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For mitochondrial phylogenetic analysis, the best result comes from complete sequences. We therefore decided to sequence
the entire mitochondrial DNA (mtDNA) (coding and D-loop regions) of 63 individuals selected in 3 small Ogliastra vil-
lages, an isolated area of eastern Sardinia: Talana, Urzulei, and Perdasdefogu. We studied at least one individual for each of
the most frequent maternal genealogical lineages belonging to haplogroups H, V, J, K, T, U, and X. We found in our 63
samples, 172 and 69 sequence changes in the coding and in the D-loop region, respectively. Thirteen out of 172 sequence
changes in the coding region are novel. It is our hypothesis that some of them are characteristic of the Ogliastra region and/
or Sardinia. We reconstructed the phylogenetic network of the 63 complete mtDNA sequences for the 3 villages. We also
drew a network including a large number of European sequences and calculated various indices of genetic diversity in
Ogliastra. It appears that these small populations remained extremely isolated and genetically differentiated compared with
other European populations. We also identified in our samples a never previously described subhaplogroup, U5b3, which
seems peculiar to the Ogliastra region.

Introduction

Mitochondrial DNA (mtDNA) analysis is considered
an essential tool for studying human population structure,
origins, migration patterns, and demographic history, given
its polymorphism, its matrilineal mode of descent, and its
lack of recombination (Torroni et al. 1996). The first com-
plete sequence of human mtDNA, the Cambridge Reference
Sequence (CRS), was published in 1981 (Anderson et al.
1981) and was recently revised (rCRS, Andrews et al. 1999).

The fact that mutations accumulate sequentially along
maternal lineages allows associating many of them with dif-
ferent geographical regions of the world (Ingman et al.
2000; Herrnstadt et al. 2002). mtDNA sequence varia-
tions can thus be used to construct phylogenetic networks
(Bandelt et al. 1999), displaying the relationships among
sequences and estimating the time of appearance of muta-
tions associated with each haplotype.

Historically, the first mtDNA polymorphisms used in
human phylogenetic studies were identified in the noncoding
or D-loop region, containing the hypervariable segments
(HVS). Accurate phylogenetic networks for European
mtDNAs were constructed using HVS-1 and HVS-2 se-
quence data (Richards et al. 1998; Helgason et al. 2000),
complemented with coding-region restriction fragment
length polymorphisms (RFLP) used to define mtDNA hap-
logroups (Torroni et al. 1996; Macaulay et al. 1999). High
mutation rates, variability in site substitution rates, homopla-
sic sites, parallel mutation events, and reversion make the D-
loop evolution complex and the phylogenetic analysis sub-
ject to error (Bandelt et al. 2002; Dennis 2003; Forster 2003).
Complete mtDNA sequences, only recently becoming avail-
able (Ingman et al. 2000; Finnila et al. 2001; Maca-Meyer
et al. 2001; Torroni et al. 2001; Herrnstadt et al. 2002;

Achilli et al. 2004; Howell et al. 2004; Palanichamy
et al. 2004; Rajkumar et al. 2005), represent the best
possible solution for phylogenetic analysis (Richards and
Macaulay 2001; Kivisild et al. 2006). However, data for
mtDNA polymorphisms in different human populations
are still limited and only few haplogroups are based on
mtDNAs complete sequence (Finnila and Majamaa 2001).
Most important, several reports associate some diseases
with specific mtDNA haplogroups (Brown et al. 1997;
Kalman et al. 1999; Chinnery et al. 2000; Ruiz-Pesini
et al. 2000; Moilanen et al. 2003; Herrnstadt and Howell
2004; Mancuso et al. 2004; Pyle et al. 2005), and it is there-
fore fundamental to increase our understanding of mtDNA
haplogroup (Rose et al. 2001; Niemi et al. 2003, 2005).

Interpopulation comparisons and phylogenetic tree
construction through mtDNA studies can be useful for
the characterization of populations with unusual genetic fea-
tures (Tolk et al. 2000; Finnila and Majamaa 2001; Larruga
et al. 2001; Meinila et al. 2001). mtDNA analysis of differ-
ent Sardinian populations revealed specific genetic charac-
teristic and a variable degree of subpopulation homogeneity
within the island (Workman et al. 1975; Piazza et al. 1988;
Morelli et al. 2000). However, so far no studies were carried
out in eastern Sardinia using complete mtDNA sequences.

