial in this part of Asia as well.

Which of the models outlined in Table 1 seems to
best account for the origin of the current Anatolian
gene pool? The hypothesis that we called pure elite-
dominance is contradicted by the fact that the Cen-
tral Asian contribution to the Anatolian gene pool
appears substantial, regardless of the numerical
method used to quantify admixture. It seems worth-
while to emphasize that this result does not rule out
that the linguistic replacement, in itself, was an
episode of elite dominance, as defined by Renfrew
(1989). What this study shows is that the Asian
contribution to the Anatolian gene pool is not zero.
Accordingly, two other possibilities remain. One is
that the arrival of the Oghuz armies was more a
large-scale population movement than a military
invasion, contrary to what is suggested by the his-
torical record. This is the model that we called in-
stantaneous immigration. That model, however,
predicts greater effects at the Y-chromosome than at
the mtDNA level, which this study does not confirm.
Alternatively, the historical record may be accurate
in suggesting that small numbers of Oghuz Turks
invaded Anatolia. In that case, continuous gene flow
from Asia should be envisaged at a rate of around
1% per generation, i.e., what we termed a model of
continuous immigration. A gene flow rate at around
1% for 40 generations represents a substantial mi-
gration process across the large distances separat-
ing Anatolia fron Central Asia. Genetic exchange,
however, may have been enhanced by linguistic re-
latedness, which may have weakened cultural bar-
riers to immigration. At this stage, continuous im-

TABLE 4. Allele frequencies of nuclear microsatellites in four
Turkish samples1

Locus Allele ANK ANT IZM VAN

YAP 2 0.962 0.733 0.750 0.704
1 0.038 0.267 0.250 0.296

(N) 26 15 24 29
DYS156 11 0.000 0.062 0.130 0.053

12 1.000 0.938 0.870 0.894
13 0.000 0.000 0.000 0.053
(N) 23 16 23 18

DYS19 11 0.036 0.000 0.000 0.034
13 0.000 0.063 0.045 0.000
14 0.000 0.063 0.227 0.103
15 0.571 0.438 0.273 0.172
16 0.250 0.188 0.409 0.552
17 0.143 0.250 0.045 0.138
(N) 28 16 22 27

DYS390 22 0.000 0.000 0.050 0.000
23 0.050 0.188 0.100 0.000
24 0.650 0.188 0.250 0.864
25 0.200 0.563 0.600 0.136
26 0.050 0.063 0.000 0.000
27 0.050 0.000 0.000 0.000
(N) 20 16 20 22

DYS391 9 0.105 0.000 0.000 0.133
10 0.632 0.563 0.389 0.467
11 0.263 0.438 0.611 0.400
(N) 16 16 18 16

DYS392 10 0.056 0.000 0.056 0.000
11 0.778 0.625 0.500 0.737
12 0.111 0.125 0.056 0.053
13 0.056 0.188 0.389 0.158
14 0.000 0.000 0.000 0.053
15 0.000 0.063 0.000 0.000
(N) 18 16 18 19

DYS393 12 0.036 0.067 0.000 0.000
13 0.571 0.533 0.636 0.607
14 0.321 0.400 0.364 0.321
15 0.071 0.000 0.000 0.071
(N) 28 15 22 29

PLA2A 1 0.020 0.020 0.000 0.020
2 0.520 0.580 0.420 0.440
3 0.040 0.080 0.160 0.120
4 0.180 0.100 0.120 0.040
5 0.140 0.180 0.080 0.140
6 0.040 0.020 0.200 0.140
7 0.060 0.020 0.020 0.060
8 0.000 0.000 0.000 0.040

(N) 50 50 50 50
MFD179 2 0.000 0.000 0.000 0.040

3 0.000 0.060 0.000 0.080
4 0.000 0.020 0.040 0.100
5 0.560 0.740 0.680 0.340
6 0.240 0.020 0.220 0.320
7 0.180 0.120 0.040 0.080
8 0.020 0.000 0.020 0.020
9 0.000 0.040 0.000 0.020

(N) 50 50 50 50
TH01 6 0.120 0.220 0.260 0.240

7 0.380 0.140 0.180 0.320
8 0.200 0.140 0.160 0.080
9 0.240 0.400 0.140 0.160
9.3 0.000 0.000 0.100 0.040

10 0.060 0.100 0.160 0.160
(N) 50 50 50 50

1 Microsatellite alleles labelled according to number of repeats
they contain. For PLA2A and MFD179, allele labels are conven-
tional figures (Hammond et al., 1994; Deka et al., 1995), from
shortest to longest. (N), sample size.
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migration from Central Asia seems the model which
is simplest to reconcile with the available data.
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