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Summary

Genetic diversity in Europe has been interpreted as a
reflection of phenomena occurring during the Paleolithic
(∼45,000 years before the present [BP]), Mesolithic
(∼18,000 years BP), and Neolithic (∼10,000 years BP)
periods. A crucial role of the Neolithic demographic
transition is supported by the analysis of most nuclear
loci, but the interpretation of mtDNA evidence is con-
troversial. More than 2,600 sequences of the first hy-
pervariable mitochondrial control region were analyzed
for geographic patterns in samples from Europe, the
Near East, and the Caucasus. Two autocorrelation sta-
tistics were used, one based on allele-frequency differ-
ences between samples and the other based on both se-
quence and frequency differences between alleles. In the
global analysis, limited geographic patterning was ob-
served, which could largely be attributed to a marked
difference between the Saami and all other populations.
The distribution of the zones of highest mitochondrial
variation (genetic boundaries) confirmed that the Saami
are sharply differentiated from an otherwise rather ho-
mogeneous set of European samples. However, an area
of significant clinal variation was identified around the
Mediterranean Sea (and not in the north), even though
the differences between northern and southern popula-
tions were insignificant. Both a Paleolithic expansion
and the Neolithic demic diffusion of farmers could have
determined a longitudinal cline of mtDNA diversity.
However, additional phenomena must be considered in
both models, to account both for the north-south dif-
ferences and for the greater geographic scope of clinal
patterns at nuclear loci. Conversely, two predicted con-
sequences of models of Mesolithic reexpansion from gla-
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Figure 2 Geographic distribution of sampled populations in Europe. Unbroken lines represent the consensus suture zones recognized, in
a study of 20 nonhuman species, by Taberlet et al. (1998, fig. 6). The groups of samples used in AMOVA are identified by different letters,
a–e; samples not associated with a letter were not considered in that analysis.

of Paleolithic colonization (Richards et al. 1996). The
controversy that followed (Cavalli-Sforza and Minch
1997; Richards et al. 1997; Barbujani et al. 1998; Rich-
ards and Sykes 1998) has not been settled yet.

One crucial question at this stage is to objectively
define how mtDNA diversity is distributed in Europe.
Indeed, quantitative methods for identification of geo-
graphic patterns have not been applied yet to the avail-
able European mitochondrial data. Once a pattern of
population diversity has been described, a second ques-
tion is whether mitochondrial and nuclear patterns are
the same. Finally, a third question is whether these pat-
terns are easiest to reconcile with the effects of demo-
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36 regions, corresponding generally to entire countries
or, when more detailed information was available, either
to more-restricted areas (such as Cornwall, Sardinia, and
the eastern Alps) or to well-defined population groups
(Adygh, Druzes, Saami, Basques, and Catalans). Geo-
graphic coordinates were inferred from the original pa-
pers and were associated with each population (table 1).
Sample sizes vary from 15 (Catalans) to 249 (individuals
from southern Germany) individual sequences, with an
average of 72.8. Data on high-resolution RFLP typing
of the entire mitochondrial chromosome (as by Macau-
lay et al. 1999) are available only for a small subset of
the samples and therefore could not be considered for
this analysis.

The number of different sequences observed is 852,
and the number of polymorphic sites is 241. This implies
high statistical noise caused by rare substitutions, which
contain little phylogenetic information. Richards et al.
(1998) identified phylogenetically informative polymor-
phic sites in HVR-I, which allow one to divide the Eu-
ropean sequences into various clusters, or haplogroups.
Therefore, we focused on 22 such variable positions,
which are listed in table 2. Note that some of these sites
have been defined as fast evolving, in a worldwide anal-
ysis of mtDNA variation (Meyer et al. 1999). However,
on a European scale, that is not always the case. An
example is site 16223, which is very stable in Europe.
In this way, 203 distinct 22-nucleotide haplotypes were
obtained from the initial 2,619 sequences, each haplo-
type being present in one or more individuals. Variation
at other sites was disregarded for spatial autocorrelation
analysis but not for the study of suture zones and genetic
boundaries (see below).

Spatial Autocorrelation Analysis

Patterns of mitochondrial variation were summarized
by two spatial autocorrelation methods. Spatial auto-
correlation compares data (here, DNA sequences and
haplogroup frequencies) within arbitrary space lags.
Measures of overall genetic similarity are evaluated in
each distance class, and inferences are based on the de-
gree of genetic similarity at various geographic distances.
A variable is autocorrelated, positively or negatively, if
its value at a given point in space is associated with its
values at other locations.