In the present article, we present the analysis of 63
complete mtDNA sequences of samples coming from 3 dis-
tinct villages of a Sardinian region, Ogliastra, characterized
by both genetic and environmental homogeneity. This area
encompasses 23 small isolated villages, whose founders
presumably derived from the same original gene pool, with
scant genetic exchanges with the rest of Sardinian areas
recorded during the last 400 years of parish and historical
records. Indeed, it is thought that geographic and cultural
barriers have exerted a strong isolating effect in this part
of Sardinia. Geographical isolation, small population size,
high endogamy, and inbreeding are expected to lead to in-
creased genetic differentiation among subpopulations as
a consequence of founder effect and genetic drift (Angius
et al. 2001; Fraumene et al. 2003).
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Genealogical records systematically kept since the
17th century allow the careful and accurate reconstruction
of genealogies for each village. We created a relational da-
tabase and developed specific tools to access these data eas-
ily and reconstruct complete genealogical trees for up to 16
generations in a rapid manner (Mancosu et al. 2003, 2005).
It is, therefore, possible to also reconstruct accurately all the
maternal lineages present in the 3 villages all the way back
to the 17th century. We analyzed one or more individuals
from each founder maternal genealogical lineage.

Our study allowed us to monitor segregation and se-
lection in the evolution of these lineages. Complete mtDNA
sequences permitted us to evaluate genetic differentiation of
each village in comparison to other European sequences.

Materials and Methods
Samples Selection

We sequenced complete mtDNAs of 63 individuals
from 3 small villages within Ogliastra region (Eastern
Sardinia). Talana (1,161 inhabitants) and Urzulei (1,419
inhabitants) are located in the northwestern part of Ogliastra,
whereas Perdasdefogu (2,400 inhabitants) is located in the
south. Samples were selected on the basis of genealogical
information (Fraumene et al. 2003) aiming at examining
one or more individuals for each founder maternal lineage.

All villages have a limited number of maternal line-
ages coalescing into few different haplogroups (table 1).
Maternal lineages with less than 10 descendents were
not taken into consideration as not being sufficiently repre-
sentative of the community. For Talana, we estimate that 17
genealogical lineages account for about 87% of the present-
day living inhabitants (1,765 residents and nonresidents),

for Urzulei, 22 genealogical lineages account for about
90% present-day living inhabitants (2,091 residents and
nonresidents), and for Perdasdefogu, 23 genealogical line-
ages account for about 79% present-day living inhabitants
(2,340 residents and nonresidents). During the last 50 years,
Perdasdefogu has undergone substantial immigration be-
cause of a military base nearby, but, by our sampling
method, the maternal lineages immigrated in the village
after 1950 were not considered.

Informed consent was obtained from each individual
and all samples were collected in accordance with the
Declaration of Helsinki.

DNA and Sequence Analysis

Genomic DNA was isolated from 5 ml of peripheral
blood as previously described (Ciulla et al. 1988). Whole
mtDNA was amplified using 24 partially overlapping frag-
ments, each ’800 bp in length (Rieder et al. 1998). Poly-
merase chain reaction (PCR) primers were designed to
provide ’200 bp overlap between neighboring fragments.
Template DNA was amplified in 25-ll volume. PCR con-
ditions were as follows: initial denaturation 2 min at 95 �C,
35 subsequent cycles of 30 s denaturation at 95 �C, 30 s
annealing at each primer-specific temperature, 45 s exten-
sion at 72 �C, and a final 7 min extension at 72 �C. PCR
products were purified with ExoSap-IT Kit (USB Corpora-
tion, Cleveland, OH). Sequencing reactions were performed
with 7 ll purified PCR product, forward or reverse primers
used in PCR reactions, and ABI BigDye Terminator Cycle
Sequencing kits (Applied Biosystems, Foster City, CA).
Sequencing reactions were purified using Millipore Multi-
Screen Assay System (Millipore, Billerica, MA), and fluo-
rescent-labeled extension products were loaded onto an ABI

Table 1
Maternal Genealogical Lineages of the 3 Villages. ‘‘Year’’ Indicates the Date of Introduction of Maternal Lineages in the
Village.‘‘Progeny’’ Indicates the Total Number of Living Descendants. ‘‘Hapl.’’ Designates the Mitochondrial Haplogroup

Talana Urzulei Perdasdefogu

Founder Year Progeny Sample Hapl. Founder Year Progeny Sample Hapl. Founder Year Progeny Sample Hapl.

