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Summary
Segment I of the control region of mtDNA (360 bases)
was sequenced in seven samples, each of 10 individuals
inhabiting villages in the eastern Italian Alps (South Tyrol
and Trentino). Three linguistic groups, German, Italian,
and Ladin, were represented by two samples each; the
seventh sample comes from an isolated group of German
origin, the Mocheni, who are linguistically distinct and
geographically separated from the bulk of the German
speakers. Seventy-four polymorphic sites were identified,
defining 63 different haplotypes. Mocheni and Ladin
speakers tend to form two clusters in the evolutionary trees
inferred from sequences. Analysis of molecular variance
shows significant differentiation within samples, among
them, and among linguistic groups. Genetic differences
between the Ladins and the other groups are not much
smaller than between Europeans and some Africans; varia-
tion is large within groups, as well, with the exception of
only the Mocheni. In the evolutionary trees where the
four alpine groups are compared with other European
populations, Mocheni and especially Ladins appear as
clear outliers. Romansch-speaking Swiss, who are linguisti-
cally related to Ladins, are not genetically similar to them,
for this segment of DNA. Because the time elapsed since
colonization of the Alps (-12,000 years) is short in muta-
tional terms, the only model accounting for the observed
relationships between mtDNA variation and linguistic
identity seems one in which a population ancestral to
Ladin speakers was already differentiated long before the
Alps were settled and the current linguistic affiliations were
established. For the Mocheni, the results are consistent
with a simpler episode of allele loss, from an original ge-
netic pool common to the ancestors of the current German
speakers.
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Introduction

mtDNA sequences appear rather homogeneous in Euro-
pean populations (Excoffier 1990). Substantial mtDNA
diversity is present, but differences between members of
the same population represent by far the main compo-
nent of that diversity. A similar pattern has long been
known for allele frequencies (Lewontin 1972; Latter
1980). However, even populations that differ sharply in
allele frequencies from the other Europeans, like the
Basques (Calafell and Bertranpetit 1994), do not appear
differentiated at the mtDNA sequence level (Bertranpetit
et al. 1995). Also, factors clearly affecting allele frequen-
cies, such as physical barriers and linguistic boundaries
(Cavalli-Sforza et al. 1988; Sokal et al. 1988; Barbujani
and Sokal 1990), appear to be poorly reflected in mito-
chondrial sequence variation (Barbujani et al. 1996).
A possible explanation for this finding may be that

different pressures lead to divergence of mtDNA se-
quences, on the one hand, and of allele frequencies, on
the other, including the frequencies of mtDNA alleles
(Barbujani et al. 1995; Sajantila et al. 1995). Allele fre-
quencies are affected by drift and gene flow, and their
patterns can often be accounted for by recent evolution-
ary processes. Conversely, patterns of mtDNA sequence
variation also depend on the long-term accumulation of
mutations. In Europe, in particular, pairwise compari-
sons of sequences suggest that many mtDNA lineages
were generated during a rapid demographic growth, pre-
sumably occurring in the Pleistocene (Rogers 1995; Rog-
ers and Jorde 1995). Variable proportions of such lin-
eages were incorporated into the different European
genetic pools in a successive phase, when these pools
separated. Most mitochondrial diversity in Europe
seems therefore to predate the settling of Europe by the
ancestors of current populations (Harpending et al.
1993) and to have evolved elsewhere. Consistent with
this scenario is the fact that the mtDNA sequence from
a 5,000-year old human mummy from the Alps is still
common in central Europe (Handt et al. 1994).

It is not well established, however, whether groups
exist which differ substantially from the others, because
only a few populations have been typed so far. In partic-
ular, geographic isolates have a higher chance to be ge-
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netic outliers. In this study, we describe mtDNA se-
quence variation in seven areas of the eastern Italian
Alps, in the regions of South Tyrol and Trentino. The
people inhabiting these areas are separated from each
other, and from the adjacent populations, by physical
barriers, i.e., mountain chains. In addition, linguistic
heterogeneity has contributed to their isolation, at least
in the last several generations, resulting in substantial
gene-frequency divergence (Barbujani and Sokal 1991).
Indeed, aside from many local dialects, three distinct
languages are spoken there, German, Italian, and Ladin
(Ruhlen 1987), all occurring roughly within 200 km. As
we shall see, the Ladin group appears to be the most
divergent described so far in Europe, at the mtDNA
level. Estimates of the time since its separation from the
others, and comparison with its linguistic relatives, agree
in suggesting that the ancestors of this group were an
isolated population long before current linguistic affilia-
tions were established; apparently, they have retained
some peculiar mtDNA lineages through a long evolu-
tionary period.