Sequence and frequency data were analyzed, respec-
tively, by use of AIDA—an approach specifically de-
signed for DNA analysis (Bertorelle and Barbujani
1995)—and SAAP—a classical spatial autocorrelation
approach (Sokal and Oden 1978). SAAP was also used
to describe the pattern of variation of Nei’s (1987) gene
diversity, D, which is equivalent to the expected hetero-
zygosity for diploid data. The autocorrelation statistics
calculated by AIDA and SAAP are called “II” and “I,”

respectively. Both are defined between 11 and 21, and,
for large sample sizes, their expected value is close to 0.
I is independently calculated for each allele (or, in this
case, for each haplogroup), and its values reflect the
degree of frequency similarity between samples at a given
distance. II is calculated by comparison of sequences,
and so its values reflect both frequency and sequence
similarity. Since neither I nor II is normally distributed,
their significance was assessed by permutation tests. II
can also be estimated at distance 0, yielding a measure
of sequence similarity within populations; it can be re-
garded as the increase in the probability to sample the
same nucleotide twice in the same population, with re-
spect to random sampling over the entire continent. Ge-
ographic distances were calculated as air distances,
which are known to correlate well with road distances
in Europe (Crumpacker et al. 1976).

The set of spatial autocorrelation coefficients (II or
Moran’s I) evaluated at various distance classes, or the
correlogram, can be associated with one or more likely
generating processes (Sokal and Oden 1978). A spatially
random distribution results in a series of insignificant
autocorrelation coefficients at all distances. A decreasing
set of coefficients, from positive significant values to neg-
ative significant values, describes a cline, whereas a cor-
relogram decreasing from positive significant values
through insignificant values at large distances is expected
under isolation by distance—that is, when genetic di-
versity is the product of the interaction between genetic
drift and short-range gene flow (Barbujani 1987). Fi-
nally, negative coefficients in the last distance classes
reflect some kind of long-range differentiation (i.e., the
pattern typical of a subdivided population in which ge-
ographically extreme samples are also the most differ-
entiated but in which there is no overall gradient).

Haplogroup Definitions in SAAP

As shown in table 2, each haplogroup defined by Rich-
ards et al. (1998) is associated with a specific set of
substitutions involving some of the 22 nucleotide sites
considered in our analysis. On the basis of polymor-
phism at those sites, ∼
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Table 1

Populations Considered in Present Study

Population (Size) Latitude Longitude Reference(s)

Albania (42) 41720′ N 19750′ E Belledi et al. (in press)
Austria (117) 47716′ N 11724′ E Handt et al. (1994), Parson et al. (1998)
Belgium (33) 50750′ N 4720′ E De Corte et al. (1996)
Great Britain:

Cornwall (69) 50718′ N 5703′ W Richards et al. (1996)
Mainland (100) 52730′ N 1748′ W Richards et al. (1996)
Wales (92) 51730′ N 3712′ W Piercy et al. (1993)

Bulgaria (30) 42748′ N 23718′ E Calafell et al. (1996)
Caucasus-Adygei (50) 44738′ N 40704′ E Macaulay et al. (1999)
Denmark (32) 55745′ N 12730′ E Richards et al. (1996)
Estonia (28) 59724′ N 24745′ E Sajantila et al. (1995)
Finland (79) 60709′ N 24757′ E Sajantila et al. (1995), Richards et al. (1996)
France (111) 47705′ N 2724′ E M. Le Roux (personal communication)
Georgia (45) 41743′ N 44749′ E D. Comas (personal communication)
Germany:

Northern (108) 53736′ N 10700′ E Richards et al. (1996)
Southern (249) 48703′ N 9747′ E Richards et al. (1996), Lutz et al. (1998)

Iceland (53) 64706′ N 22700′ W Sajantila et al. (1995), Richards et al. (1996)
Israel-Druze (45) 38704′ N 35737′ E Macaulay et al. (1999)
Italy:

Alps (115) 46703′ N 11703′ E Stenico et al. (1996)
Sardinia (73) 39712′ N 9706′ E Di Rienzo and Wilson, (1991), O. Rickards (personal communication)
Sicily (63) 37709′ N 14727′ E O. Rickards (personal communication), L. Nigro (personal communication)
Southern (37) 40730′ N 15750′ E O. Rickards (personal communication)
Tuscany (49) 43718′ N 11715′ E Francalacci et al. (1996)