1 1600 97 2545T H 1 1780 91 00136U H 1 1750 76 0002P H
2 1600 104 2175T H1 2 1570 35 00207U H1 2 1680 73 0218P H1
3 1623 108 2554T H1 3 1805 40 00097U H1 3 1680 64 0305P H1
4 1684 95 2798T H1 4 1572 409 00004U H3 4 1685 36 0695P H1
5 1720 33 2472T H1 5 1585 78 00070U H3 5 1690 198 0399P H1
6 1800 221 2579T H1 6 1790 19 00307U H3 6 1879 45 0157P H1
7 1572 104 2702T H3 7 1865 21 00120U H3 7 1640 60 0437P H3
8 1585 94 2060T H3 8 1890 23 00271U H3 8 1665 27 0019P H3
9 1600 34 2477T H3 9 1763 140 00062U H4 9 1695 182 0009P H3

10 1640 13 2465T H3 10 1600 22 00257U J1c 10 1700 35 0054P H3
11 1760 170 2538T H3 11 1610 217 00134U J2b 11 1851 23 0066P H3
12 1770 45 2662T H3 12 1590 64 00100U T2b 12 1650 101 0006P PreV
13 1790 33 2008T H3 13 1770 46 00260U T2b 13 1870 34 0540P J2a
14 1895 16 2282T J2b 14 1776 63 00105U T2b 14 1680 212 0349P K1a
15 1740 109 2038T T2 15 1660 66 00050U U5b1 15 1884 32 0208P K1a
16 1662 128 2096T U5b3 16 1780 33 00191U U5b2 16 1610 95 0259P T2
17 1550 130 2010T V 17 1785 183 00102U U5b2 17 1854 38 0185P T2

18 1590 45 00368U U5b3 18 1660 34 0288P U1a
19 1614 106 00032U U5b3 19 1725 141 0008P U1a
20 1615 63 00187U U5b3 20 1650 47 0044P U5b3
21 1650 104 00213U U5b3 21 1831 34 0176P U5b3
22 1904 24 00343U U6 22 1800 48 1074P X2b

23 1710 218 214P-358P X2
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3730 DNA analyzer (Applied Biosystems, Foster City,
CA). To avoid errors or artifacts, each sample was se-
quenced for both mtDNA strands. Moreover, ambiguous
results were always confirmed by independent PCR and
sequencing.

Comparisons with rCRS were performed using the
BioEdit Sequence Alignment software (http://www.mbio.
ncsu.edu/BioEdit/bioedit.html).

Sequences Evolutionary Analysis

All sequences were assigned to Western Eurasian hap-
logroups according to the nomenclature of Reidla et al.
(2003), Maca-Meyer et al. (2003), Palanichamy et al.
(2004), Achilli et al. (2004, 2005), Behar et al. (2006),
and references therein.

The phylogenetic networks based on coding and
D-loop region sequences were constructed by use of a
median-joining algorithm (Bandelt et al. 1995, 1999) as
implemented in the Network 4.1 program (http://www.
fluxus-technology.com). By inspecting the network, one
can identify homoplasic sites, that is, sites that are subjected
to recurrent mutation (Bandelt et al. 1995, 1999).

Median-joining networks, based on nucleotide varia-
tion in the whole mtDNA, were generated with an e value
of 0. Because of mutation-rate heterogeneity between D-
loop and coding region, we chose to give a smaller weight
to nucleotide positions in the D-loop region. We assigned a
weight 5 2 to all coding-region variants and a weight 5 1
for D-loop substitutions.

Analyses of Genetic Variation

Statistical analyses of genetic variation within each
population of the 3 villages of Ogliastra (Talana, Urzulei,
and Perdasdefogu) were conducted using DnaSP ver 4.0
software (Rozas et al. 2003).

Measures of genetic variation between populations
were computed using Arlequin ver 2.0 software (Schneider
et al. 2000). FST and /ST values, 2 indices of population
differentiation, based, respectively, on allele frequencies
and on both allele frequency and sequence differences,
were computed between each pair of populations, and an
analysis of molecular variation (AMOVA) was carried
out. To assess the significance of the genetic variances thus
estimated, individual genotypes were randomly reassigned
to populations and populations to groups 1,000 times
(Schneider et al. 2000). In this way, the significance of
the estimated variances was tested by a nonparametric per-
mutational procedure in which the distribution of the ran-
dom variances thus obtained was compared with the
observed values (Excoffier et al. 1992). Several tests of
mutation-drift equilibrium were conducted using Tajima’s
D (Tajima 1989), Fu and Li’s D and F (Fu and Li 1993), and
Fu’s Fs (Fu 1997).