Subjects, Material, and Methods

Linguistic and Ethnic Groups
The three linguistic groups considered in this study

(fig. 1) belong to the Germanic (German) and the Ro-
mance (Ladin, Italian) families of the Indo-European
phylum (Ruhlen 1991). Around 1,000 years ago, speak-
ers of German were present in South Tyrol, whereas
speakers of Italian dialects prevailed in Trentino and
only recently moved in part to South Tyrol. Little is
known of previous time periods, and the relationships
between the archaeological findings, the people who left
them, and especially the language they spoke are vague.
This is particularly true of Ladin speakers. Although
their language cannot have diverged from Latin >2,000
years ago, they are sometimes considered as an autoch-
thonous alpine population, whose origin is placed back
to pre-Roman times. The Ladin language has two close
relatives, Romansch in eastern Switzerland and Friulian
in northeastern Italy, but these groups are not in geo-
graphical contact, since the Ladins are restricted to three
valleys (Gardena, Badia, and Fassa) and a few other
localities, far from both the Swiss border and Friuli.
German and Italian speakers are more numerous and
occupy wider areas. As a rule, they tend to be concen-
trated, respectively, in the northern (South Tyrol) and
southern (Trentino) parts of the region we considered,
but they coexist in the largest villages and towns. The
main exception is represented by the Mocheni, a group
of German origin dwelling in the isolated upper Fersina
valley east of Trento. They speak a dialect related to
ancient Bavarian and immigrated from Germany in the
Middle Age, occupying what once was a mining area

AUSTRIA

Figure 1 Map of the sampling localities. Figures are sample
sizes. The shaded area in the map of Italy indicates the administrative
region Trentino-Alto Adige. German-speaking samples: GH =
Hefling; GJ = Jenesien; MO = Mocheni. Italian-speaking samples: IN
= north; IS = south. Ladin-speaking samples: LS = Selva Val Gardena/
Wolkenstein; LC = Colle Santa Lucia.

(Corrain et al. 1973). Because of their separation from
the majority of German speakers, it seemed sensible to
treat the Mocheni as a separate group.

Sampling
Samples for this study come from four villages and

three wider zones (fig. 1). We shall refer to them by a
two-letter code, where the first letter defines the linguis-
tic (G = German; I = Italian; L = Ladin) or ethnic
(M = Mocheni) identity, and the second defines the
geographic origin. German speakers come from Jenesien
(GJ) and Hafling (GH), Ladin speakers from Selva Val
Gardena/Wolkenstein (LS) and Colle Santa Lucia (LC),
and Italian speakers from two zones north (IN) and
south (IS) of Trento. Most Mocheni (MO) have been
sampled along the left bank of the Fersina creek. Individ-
uals with any known foreign maternal ancestry were
excluded from the study.
mtDNA Sequences
Serum specimens were obtained for five samples, the

exceptions being the IN and IS samples, for which we
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had whole blood. Total genomic DNA was extracted
according to the method of Kocher et al. (1989) and
Higuchi et al. (1988), slightly modified in the buffer
composition. The L15997 and H16401 primers (Vigi-
lant et al. 1989) were used for PCR amplification of
the first hypervariable region of mtDNA (see Stoneking
1993). The chain-termination method (Sanger et al.
1977; Tabor and Richardson 1987) was used for se-
quencing a fragment of 360 bases, located between posi-
tions 16024 and 16383 of the so-called Cambridge refer-
ence sequence (Anderson et al. 1981). Sequences were
then aligned by means of the Clustal V software (Higgins
et al. 1992).

Other Data Considered
To locate the groups of this study in a broader con-

text, we compared them with two other sets of data.
The first one included mtDNA sequences of seven Eu-
ropean samples, namely, 49 Italians from Tuscany
(Francalacci et al. 1996), 69 Sardinians (Di Rienzo
and Wilson 1991), 45 Basques (Bertranpetit et al.
1995), 30 Bulgarians (Calafell et al. 1996), two groups
of Turks comprising 29 and 45 individuals (Calafell
et al. 1996; Comas et al., in press), and 100 En-
glishmen and Welsh (Piercy et al. 1993). The second
data set was composed by 97 individuals from eight
localities of the Austrian and Swiss Alps (Handt et
al. 1994; Pult et al. 1994); it included 15 Romansch
speakers, along with German, Italian, and French
speakers from six other Swiss zones and a sample of
Austrians. The broadest comparisons, therefore, were
based on 534 mtDNA sequences.

Mismatches and Intermatches
A matrix of pairwise differences between individuals

was constructed by the MEGA package (Kumar et al.
1993), weighing transversions 30 times as much as tran-
sitions. This is considered a conservative approach, with
respect to the timing of the branching events (Ward et
al. 1991). The average pairwise differences, within and
between samples, respectively referred to as mismatch
(mA) and intermatch (iAB), (Harpending et al. 1993), are
defined as follows:

NA NA

mA= 2 E d,/[NA x (NA-1)]
*=1 j=i+1

NA NB

iAB= E E did/[NA X NB],
i=1 k=1

where di, and dik are the counts of sequence differences
between the individuals i and j (who belong to the same
sample) and i and k (who belong to different samples),
and NA and NB are the two sample sizes.

Evolutionary Trees
Evolutionary trees were inferred using three algo-

rithms, namely, maximum parsimony (MP) (Farris
1972), unweighted pair-group clustering with arithmeti-
cal averages (UPGMA) (Sneath and Sokal 1973), and
neighbor joining (NJ) (Saitou and Nei 1987). For a dis-
cussion of their properties and performances, see Kim
et al. (1993). We used MP to estimate trees relating
individual sequences. On the contrary, comparisons be-
tween samples were based on NJ and UPGMA trees,
which were evaluated from a measure of genetic dis-
tance, dAB, obtained by subtracting from the intermatch
values the average within-sample mismatch for the two
samples being compared (Nei 1987; for an application,
see Di Rienzo et al. [1994]):

dAB= mA + mBdAB = iAB MA v

The expected value of this distance is 2XT, where X is
the substitution rate (Nei 1987, p. 277). Therefore, dAB
is linearly related with the time since separation of two
groups, T. To avoid negative distance values, a constant
quantity was added to each genetic distance estimated
using this formula; adding a constant does not alter the
topology of the tree and does not affect the relative
length of its branches. In this way, we based our evolu-
tionary reconstructions on a measure of population di-
vergence that seems independent on the amount of diver-
sity each populations contains (Francalacci et al. 1996).
To root the individual tree, we used as outgroup an
African (Western Pygmy) sequence (HMSTDLO01; Vigi-
lant et al. 1991). Population trees were unrooted, except
for the tree inferred by the UPGMA method.