Karelia (83) 61754′ N 34706′ E Sajantila et al. (1995)
Kurds (29) 37700′ N 43700′ E D. Comas (personal communication)
Near East (42) 32700′ N 36700′ E Di Rienzo and Wilson (1991)
Norway (30) 59755′ N 10745′ E Dupuy and Olaisen (1996)
Portugal (54) 38739′ N 9709′ W Corte-Real et al. (1996)
Saami (240) 68754′ N 27700′ E Sajantila et al. (1995), Dupuy and Olaisen (1996)
Spain:

Basques (106) 43724′ N 2700′ W Bertranpetit et al. (1996), Corte-Real et al. (1996)
Catalunya (15) 41718′ N 2712′ E Corte-Real et al. (1996)
Central (74) 40724′ N 3742′ W Corte-Real et al. (1996), Pinto et al. (1996)
Galicia (92) 42753′ N 8733′ W Salas et al. (1998)

Sweden (32) 59720′ N 18703′ E Sajantila et al. (1995)
Switzerland (72) 46700′ N 8757′ E Pult et al. (1994)
Turkey (96) 40700′ N 32748′ E Calafell et al. (1996), Comas et al. (1996), Richards et al. (1996)
Volga-Finnic (34) 56738′ N 47752′ E Sajantila et al. (1995)

were included in a group called “Other.” Finally, 49
sequences could belong to haplogroups I, W, or X, and
70 sequences could belong to either J or T. These 119
sequences were considered only in the analysis of su-
perhaplogroup frequencies (see below). In summary, for
each population, we had frequencies of 11 European
haplogroups—namely, H, I, J, K, T, U3, U4, U5, V, W,
X, and Other. Haplogroup H contains all sequences,
including the Cambridge reference sequence (Anderson
et al. 1981), that show none of the 22 substitutions
considered in this study. Since haplogroups H and Other
together account for ∼48% of all European sequences,
the remaining haplogroups tend to be either rare or ab-
sent altogether in some populations. To reduce the sta-
tistical effect of random fluctuations around such very
low values, we also analyzed by SAAP the frequencies

of combinations of these haplogroups, or superhaplo-
groups—namely, IWX, HV, KU, and JT (table 3)—which
are considered to be monophyletic in Europe (Richards
et al. 1998).

Testing for the Effects of Suture Zones

Taberlet et al. (1998) looked for concordant geo-
graphic patterns of DNA variation in 20 animal and
plant species whose distribution has probably been af-
fected by postglacial (i.e., Mesolithic) expansions. On
the basis of paleontological and genetic evidence, four
suture zones (fig. 2) were identified as the places where
different waves of expanding animal and plant popu-
lations presumably came into contact. Those suture
zones subdivide Europe into five regions. If, after the last
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Table 2

Haplogroup and Superhaplogroup Definitions for 2,619
Individuals

Haplogroup (No.
of Individuals)

Variable Position(s) in HVR-I
(16024–16383)a

H (783) )
I (72) 16223, 16129
J (180) 16126, 16069
K (145) 16224, 16311
T (197) 16126, 16294
U3 (38) 16343
U4 (80) 16356
U5 (298) 16270
V (176) 16298
W (43) 16223, 16292
X (39) 16223, 16278
Other (449) Several
IWX (49) 16223
JT (70) 16126

a In addition to those listed, positions 16145, 16163, 16172,
16186, 16189, 16193, 16222, 16231, and 16261 also were
considered in spatial autocorrelation analysis, for a total of 22
segregating sites.

glacial maximum, humans expanded along the same
routes, each of these five regions should show some de-
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Table 3

Haplogroup Frequencies, as Inferred from Sequence Data in HVR-I, and Genetic Diversity

SOURCE

FREQUENCY OF HAPLOTYPE
GENETIC

DIVERSITY

(D)H I J K T U3 U4 U5 V W X Other IWX HV KU JT

Albania .524 .071 .009 .000 .000 .000 .000 .143 .000 .000 .000 .119 .071 .524 .143 .143 .906
Austria .325 .034 .000 .103 .085 .009 .043 .068 .009 .009 .009 .188 .051 .333 .222 .205 .959
Belgium .406 .000 .030 .125 .031 .000 .063 .031 .094 .000 .000 .156 .000 .500 .219 .125 .991
Great Britain:

Cornwall .348 .058 .000 .029 .087 .000 .058 .043 .014 .000 .000 .145 .058 .362 .130 .304 .965
Mainland .350 .030 .011 .100 .070 .000 .040 .080 .030 .000 .030 .140 .070 .380 .220 .190 .976
Wales .478 .033 .000 .076 .043 .000 .000 .043 .033 .000 .011 .130 .043 .511 .120 .196 .931

Bulgaria .233 .000 .067 .133 .100 .100 .067 .033 .000 .000 .067 .167 .067 .233 .333 .200 .977
Caucasus-Adygey .220 .060 .000 .020 .140 .140 .040 .080 .000 .000 .000 .260 .060 .220 .280 .180 .951
Denmark .344 .000 .000 .031 .06tBulgar7Dm80 i8.A4548(.130)-10927 311.574 67w4(.1054(.100)000)-5360(.260)-4(.4(.060)-1Esto.498 r4340)-180 .180 .951
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Figure 3 Zones of maximum genetic change in Europe, inferred from mtDNA variation (thick lines); numbers refer to their ranking.
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Table 4

Spatial Autocorrelation: AIDA

Population Group and Upper Limit II

A. 36 populations:
0 .0696***

200 .0052***

500 .0043***

1,000 .0081***

1,500 .0042***

2,000 .0005
2,500 2.0048***

3,000 2.0177***

3,800 2.0148***

5,300 2.0095***
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Table 5

Spatial Autocorrelation: SAAP

AUTOCORRELATION RESULTS WHEN UPPER LIMIT FOR DISTANCE CLASS (NO. OF PAIRS OF POPULATIONS

COMPARED) IS
CORRELOGRAM

OVERALL

PROBABILITYa500 (31) 1,000 (92) 1,500 (98) 2,000 (96) 2,500 (106) 3,000 (97) 3,800 (79) 5,310 (31)

I

H .09 .17* .09 .07 .12* 2.10 2.51** 2.47** !.005
W .01 2.03 2.11 2.19* 2.02 .22** 2.11 .07 NS
X .11 .14* .05 .10 2.09 2.16* 2.19* 2.25 NS
I 2.16 .13* .02 .03 2.02 .00 2.23* 2.28 NS
V .05 .03 2.02 2.01 .04 2.19* 2.08 .00 NS
J 2.06 .01 2.07 2.02 2.17* .04 .16* 2.18 NS
T 2.21 2.07 .09 2.02 .00 .02 2.16 2.07 NS
U3 .08 .30** .18** 2.05 2.22** 2.19* 2.25** .06 !.005
U4 2.07 2.03 2.08 .21** 2.09 2.12 2.06 .08 NS
U5 .04 .19** .11* .02 2.04 2.16* 2.26** 2.24* NS
K 2.04 2.03 .00 2.06 2.13 2.04 .12 .01 NS
Other .10 2.11 2.02 2.20* .10 2.11 .11 .00 NS
HV .17 .21** .23** .02 .13* 2.17 2.59** 2.55** !.005
JT 2.03 2.11 .08 2.06 2.07 .05 2.07 2.04 NS
IWX .15 .24** .01 .03 2.05 2.02 2.30** 2.56** .048
KU .08 .10 .09 .11* .09 2.15 2.40** 2.42** !.005

Db

.02 2.03 2.08 .00 2.06 2.07 .10 2.10 NS

a After Bonferroni correction. NS = not significant.
b (12Sp2

i)[n/(n21)], where p is the frequency of each HVR-I allele.
* .P ! .05
** .P ! .01

transect is, once again, only a result of the difference
between Saami and all other samples; once the former
have been removed, what is left is an insignificant cor-
relogram that does not point to any directional gene-
flow process along the transect (as discussed by Sokal
1979, pp. 167–196).

Genetic Variances

We tested by AMOVA whether the mitochondrial
structure of European populations resembles the struc-
ture determined by postglacial expansions in other spe-
cies. Significant sequence heterogeneity is apparent
among populations within regions (2.66% of the overall
genetic variance; ) but not among the fiveP ! .005
regions separated by the suture zones identified in 20
animal and plant species (2.71% of the genetic variance;
not significant). In addition, that significance disappears
when the Saami samples are excluded from the analysis,
confirming that the differences between the Saami and
all other Europeans is the main feature of European
mitochondrial diversity. These results are based on the
entirety of HVR-I haplotypes; they did not change when
we took into account only the 22-nucleotide haplotypes
used for AIDA analysis (data not shown).