Results
Sequence Variation in mtDNA from 63 Subjects of
Talana, Urzulei, and Perdasdefogu

Complete mtDNA sequence was determined in 63
maternally unrelated healthy individuals from Talana,

Urzulei, and Perdasdefogu belonging to haplogroups H,
pre-V, V, J, K, T, U, and X.

These sequences were defined using haplogroup def-
initions as described in literature (Torroni et al. 1996;
Finnila et al. 2000, 2001; Herrnstadt et al. 2002; Maca-
Meyer et al. 2003; Reidla et al. 2003; Achilli et al.
2004, 2005; Palanichamy et al. 2004; Behar et al. 2006).
Although haplogroup distributions were different in each
village (table 1), total frequencies were as follows: hap-
logroup H 52.4%; haplogroup T 9.5%; haplogroup V
1.6%; haplogroup pre-V 1.6%; haplogroup J 6.4%; hap-
logroup U 20.6%; haplogroup K 3.2%, and haplogroup
X 4.7%. No mtDNAs from haplogroups I and W were
found. These frequencies differ from those of Herrnstadt
et al. (2002), where haplogroup U has a lower frequency,
but our data are similar to Kivisild et al. (2006). Moreover,
we found that Urzulei has the highest haplogroup U fre-
quency. We found an underrepresentation of haplogroup
K compared with the literature probably due to genetic drift:
haplogroup K was present only in Perdasdefogu.

We found that our 63 mtDNA sequences contained
172 sequence changes in the coding-region and 69 se-
quence changes in the D-loop region. In the coding region,
46 positions were nonsynonymous, 84 positions were syn-
onymous, 20 substitutions were in 12s and 16s rRNA
genes, 16 substitutions were in tRNA genes, 2 substitutions
were in the origin of replication, and 4 in the noncoding
region (see supplementary table, Supplementary Material
online). Thirteen out of 172 sequence changes in the coding
region are novel as they have not been previously reported
in literature or described in the Mitomap Web site (table 2).

Polymorphisms A263G, A750G, A1438G, A4769G,
A8860G, and A15326G were shared by all mtDNA se-
quences. The 2706G and 7028T polymorphisms were not
present in most haplogroup H mtDNA sequences. The
11719A polymorphism was present in all T, J, U, X, and
K haplogroups. The C14766T polymorphism was also pres-
ent in all T, J, U, X, and K haplogroups, with one exception:
Talana, subhaplogroup T2.

Topology of Phylogenetic Networks and Comparison
with Europeans

The median network of 63 complete mtDNA sequen-
ces of the Ogliastra region is shown in figure 1. Our analysis
revealed 241 segregating sites characterizing 51 haplo-
types. The topology of our network shows 4 mtDNA hap-
logroups clusters: HV, UK, TJ, and X according to a recent
mtDNA tree based on complete mtDNA coding-region
sequences (Kivisild et al. 2006).

Haplogroups H and V form a cluster sharing 73A,
14766C, and 11719G polymorphisms, with 4 exceptions:
6P and 2P samples from Perdasdefogu sharing 73G,
2798T, and 2579T samples from Talana sharing 14766T.
The H haplogroup network is highly starlike, and at least
2 subclusters emerge: H1, defined by 3010A encompassing
34% of the HV cluster, and H3, defined by 6776C encom-
passing 48% of the HV cluster. The starlike nature of H3
and H1 subhaplogroups suggests that these lineages have
undergone a recent expansion. Sample 62U could be
assigned to H4 and is characterized by 3992T, 4024G,
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5004C, 7356A, 7521A, 9123A, 14365T, and 14582G se-
quence changes. There are also typical H haplotypes per-
taining to 136U (186A, 2789T, 4823C, and 16192T), 2P
(73G, 152C, 8557A, 12358G, and 16145A), and 2545T
(16167T and 16261T) samples. Sample 2010T was identi-
fied as V and is characterized by sequence changes 72C,
3745A, 4314C, 4580A, 7852A, 15904T, 15905C,
16188T, 16294T, and 16298C. Sample 6P was identified
as pre-V and is characterized by 72C, 73G, 12662G, and
15904T sequence changes. The 62U, 136U, 2P, 2545T,
2010T, and 6P samples, present at equal frequency within
the HV cluster, represent 18% of samples of the cluster.