Analysis of Molecular Variance
The significance of the differences among samples was

assessed using a nonparametric method for the analysis
of molecular variance, AMOVA (Excoffier et al. 1992).
The overall sequence diversity was subdivided into three
components, by calculating sums of squared sequence
differences between all possible pairs of individuals
within samples, between samples of the same group,
and between groups; the Mocheni were considered as a
group of their own. The variances thus computed were
then tested against the distributions of their theoretical
values, estimated through a randomization approach.
Each individual (haplotype), or each sample, was reas-
signed to a random location, according to three resam-
pling schemes (Excoffier et al. 1992); the molecular vari-
ances were recalculated; and the procedure was repeated
1,000 times, to obtain empirical null distributions of all
relevant variances.
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Inferring Gene Flow
Levels of gene flow can be inferred from sequence

data. For a set of nonrecombining DNA fragments from
two samples, a parsimony method (Slatkin and Maddi-
son 1989) allows one to estimate the minimum numbers
of migration events (hereafter referred to as s) consistent
with the gene genealogies and with the geographic ori-
gins of the individuals in the two samples. Twenty-one
partial genealogies, each of them referring to two of the
seven localities considered, were thus constructed by the
NJ algorithm, as recommended by Hudson et al. (1992).
Slatkin-Maddison's procedure was then applied to them,
and a matrix of s values between localities was obtained.
The method assumes an island model of population
structure, which is almost certainly inappropriate for
the case we are studying. A large number of estimated
migration events, for instance, may mean two popula-
tions exchanged many migrants, but it may also reflect
their recent common origin. For this reason, we shall
not take these statistics at their face value, but we shall
use them as additional measures of evolutionary relat-
edness.

Timing of the Divergence
Evolutionary trees allow inferences about the timing

of genetic divergence, under the simplifying assumptions
of the coalescent process (Hudson 1990). The main as-
sumption is a proportionality between the number of
mutations estimated to have occurred in a gene geneal-
ogy and the time necessary for them to accumulate. To
achieve conservative estimates of the putative dates of
lineage differentiation, we shall use the highest diver-
gence rate published so far for the control region of
mtDNA, namely, 33% per million years (Ward et al.
1991). Because there must have been gene flow between
populations after they separated, there would be no
point at estimating the age of the common ancestor of
each sample studied. Therefore, we shall use one such
estimate only to see whether there is agreement between
the time-depths of the genetic processes observed in
these populations and of the demographic changes that
may account for them.

Results

Individual Diversity
Seventy-four variable positions were identified in the

360 sites sequenced, defining 63 different haplotypes
(fig. 2). Two individuals (in GJ and in MO) showed
sequences identical to the Cambridge reference sequence
(Anderson et al. 1981), and one haplotype is present in
both Ladin samples; those are the only sequences ob-
served in more than one locality. All haplotypes were
found in single copy (singletons) in four localities,
namely, GH, IN, IS, and LS, whereas, at the other end

of the range, only seven different haplotypes were found
in the MO sample. Almost all mutations were transi-
tions, with four transversions (C to A) occurring at two
sites in two individuals of the GH sample. As observed
elsewhere (Horai and Hayasaka 1990), most transitions
involve purines, rather than pyrimidines (48 vs. 24, re-
spectively). The mean base content of the 70 sequences
(A: 37.7%; T: 22.1%; C: 33.7%; and G: 11.5%) does
not account for this difference.
The relationships among individuals are summarized

by the MP genealogy of figure 3. Aside from three outli-
ers, all haplotypes fall into four clusters, numbered 1-
4. Clusters 1 and 2 are small and can be regarded as an
Italian and a German cluster, respectively. Cluster 3 is
larger and linguistically heterogeneous. Cluster 4 is the
largest, and it includes 19 of the 20 Ladin speakers;
most of them form two long branches (4.3 and 4.4),
each basically corresponding to a village. The Mocheni
also form two related clusters, in two shorter branches
designated as 4.1 and 4.2. In both cases, some particular
combinations of nucleotides at certain sites are charac-
teristic of these minorities (detailed below). On the con-
trary, there is extensive intermixing of the lineages of
the German and Italian speakers, suggesting that they
have been exchanging migrants along much of their his-
tory, or that these lineages arose prior to their separa-
tion, or both.