Genetic Boundaries

The genetic boundaries inferred from mtDNA-based
distances between populations are shown in figure 3.
Regardless of whether the same weight or different
weights are given to transitions and transversions, no
large-scale subdivision of the European mitochondrial
gene pool is apparent, and the same six groups are rec-
ognized as genetically differentiated. Saami show the
sharpest difference with respect to their neighbors, fol-
lowed by Near Easterners (including Druze), Catalans,
Belgians, Norwegians, and the populations of the eastern
Italian Alps (Ladin, German, and Italian speakers). No
boundaries were found separating wide regions; the sev-
enth boundary (not shown) separated Turkey from the
rest of Europe. Small sample sizes may have determined,
at least in part, this result for Catalans ( ), Nor-n = 15
wegians ( ), and Belgians ( ). Some sectionsn = 30 n = 33
of boundaries 1 and 3 overlap with some sections of the
suture zones identified by Taberlet et al. (1998), but oth-
ers (especially genetic boundaries 1, 3, 4, and 6) sub-
divide areas that, under a model of Mesolithic expan-
sions, should have been occupied by populations coming
from the same glacial refugia and that are expected to
be genetically homogeneous.

The significance of the subdivision thus inferred was
tested by estimating the F



Figure 4 Spatial correlograms calculated along a northwestern-European transect. a, Haplogroup V sequences based ontable 4 of Torroni
et al. (1998) (individuals from North Africa, Sardinia, and Turkey were excluded). b, All haplogroups. c, All haplogroups with Saami excluded.
The X-axis represents geographic distance between samples; the Y-axis represents II; a single asterisk (*) denotes ; triple asterisks (***)P ! .05
denote .P ! .005
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lations separated by a boundary. In all six cases, the Fst

estimates were significantly 10 for at least two-thirds of
the comparisons, with maximums of five out of five and
six out of six for boundaries 2 and 4, respectively. When,
by Fisher’s method, the probabilities of the Fst values
(Sokal and Rohlf 1995, pp. 794–797) were combined,
all six identified boundaries showed highly significant
results (although that significance is only nominal, be-
cause the comparisons are not independent).

Discussion

Geographic Patterns

Mitochondrial sequences and the frequencies of mi-
tochondrial haplogroups are not clearly patterned over
Europe. On a global scale, some degree of short-distance
similarity is apparent, as is negative autocorrelation for
samples separated by 12,000 km. However, if Saami are
excluded from the analysis, the overall pattern does not
depart significantly from random expectations, and even
the genetic resemblance between samples from popula-
tions geographically close to one another (which could
be regarded as an effect of isolation by distance) dis-
appears. This is confirmed by the geographic position
of the most significant genetic boundary, which separates
the Saami from all other European groups.

At the regional scale, mitochondrial variation is
poorly structured north of an imaginary line correspond-
ing to the latitude of the Pyrenees. Only some degree of
east-west divergence is evident, for samples separated by
12,500 km. This finding is compatible with an input of
Asian genes in northeastern Europe, as has already been
proposed (Sajantila et al. 1995). But when the analysis
is restricted to southern Europe, a gradient becomes ap-
parent. Note that the analysis of molecular variance
failed to identify any significant differences between
northern and southern Europe; allele frequencies are
roughly the same in the two regions. What is different
is their pattern, which is clinal only around the Medi-
terranean Sea.

Many mtDNA haplogroups are rare, and therefore
their geographic pattern depends essentially on their
presence or absence in the samples, which is affected by
large stochastic variation. But rare alleles also occur at
the microsatellite and HLA loci, and yet continentwide
clines at those loci were identified by the same statistical
methods used in this study (Sokal and Menozzi 1982;
Chikhi et al. 1998a, 1998b; Casalotti et al. 1999). In
synthesis, (1) many nuclear loci show gradients encom-
passing much of Europe; (2) the main mitochondrial
characteristic of the European population seems to be a
marked difference between the Saami and all other
groups; and (3) a significant geographic structure is ev-
ident for mtDNA around the Mediterranean sea. Any

model trying to explain the origin of the European gene
pool must account for all these aspects of genetic
variation.
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deeply affected by processes occurring during Mesolithic
times.

Effects of the Neolithic Demic Diffusion (10,000–5,000
BP)

A simple demographic expansion from the Levant is
easy to reconcile with the gradients observed at many
nuclear loci but is not easy to link with the fact that
mitochondrial variation is clinal only in southern Eu-
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