Within the HV cluster, some sequences differ from the
previously published mtDNA phylogeny. Sample 6P was
assigned to the HV cluster. It has 2 substitutions typical
of V haplogroup (72C and 15904T) but lacks 73A,
4580A, and 16298C. Based on these findings and on its net-
work position, this sample could be assigned to the pre-V
haplogroup (Achilli et al. 2004). Sample 2P is similar to
sample number 28 of Achilli et al. (2004), except for the
substitution 9368G. Samples 2465T and 2477T present
the 3010A, although they are H3. Moreover, sample
2554T has 3010G, although its network position is H1.
All these cases could be explained by back mutation or ho-
moplasy within the same haplogroup because such sites are
known to be prone to recurrent mutations (Achilli et al.
2004; Loogvali et al. 2004; Palanichamy et al. 2004).

The TJ cluster is characterized by polymorphisms
4216C, 11251G, 15452A, and 16126C. In our population,
the haplogroup T could be subdivided into 2 subha-
plogroups, T2 and T2b. The haplogroup J could be subdi-
vided into 3 subhaplogroups: J1c, J2a, and J2b.

Polymorphisms 12372A, 12308G, and 11467G char-
acterize the UK cluster. In our network, 5 subhaplogroups
are present within haplogroup U: U6, U1a, U5b1, U5b2,
and U5b3. U6 and K1a are distinct from the other subha-
plogroups by the presence of 16311C.

Haplogroup K is a subhaplogroup within U (Achilli
et al. 2005; Behar et al. 2006; Kivisild et al. 2006). Subha-
plogroup U6 is characterized by 3348G, 4336T, 4454C,
5147A, 6575G, 12501A, 14470C, 14518G, 16172C,
16219G, and 16261T sequence changes.

Subhaplogroup U1a is characterized by 195C, 285T,
663G, 2218T, 4991A, 6026A, 7403G, 7581C, 11116C,
12879C, 13104G, 13656C, 14070G, 14364A, 15115C,
15148A, 15217A, 15954C, 16145A, 16189C, and
16249C sequence changes.

Subhaplogroups U5b1, U5b2, and U5b3 are defined by
sequence changes 150T, 3197C, 7768G, 9477A, 13617C,
14182C, and 16270T. A new, well-defined cluster, charac-
terized by 6 transitions (373G, 7226A, 11177T, 16192T,
16235G, and 16519C) and 1 transversion at position
16169A, is identified; in accordance with the nomenclature
system of Richards et al. (1998), it could be tentatively
named U5b3. This subhaplogroup, never previously
reported in the literature, seems to be restricted to Sardinia.

In our network, the haplogroup X is characterized
by polymorphisms 153G, 195C, 225A, 1719A, 6221C,
6371T, 12705T, 13966G, 14470C, 16189C, 16223 T,
16278T, and 16519C. Additional sequence changes subdi-
vide the main branch into subhaplogroups, X2b and X2
(Reidla et al. 2003).

We found homoplasy cases in different haplogroups:
709A (for haplogroups T–U), 5147A (for haplogroups T–
U), 5656G (for haplogroups T–U), 10398G (for hap-
logroups J–K), 14798C (for haplogroups J–K), 14470C
(for haplogroups U–X), 11914A (for haplogroups H–U),
11950G (for haplogroups H–U), and 15607G (for hap-
logroups H–T). We detected in all 18 homoplasic posi-
tions in the D-loop region and some even occurring at
subhaplogroup-defining sites.

Figure 2 shows a network based on European sequen-
ces described by Herrnstadt et al. (2002) together with 76
European samples from Kivisild et al. (2006). Taking into
account the ethnic origin (United States and United King-
dom) of Herrnstadt sequences, we added the Kivisild sam-
ples covering numerous European countries in order to
produce a more complete portrait of the European net-
work. The Kivisild samples include 5 Northern European,
12 Italian, 1 Greek, 2 Finn, 2 Ashkenazi, 1 Georgian, 17
Hungarian, 3 Icelander, 3 Czech, 1 Sardinian, 5 Basque,
1 Iberian, and 23 Dutch.