Diversity within and between Localities
Table 1 shows the average numbers of substitutions

observed within samples (mismatches) and between
samples (intermatches). The most evident feature of that
table is the low internal diversity of the Mocheni, 1.9
substitutions on the average, corresponding to 0.53%
of the total sequence. All other values in the table are
at least twice as large. With the exception of the Mo-
cheni, the differences between groups are of the same
order of magnitude as the differences within them. With
the exception of Mthe ocheni, percentage nucleotide di-
versities within localities fall in the range observed for
the same region of the mtDNA in other human groups
(e.g., in eight African samples, diversities vary from
0.65% for Herero to 2.18 % for Mandenka; Graven et
al. 1995). Note that Ladins differ from other alpine
groups by more than seven substitutions, on average.
This value may be compared with the 9-11 differences
between all European groups and African populations
such as !Kung and Pygmies (Francalacci et al. 1996),
indicating that the Ladins occupy a peculiar evolution-
ary position, far removed from their European neigh-
bors.
AMOVA (table 2) shows that sequence diversity is not

distributed at random. Genetic variances are significantly
higher than zero, within localities, between them, and be-
tween groups. The variance among the four groups ac-
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1 AGCCCCTGTTGCGATAACCTCATCCCCTATAAGAACACCCAACAACCCACCTACTTTCTACTACACATCCTCCT Ref, OH, MO

2 . . ..T .....C.................... ..M............LB
3 ... .T.... C. .A..................T.TT.............LB
4 ......c.................... TT ........T.....LB
5.....A.C..A....T. .0............G..TT ........T.....LB
6......C..............G........ TT......0.. ....LB
7......C..................... . TT............ .LBLC L
8 ... TTT... .C.............A.........TT............ .LB A
9. . .................A. . .....................LB D
10......C..A.................... T.TT............ .LB I
11...............................TC .......LB N
12......C...G....TC.................T..............LC(2) B
13....T.A.C. . .0....TC................T.............LC
14......C.. .G.... TC...T.............T.0.............LC
15......C.....TC................TT.0 ...C.........LC
16......C...G....TC...... 0...........T.. ............LC
17...... ...G.. T.T... T ..........................LC

19 .............T........................C... LC

20......C.....T.....T........0..G .TT....C......T......
21 A.......A.......T..........................J
22 ......C....T. .0............G...TT .......T.T...... 0
23.... C.........G... ..T ...................... . .J H
24.... C...........T........................ . .OJ R
25........A.................................J N
26.... A................... . . . T..... ........T.. OJ(2) A
27......C.0................G...T.0........G.....J N

29........ C.......C...............C ......C.T.... OH B
30......C.................T.....T...C..........CH(P
31................C...............C ..........OH H
32......C.. .0............ . T..........T.O.......H A
33 0 .....C....C...C.................T...........OH K
34 .....................T..T...................OGH H
35 0.........cc.C..C..T.......T......... .OH........ R
36 .......c................ T.........C.O........H B
37 .....C......C...C........0G.T ........T...T.........C H

38.......T.....C..T .........T........T.........IS
39...........T..........T.T......T.0.......G...T....IS
40 .................. 0G...T.T...................IS I
41...........C.... .C .0.......... .........C... .T. is T
42 ... T.T............... . ..................... . .is A
43....................... . . GT.T.............. .IS L

44...... A............................. . . . .C... iB I
45 . .T..... ........T.C............... .C..........IS A
46 ................................a.... . . ..0. IS N
47 ............... C.....T.......... C..........IS
48............... . 0.. .......T.G.......... .T....IN B
49.............0..G......T..........C..........IN P
50 ....T.T........................ . . . . .C..........IN H
51. . ..........C...TT........T. . ..................IN A
52...........TC............T. . ..................IN K
53 ................................C..........IN H
54 ......C.. . ....................T. .............IN R
55 ......C.. . .0..............G....TT .0...G.........IN B
56 ......c......... T.0.............. T..C..........IN
57. . ..............C................C..0..G......IN

58..............T.C....................... .CONo M
59......................T...................Mo 0
60...................................... .CM(3) C
61 .......................... . C............Mo H

63...............C..G ..................... CMO N

Figure 2 Sequence polymorphism in the region I of the D-loop in the eastern Italian Alps. The first column is a haplotype identification
number; haplotype 1 is the Cambridge reference sequence. The localities where the various haplotypes have been observed is reported in the
last column, using the two-letter codes described in the legend to figure 1. A number in parentheses indicates the same haplotype has been
observed more than once in a locality.
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Figure 3 MP clustering of the 70 individual sequences. This is
the consensus tree among 100 equally parsimonious solutions. The
sample each individual belongs to is coded as in table 1.

counts for 7% of the overall sequence diversity, much
more than observed in other studies at the same scale (see,
e.g., Barbujani et al. 1996); these four groups are highly
differentiated, by European standards. The differences that
contribute most to the overall variation are those between
Ladins and the other groups. This finding is confirmed by
the estimates of minimum numbers of migration events
(table 3). The largest degree of genetic exchange is evident
between the Italian-speaking localities, whereas Mocheni,
and, to a lesser extent, Ladins, appear to have been more

isolated than the other groups.