We inserted our samples in this European network
to show the position of Ogliastra in comparison with

Table 2
Novel Mutations Detected in the Coding Region of mtDNA of the Samples of the Ogliastra Region

Haplogroup

Nucleotide Position Amino Acid Substitution H Pre V V T J U K X

A3615G ND1 Synonymous 4 � � � � � � �
T4314C tRNAIle — � � 1 � � � � �
C6491T CO1 Synonymous � � � � 1 � � �
A7571C tRNAAsp — 4 � � � � � � C
T7679C CO2 Phe / Leu � � � 3 � � � �
T11116C ND4 Synonymous � � � � � 2 � �
A11200G ND4 Synonymous 1 � � � � � � �
A12059C ND4L Asn / His 2 � � � � � � �
A12662G ND5 Asn / Ser � 1 � � � � � �
C13807T ND5 Leu / Phe � � � � � � � 2
A13907G ND5 Asn / Ser 2 � � � � � � �
C14329T ND6 Synonymous 3 � � � � � � �
C15318A Cyt b Ala / Asp � � � � � 1 � �
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European lineages. Our samples are placed externally
within each haplogroup, reflecting influence of factors
such as founder effect and genetic drift. There is general
agreement regarding the formation of H, H1, H3, V, T2,
T2b, J1c, J2a, J2b, U5b1, U5b2, X2b, and X2 sub-
haplogroups, but for subhaplogroup K1a, we changed
Herrnstadt et al. (2002) network topology according to
Behar et al. (2006).

Analyses of Genetic Variation

The results of the statistical analysis of genetic diver-
sity within each population are presented in table 3. The

gene diversity for the whole sequence within populations

ranges from 0.970 to 0.993 depending on the locality, thus

showing a relatively high genetic variability within each

population. Those high values could be explained by the

FIG. 1.—Phylogenetic network of 63 complete mtDNA sequences of the Ogliastra region relative to the recent rCRS. Green, blue, and red numbers at
the nodes indicate the samples of villages of Talana, Urzulei, and Perdasdefogu, respectively. All nucleotide substitutions are transitions unless otherwise
indicated by suffixes, which denote transversions. Some branch lengths have been distorted to increase legibility.

Complete mtDNA Sequences in Sardinian Isolates 2105



2106 Fraumene et al.



biased sampling strategy. Indeed, individuals were not sam-
pled randomly but one individual from each lineage was
selected, thereby increasing the genetic diversity within
each population. However, for the D-loop, the values fall
within the range of values reported for Italian populations
(Handt et al. 1998).

On the other hand, the nucleotide diversity and the
number of segregating sites is lower than that observed
by Ingman et al. (2000) for non-Africans, using sequences
from individuals from 32 different countries. This is also
true for the D-loop sequence only. Similarly, the average
number of pairwise differences is lower than the one found
by Ingman et al. (2000), both for the complete sequence and
for the D-loop, although, for the D-loop, it is slightly higher
(4.22) than the value previously found in Sardinia by Di
Rienzo et al. (1991). These values are similar to the ones
found in other European populations, for instance, 8.4 in
Central Italy (Handt et al. 1998; Tagliabracci et al. 2001).

In brief, most of our values of genetic diversity were
lower than the ones found by Ingman et al. (2000) but
higher than the ones previously estimated for Sardinia; this
could be explained, respectively, by the facts that 1) our
study was based on only 3 localities (instead of 32 countries
in the study of Ingman et al.) and 2) the sampling was not
random but specifically designed to explore intrapopulation
diversity, thus increasing measures of internal diversity
compared with other studies in Sardinia.

The values of genetic distance between populations,
both FST and /ST, are relatively low (FST 5 0.0173;
/ST 5 0.0398). The percentage of variation based on hap-
lotype frequencies among populations was 1.73 (P, 0.01)
and within populations was 98.27, whereas the percentage
of variation based on molecular distances was 3.98 (P ,
0.05) and 96.02, respectively, among and within popula-
tions. However, AMOVA reveals that between 1.7% and
4.0% of the genetic variation is due to differences among
populations (considering either haplotype frequencies or
molecular distances), which is statistically significant.
However, these values are consistent with the ones ob-
served for mainland Italians and Sardinians by Barbujani
et al. (1995), who suggested that less than 6% of the mito-

chondrial diversity could be attributed to differences be-
tween localities.

Tests of Mutation-Drift Equilibrium

Tajima’s D is negative in all populations sampled but
never significant, thus not showing any departure from neu-
trality, unless pooling all 3 populations together (table 4).
This is in contrast with most previous studies on mtDNA,
which have shown significant negative values, generally
interpreted as a consequence of population expansions (Ex-
coffier and Schneider 1999). For instance, based on the D-
loop region, both Merriwether et al. (1991) and Barbujani
et al. (1995) found significant Tajima’s D values in Sardi-
nians; and Verginelli et al. (2003) also found significant val-
ues in central-eastern Italy. Similarly, in a study of complete
mitochondrial sequences (Ingman et al. 2000), significant
negative values of Tajima’s D were observed in the non-
African samples. Fu and Li’s D and F tests were not sig-
nificant in our study, even after pooling the populations.