When localities, rather than individuals, are com-

pared, MP is no longer applicable. The NJ tree (fig. 4A)
confirms the extensive divergence of the Ladin samples,
with Germans appearing as their closest neighbors. The
Mocheni branch from one German group and the two
Italian samples cluster together. The clustering obtained
using UPGMA (fig. 4B) is similar, with linguistically
related samples occurring close to each other. Branch
length is constrained in UPGMA; as a consequence, the
divergence of Ladins is here shown by their deep
branching point, suggesting an ancient separation of a

population ancestral to Ladins from all the others.
The NJ tree of figure 5 has been constructed on the

basis of the genetic distances shown in table 4, using the
information contained in all the 19 European samples
we could collect. As was to be expected, there is little
geographic structure here. Most groups fall in a single
cluster, regardless of their geographical location. How-
ever, Mocheni, and especially Ladins, appear as clear
outliers, diverging from the bulk of the other Europeans
much more than, say, Basques and Sardinians, i.e.,
groups that are highly differentiated at the allele-fre-
quency level. In both this NJ tree, and in the UPGMA
tree (not shown), the Ladins' closest relatives are Ger-
man-speaking Italians.

Table 1

Nucleotide Diversity, within and between Samples, Expressed as Average Numbers of Pairwise
Differences

LS LC GJ GH IS IN MO

LS 4.9 (1.36) 6.5 (1.81) 6.5 (1.81) 7.9 (2.19) 7.6 (2.11) 7.2 (2.00) 6.0 (1.67)
LC 5.0 (1.39) 7.2 (2.00) 8.0 (2.22) 7.5 (2.08) 7.1 (1.97) 6.1 (1.69)
GJ 6.3 (1.75) 7.4 (2.06) 6.8 (1.89) 6.7 (1.86) 5.1 (1.42)
GH 7.0 (1.94) 7.2 (2.00) 7.1 (1.97) 5.2 (1.44)
IS 6.4 (1.78) 6.3 (1.75) 4.7 (1.31)
IN 6.2 (1.72) 4.9 (1.36)
MO 1.9 (0.53)

NOTE.-Figures in parentheses are percent values. Localities coded as follows: LS = Selva Val Gardena/
Wolkenstein; LC = Colle Santa Lucia; GJ = Jenesien; GH = Hafling; IS = South of Trento; IN = North
of Trento; and MO = Mocheni.
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Table 2

AMOVA in Four Groups

Statistic, Group and Among Samples
Locality Within Samples Within Group Among Groups within Groups Within Samples Total

Sum of Squared Sequence
Differences:

Ladin:
LS 21.9
LC 24.0J 56.4

German:
GH 27.4
GJ 31.5 66.0

Italian:
IS 29.01
IN 26.3 58.0

Mocheni:
MO 8.5 8.5

Variance Component:
Variance .25 (7.5%) .404 (12.1%) 2.676 (80.4%) 3.330
df 3 3 63 69
P .047 <.001 <.001
,(D~a (DcI .075 4), .131 I..196

a Molecular equivalent of Wright's F-statistics.

If we limit our analysis to the populations of the Alps
(fig. 6), the general pattern does not change. The two
Ladin localities, here considered separately, are close to
each other and appear clearly distinct from all other
groups. In neither the European nor the Alpine tree is
there any evidence of a tight relationship between the
Ladins and their closest linguistic relatives, the Ro-
mansch-speakers of Switzerland.
To make sure that these results are not due to errors

in DNA amplification or sequencing, we resequenced
four random individuals (two Ladins and two Mocheni).
No difference was found between the replicated se-
quences from the same individual.

Table 3

Estimates of Minimum Numbers of Migration Events (s) between
Localities

LC GJ GH IS IN MO

LS 3 4 2 3 3 1
LC 4 4 3 4 2
GJ 3 3 4 2
GH 5 5 4
IS 8 4
IN 3

NoTE.-The maximum estimate compatible with the sample sizes
(10 for each sample) was s = 10.

Ladin Lineages
Fifteen (75%) of the Ladin sequences share a C at

position 16126 and a T at position 16294. The frequen-
cies of these nucleotides (hereafter referred to as the "C
and T transitions") are 16% and 10%, respectively, in
the rest of the sample considered. One can approxi-
mately estimate their age on the basis of the polymor-
phism observed around the C and T transitions. Twenty-
one sites are polymorphic in the 15 Ladin haplotypes.
They form two subclusters, corresponding to the two
localities; the LC and LS samples differ for four transi-
tions at sites 16163, 16186, 16189, and 16296. A MP
reconstruction of the allele genealogies indicates that the
haplotype ancestral to the LC haplotypes had G, T, C,
and C at these sites, whereas the haplotype ancestral to

A LS B is
LC IN

GJ GH

GH GJ

MO - MO
LS

is LC
IN

Figure 4 NJ (A) and UPGMA (B) clustering of the seven samples
from the Alps.
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2

Figure 5 NJ tree of 19 European populations. For the Swiss
and Italian samples, F, I, G, and R indicate the language spoken,
respectively, French, Italian, German, and Romansch. The Italian-G
sample is GH + GJ, the Italian-I1 sample is IN + IS, and the Italian-
I2 sample is from Tuscany.

the LS haplotypes had A, C, T, and T. The average

number of mutations between each individual and the
common ancestor (or "tree length") is 1.5 for LC and
2 for LS. The average difference between sequences with
the C and T transitions is 3 for LC and 4 for LS, indicat-
ing that random pairs of individuals are separated by
the time necessary for 1.5 and 2 mutations, respectively,
to occur. On the basis of Wards et al.'s (1991) estimated
divergence rates (approximately one mutation event in
16,000 years for the 360 bases we considered), the an-

cestral sequences common to the LC and LS samples
with the C and T transitions can thus be placed, respec-

tively, circa 24,000 and 32,000 years ago, whereas the
common ancestor to all these 15 Ladin sequences seems

to be 64,000 years old. These dates have a large standard
error but at least give a general idea of the time-span
these molecular phylogenies imply. Note that, in both
samples, the ratio between tree length (total coalescence
time) and the mean pairwise coalescence time ap-

proaches 1:1, whereas under equilibrium it is expected
to be 2:1 (Tajima 1983). This indicates many intermedi-
ate haplotypes are absent and suggests a population
expansion may have taken place. If we estimate the date
of that expansion by using Rogers and Harpending's
(1992) method, we obtain two values close to 24,000

for each of the Ladin samples, in agreement with the
above estimates based on the coalescent process.