The insignificant values obtained in our tests of
mutation-drift equilibrium do not seem due to the sampling
scheme. Tajima’s D is based on the differences between the
number of segregating sites and the average number of nu-
cleotide differences. Fu and Li’s D test is based on the dif-
ferences between the number of singletons (mutations
appearing only once among the sequences) and the total
number of mutations, whereas Fu and Li’s F test is based
on the differences between the number of singletons and the
average number of nucleotide differences between pairs of
sequences.

Positive values are observed in stationary populations,
in which a substantial number of mutations are shared by
different lineages (Rogers and Harpending 1992). Con-
versely, in expanding populations, most mutations tend
to be unique to a single lineage, resulting in negative values.
By selecting and completely sequencing mitochondrial
genomes of different haplogroups or by jointly analyzing
members of different populations, one is overestimating
the fraction of singletons (and segregating sites) and, hence,
biasing downwards the estimates.

Table 3
Genetic Diversity within Each Population: Number of Segregating Sites, Gene Diversity,
Nucleotide Diversity, and Average Number of Pairwise Difference or Mismatch. In Bold
Characters are the Values Relative to the Whole Mitochondrial Sequence and in Normal
Character, the Ones Relative to the D-Loop Region Only

Talana Urzulei Perdasdefogu All

Segregating sites 101, 38 129, 40 148, 43 234, 69
Gene diversity 0.978, 0.963 0.970, 0.965 0.993, 0.975 0.992, 0.980
Nucleotide div Pi 0.0010, 0.0060 0.0016, 0.0075 0.0016, 0.0072 0.0015, 0.0072
Mismatch media 17.10, 6.75 26.40, 8.41 25.95, 8.09 24.31, 8.06

FIG. 2.—Phylogenetic network of 259 European mtDNA sequences from Herrnstadt et al. (2002), 76 European mtDNA sequences from Kivisild
et al. (2006), and 63 mtDNA sequences of the Ogliastra region based on coding-region variations relative to the recent rCRS. Numbers at the nodes
indicate samples; green, blue, and red numbers indicate the samples of villages of Talana (T), Urzulei (U), and Perdasdefogu (P), respectively. Empty
nodes were extensively described by Herrnstadt et al. (2002). Samples indicated by European Union code come from Kivisild et al. (2006). All nucleotide
substitutions are transitions unless otherwise indicated by suffixes, which denote transversions. Some branch lengths have been distorted to increase
legibility. The branches I, W, T1, T2a, J3, U5a, U9, U2, U4, and K2 were not expanded because our samples did not lie in these mtDNA lineages.
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On the other hand, Fu’s Fs values are both significant
for complete mtDNA sequences and for the D-loop, when
considering all localities together. The Fs test statistic (Fu
1997) is based on the probability of having a number of
alleles greater or equal to the observed number in a sample
drawn from a stationary population. This statistic is partic-
ularly sensitive to population growth (Excoffier and
Schneider 1999). Using the data of Di Rienzo et al.
(1991) on Sardinia, Excoffier and Schneider also found sig-
nificant negative values, indicating a period of population
expansion. It is possible that we found significant values
only with this last test because it is the most sensitive to
population demographic processes, and there is evidence
that population growth in Ogliastra might have been slower
than in other European countries (Barbujani et al. 1995).

Discussion

Haplogroup definition and population genetic infer-
ence would greatly benefit from a better understanding
of mtDNA variations in coding regions, but complete
mtDNA sequences are rarely produced. Analysis of com-
plete coding-region sequences of our Ogliastra samples
revealed 13 novel substitutions. Our study ascertained that
26% of nonsynonymous substitutions involve threonine co-
don: most changes replace threonine with alanine. Compar-
ing human, primate, and other mammalian mtDNA reveals
that threonine/alanine substitutions are overrepresented in
humans, whereas methionine/leucine changes are common
in other mammalian species (Kivisild et al. 2006).

So far, only a few studies have carried out complete
mitochondrial sequences, and we have analyzed the com-
plete coding region of Sardinian samples for the first time.
The number of never previously described substitutions dis-
covered in this study is probably due to the low number of
complete mtDNA sequences reported in the literature. We
could hypothesize that some substitutions are typical of the
Ogliastra region and/or Sardinia, whereas others will be
found in the future in other populations. Moreover, we
found some typical substitutions, that is, the U5b3 subha-
plogroup, probably peculiar to the Ogliastra region.