In a network analysis of control region diversity in
Europe, the transition at position 16126 characterizes a
cluster called "group 2," typical of the Near East; the
additional transition at 16294 defines a subcluster
termed "subgroup 2B" (Richards et al. 1996). Besides
occurring in 15 of 20 Ladins, these transitions were
observed in 31 haplotypes from the other samples con-
sidered in the present paper: 7 Turks (9% of the sample
size), 3 Bulgarians (10%), 7 British (7%), 1 Basque
(2%), 8 Sardinians (12%), 3 Tuscanians (6%), and 2
Swiss (2%), plus 1 Italian speaker (5%) and 3 German
speakers (15%) in the present study. The overall fre-
quency in Europeans, excluding Ladins, is 35 of 514,
or 6.8%. No African samples show them, whereas they
are detected in 5 of 42 Middle Easterners (Di Rienzo
and Wilson 1991). In the classification ofmtDNA haplo-
types proposed by Torroni et al. (in press) and based on
restriction analysis of the whole mtDNA molecule, these
haplotypes fall into a group termed "T," which is also
present in northern and central Europe, but whose fre-
quencies never exceed 20%.

Discussion

Like in most European regions, there is extensive
mtDNA diversity in South Tyrol and Trentino. The Ger-
man and Italian speakers of our samples seem to confirm
the general view that, although internally variable, the
European populations are only slightly differentiated
from each other at the mitochondrial level. Similar ob-
servations in the western Alps (Pult et al. 1994), as well
as in the Americas (Ward et al. 1991) and Asia (Torroni
et al. 1994; Mountain et al. 1995) have been interpreted
as evidence that genetic divergence preceded population
subdivision; when these populations split, they already
contained, and shared, different mtDNA variants. In
addition, the limited clustering of individuals according
to their language may also mean that German and Ital-
ian speakers have hybridized extensively (fig. 3). How-
ever, contrary to what observed elsewhere, genetic varia-
tion in the Alps is high between samples, as well (table
2). Two groups, Mocheni and especially Ladins, are dif-
ferentiated from their geographic neighbors (figs. 5 and
6; table 4) and show different internal structuring, with
Mocheni, but not Ladins, seeming genetically uniform.
Both of them, however, are linguistic minorities, living
in isolated mountain valleys.

In what follows, we shall outline four models poten-
tially accounting for the genetic differentiation of Ladins
and Mocheni. For the sake of clarity, they are stated in
such a way as to be mutually exclusive, but intermediate
models are also conceivable.
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Table 4

Genetic Distances (dAB) between 19 European Samples

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1. Italian-12 0
2. Sardinian .30 0
3. Italian-Il .38 .39 0
4. Ladin 1.42 1.41 1.64 0
5. Mocheni .96 .99 1.01 2.53 0
6. Italian-G .53 .55 .60 1.28 1.01 0
7. Swiss-Il .20 .25 .36 1.63 .74 .48 0
8. Swiss-G2 .24 .32 .48 1.54 .87 .54 0 0
9. Swiss-R .42 .39 .32 1.92 .94 .67 .35 .44 0
10. Swiss-G3 .58 .60 .55 2.29 1.16 .88 .40 .62 .54 0
11. Swiss-G1 .35 .40 .46 1.59 1.06 .54 .33 .26 .49 .67 0
12. Swiss-I2 .31 .20 .30 1.33 .90 .41 .26 .17 .22 .60 .15 0
13. Swiss-F .27 .32 .20 2.03 .83 .59 .17 .35 .21 .33 .38 .30 0
14. Austrian .68 .71 .71 2.34 1.32 .79 .61 .79 .65 .75 .67 .69 .41 0
15. Bulgarian .26 .29 .33 1.46 .91 .53 .22 .27 .39 .52 .35 .26 .22 .65 0
16. British .28 .31 .38 1.52 .88 .54 .23 .25 .41 .57 .37 .26 .25 .67 .27 0
17. Basque .36 .35 .44 1.79 .84 .63 .26 .34 .40 .59 .43 .26 .29 .74 .34 .35 0
18. Turk-i .28 .34 .47 1.42 1.01 .56 .24 .25 .48 .64 .31 .16 .38 .78 .32 .33 .45 0
19. Turk-2 .29 .37 .51 1.49 .98 .57 .17 .24 .53 .64 .38 .36 .33 .72 .32 .34 .45 .29 0

NOTE.-Samples are as in figure 5. The capital letter after the name of the Italian and Swiss samples refers to their language (F = French;
G = German; I = Italian; and R = Romansch).

Model 1: Local Differentiation
Genetic diversity among and within Ladins and Mo-

cheni is the result of accumulation of mutations after
these groups separated from their neighbors; small pop-
ulation sizes may have enhanced some drift effects that
have had a lesser impact on other populations. This view

IN

LS
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GJ

GH

Austrians

Swiss-G 1

Swiss-Il

Mocheni

Swiss-12

Swiss-G2

Swiss-G3

Sis-F

IS

Swiss-R

Figure 6 NJ clustering of 15 localities of the Swiss, Italian,
and Austrian Alps. The seven samples of this study are represented
individually in this tree.

does not appear consistent with the historical informa-
tion available. The first traces of postglacial human pres-
ence in the eastern Alps date back to -, 12,000 years
before present (BP) (Broglio 1993). Conversely, our cal-
culations show that the molecular variation observed
has required longer time periods to accumulate, i.e. some
64,000 years for the 15 Ladin haplotypes with the C
and T transitions. Approximate though this figure may
be, it shows these mitochondrial lineages were brought
to the Alps by some form of gene flow. Genetic evidence
does not support this model either. The C and T transi-
tions, although rare among non-Ladin speakers, are
widespread in Europe, which does not suggest they come
from the Alps. In conclusion, the molecular phylogenies
and the geographic distribution of some lineages appear
incompatible with local differentiation in the years dur-
ing which human presence is documented in the Alps.

Model 2: Founder Effect
Ladins and Mocheni derive from small groups that

separated from an already heterogeneous ancestral pop-
ulation, incorporating different proportions of the ex-
isting lineages. A founder effect implies a drastic de-
crease of genetic diversity because all individuals are
descended from a small number of recent common an-
cestors (Holgate 1966). Consistent with this view are
two findings, namely, (i) nucleotide diversity is much
lower within Mocheni than within all other samples
(table 1) and (ii) a mutation present in the German sam-
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ples (C at position 16362) occurs at high frequency
among the Mocheni. Both are among the expected con-
sequences of the detachment of a few individuals from
a German population, followed by isolation. On the
contrary, sequence diversity among Ladins is as high as
in most other European samples, including the Italian
and German speakers of this study (tables 1 and 2), and
their haplotypes form independent clusters in the allele
genealogy (fig. 3). A founder effect, therefore, seems a
reasonable explanation for the genetic diversity ob-
served among the Mocheni but not among the Ladins.

Model 3: Ancient Population Subdivision
Suppose instead that the original, heterogeneous pop-

ulation was also structured so that certain mutations
were restricted to certain subgroups within it. Each of
the present groups would then derive from one of these
ancient subgroups or from admixture among them. In
practice, we are assuming in this way that the Ladins
are the group in closest phylogenetic continuity with a
unit of the past population where the C and T transitions
occurred at a comparatively high frequency. Speakers
of German and Italian probably came to incorporate a
few haplotypes with the C and T transitions through
gene flow. This model can explain an otherwise puzzling
aspect of this study, the long Ladin branches in the evo-
lutionary trees. They reflect the occurrence among Lad-
ins of highly differentiated haplotypes, presumably com-
ing from an ancestral population that had distinct
genetic characteristics before the Alpine valleys were set-
tled and that gave a limited contribution to the gene
pools of other European regions.

Model 4: Selection
Is it possible to obtain the same agreement between

hypotheses and data without assuming the existence of
an ancient population subdivision or a founder effect?
The only way seems to imagine genetic differentiation
by some kind of selective pressure, perhaps related to
high altitudes. There are two objections here. First, the
control region of mtDNA does not code, and therefore
variation within it is unlikely to have adaptive value.
However, selection affecting adjacent, coding, sites can-
not be ruled out. The second objection is based on the
fact that, at any rate, directional selection results in loss
of alleles, whereas the internal diversity of most alpine
groups is high. Exactly as was the case for founder effect
(model 2), therefore, a major role of selection is in con-
trast with the genetic diversity observed in the Alps.
Selection at linked loci may have eliminated some haplo-
types, but other evolutionary phenomena must have
been more important in the origin of the observed pat-
terns of genetic diversity.
To summarize, the Mocheni seem to be a recently

isolated group (model 2), in agreement with historical

evidence, whereas a more complex explanation (model
3) seems necessary for the Ladins' mitochondrial diver-
sity. Model 3 implies the existence of a deep population
subdivision in a moment that we cannot specify exactly,
but certainly long before current language groups were
established (i.e., -2,000 years ago, according to Rea
[1973]). There is no other evidence supporting this
strong hypothesis on past population structure. How-
ever, there seems to be no other way to explain why
Ladins differ so sharply from all other Europeans, much
more than Sardinians and Basques. Only in the last two
millennia may language barriers have played an evolu-
tionary role by constraining gene flow, thus favoring
allele frequency divergence (Barbujani 1991); once es-
tablished, the Ladin language boundary may have con-
tributed to maintaining genetic differences that other-
wise would have been blurred; but, as we saw in
discussing model 1, the observed genetic differences
took much longer than 2,000 years to evolve. Therefore,
linguistic identities in the eastern Italian Alps are un-
likely to have arisen because of cultural divergence in a
genetically homogeneous population, as is probably the
case for Switzerland (Pult et al. 1994; see also fig. 6).
Rather, the Ladin language seems a cultural marker of
two genetic isolates characterized by mtDNA lineages
that are rare elsewhere in Europe. The severe isolation
of the eastern Italian Alps is confirmed by the frequen-
cies on the non-AF506 mutations of the cystic fibrosis
locus, which differ sharply from the frequencies ob-
served in the rest of Europe (A. Piazza and F. Calafell,
personal communication).

All the evidence available concurs to indicate that, in
the Alps, linguistic relationships do not reflect common
evolutionary history at this time scale. This is clearly
shown by the lack of genetic resemblance between the
Ladins and their closest linguistic relatives studied so
far, the Romansch speakers of Switzerland. Present-time
languages developed after the fall of the Roman empire,
when some groups kept speaking a language related with
Latin, some adopted a new one. Only those who isolated
themselves maintained peculiar genetic characteristics,
as has probably been the case for Ladins. Most other
groups were assimilated by immigrating populations
and, with the exception of Romansch speakers, also
turned to speak the newcomers' languages. If this is true,
the high level of diversity observed for Ladins and Mo-
cheni is probably due more to their geographic than to
their linguistic isolation. Study of related groups, in
other Ladin-speaking valleys and in Friuli, may clarify
this issue.

For the moment, it is only possible to see whether the
evolutionary process outlined as model 3 finds some
degree of support in what is known about the peopling
of the Alps. There is no paleontological trace of the
presence of Paleolithic hunters and gatherers between
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25,000 and 15,000 years ago. With the retreat of gla-
ciers, the southernmost part of the region we studied,
Trentino, came to be populated slowly, starting from
the hilly regions on the south. Only between 12,000 and
8,000 years BP is there evidence of human presence and
burials above 1,000 m (Broglio 1993), very close indeed
to the LC village. The first tools documenting human
activities in South Tyrol are later, dating to - 10,000
years ago. A distinct culture left traces at -4,000 years
BP (Pauli 1981). It was based on farming, and so it was
either carried by immigrating Indo-European-speaking
people (Renfrew 1987) or transmitted by them through
some sort of cultural process. At the time of their arrival
(15 B.C.), the Romans met a population that they called
Rhaetii, whose language is not believed to have been
Indo-European (Amman and Schib 1958, p. 7). The
Rhaetii's relationships with previous inhabitants cannot
be established with certainty, but they interacted peace-
fully with Romans and formed a mixed population.
When Germanic tribes descended from the north, at the
collapse of the Roman empire, the Rhaeto-Roman peo-
ple withdrew in the most-isolated valleys, including
those where Ladin is now spoken (Pauli 1981). Nobody
knows to what extent the Rhaeto-Romans interbred
with the German and with later, Italian-speaking, immi-
grants.

Therefore, the scant historical information available
can be reconciled with the view that the Ladins are in
phylogenetic continuity with an ancient population of
the Alps, although it does not prove it. Genetic data,
showing that the C and T transitions are present in
geographically distant populations, suggest the Ladins
are descended from a group that gave a significant con-
tribution to the peopling of all of Europe, and not only
of the Alps.

Analysis of ancient DNA, currently in progress, may
help clarifying the picture. Should the mitochondrial
sequences extracted from ancient burials (between
12,000 and 2,000 years BP) show the presence of the
C and T transitions, the view would be supported of a
demographic continuity between current Ladins and
some of the first settlers of the Alps. Many demographic
phenomena certainly happened in the meantime, but
the Ladins would legitimately be regarded as an an-
cient, autochtonous population. On the contrary,
should the DNA coming from local burials show no
clear resemblance with the sequences of the current
Ladin speakers, one could only conclude that an un-
specified ancient group carrying the C and T transitions
has left a trace in the genes of the current Ladin-speak-
ing community.
Another obvious development of this study is the

analysis of other polymorphisms, especially STR loci,
in the Ladins and in their neighbors. In addition, other
Ladin-speaking localities should be sampled; our re-

sults refer to only two of the several Ladin communi-
ties, which are separated by high mountains. The scarce
resemblance between Ladin and Romansch speakers,
and in part between the two Ladin samples, suggests
that samples from other Ladin valleys may be geneti-
cally different.

For the time being, it seems clear that most inhabit-
ants of Europe came to occupy their territories at a
stage when they had already developed substantial mi-
tochondrial diversity. Alternatively, or in addition,
levels of gene flow seem to have been high enough for
several alleles to travel across the continent, in the
course of the generations (Cavalli-Sforza et al. 1993).
As a consequence, only seldom did mitochondrial al-
leles remain restricted to one population, and even
less so to the area where they originated. If this is
the rule, as it seems, the Ladin population may be a
remarkable exception. Mitochondrial lineages that
are rare or absent over much of Europe have reached
a high frequency in their valleys, leading the Ladins
to appear as the clearest mtDNA outlier studied so
far. The absence of such lineages in Africa, their distri-
bution in the few European populations where they
occur, and the rough estimate of their age that we
obtained concur to suggest a fairly old origin, maybe
35,000 years ago, according to Richards et al. (1996).
If some kind of genealogical continuity will be demon-
strated between the Ladins and the first settlers of
the Alps (perhaps, but not necessarily, the non-Indo-
European-speaking Rhaetii), the mitochondrial lin-
eages with the C and T transitions will be regarded as
derived from the pre-Neolithic inhabitants of Europe;
but this is far from clear, at the moment. What is clear,
however, is that a Ladin language developed only after
the Roman colonization. Probably, then, the linguistic
barrier thus generated has just reinforced other isolat-
ing mechanisms that were effective over much longer
time periods.
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