In the present study, we constructed a network show-
ing the general topology of coding and D-loop regions of
Talana, Urzulei, and Perdasdefogu samples, and we
inserted it in a broader network containing other European
sequences described in literature.

Our complete mtDNA sequences can be arranged into
an unambiguous network, in agreement with previously
published D-loop–based networks. Each haplogroup was
defined by many coding-region sequence changes, whereas

only a few D-loop substitutions appeared to be important in
this respect (as reported for 6P sample). In Talana, Urzulei,
and Perdasdefogu (Fraumene et al. 2003), all reticulations
were resolved, demonstrating the importance of integrating
the study of the 2 regions in order to define a correct and
simplified haplogroup phylogeny. This study characterizes
also with greater precision some haplogroups previously
based only on control region data and RFLP analysis.
We find that there are actually many haplogroup-associated,
haplogroup-defining, and haplogroup-specific sequence
changes and a large number of homoplasic sites. The net-
work topology of our samples is congruent with previously
published Western Eurasian basal haplogroup phylogenies
(Herrnstadt et al. 2002; Reidla et al. 2003; Achilli et al.
2004; Palanichamy et al. 2004; Achilli et al. 2005), with
some minor external branch differences probably due to ret-
romutation and events of homoplasy. Homoplasy or back
mutation presence within the coding region is already docu-
mented (Loogvali et al. 2004) and confirms some site var-
iability in mtDNA evolution (Aris-Brosou and Excoffier
1996). Comparing with other European coding-region se-
quences, it appears that these 3 small populations remained
extremely isolated and genetically differentiated in the
European context. Different biodemographic histories
determined by population expansions, immigration rates,
endogamy, founder effect, and genetic drift shaped each
one of these populations characterized by unusual genetic
features.

Comparing statistics describing genetic diversity in
Ogliastra with those of other populations is not straightfor-
ward because of the sampling scheme chosen. Here we ob-
served relatively high values of gene diversity, with respect
to other isolated populations. This is the expected conse-
quence of the sampling strategy; indeed when specific
mtDNA lineages are selected, one is artificially increasing
diversity within populations. However, the number of seg-
regating (or polymorphic) sites is less than that in other stud-
ies, both for the whole sequence and for the D-loop alone.
Therefore, it is highly likely that variation within populations
is actually reduced in the Ogliastra region, a result suggest-
ing that the isolation documented in the historical record has
actually affected the people’s genetic features. Along with
the observation that FST and UST values are high among
the 3 villages sampled, our finding would suggest that the
Ogliastra population is unlikely to show internal stratifica-
tion. Only an analysis of genetic diversity for autosomal
markers implementing a random sampling strategy could
confirm that the 3 populations studied in this region are dis-
tinct and internally homogeneous in general. This could also
clarify a possible departure from neutral expectations (for

Table 4
Tests of Selection of Tajima’s D, Fu and Li’s D and F, Fu’s Fs; in Bold Characters are
the Values Relative to the Complete Mitochondrial Sequence

Talana Urzulei Perdasdefogu All

Tajima’s D �1.819, �1.648 �1.029, �0.912 �1.381, �1.144 �1.799*, �1.532
Fu and Li’s D �2.037, �1.259 �1.126, �0.822 �0.119, �0.143 �1.456, �0.734
Fu and Li’s F �2.288, �1.587 �1.284, �0.993 �0.610, �0.534 �1.910, �1.247
Fu’s Fs �1.319, �3.639* �0.167, �3.809* �4.193*, �5.589** �15.080***, �20.213***

*P , 0.05; **P , 0.01; ***P , 0.0001.
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Fu’s Fs statistic) due to an excess of low-frequency haplo-
types. A similar excess of rare haplotypes (and a related def-
icit of intermediate-frequency haplotypes) was observed in
most previous mitochondrial studies, with some populations
of hunters and gatherers being the main exception (see e.g.,
Excoffier and Schneider 1999). We assume chances are that
the Ogliastra populations, despite the relative paucity of the
resources available and with their isolation, did slowly
expand, much like other food-producing populations. This
hypothesis should be further investigated in the future.
The results of the Tajima’s D, Fu and Li’s D and F tests,
and Fu’s Fs suggest that because of the relative paucity
of the resources available and their isolation, the Ogliastra
populations increased in size too slowly, unlike other
food-producing populations, to carry a clear mark of the ex-
pansion in their mitochondrial genome.

To conclude, complete networks could help to distin-
guish between a rare polymorphism and a pathogenic mu-
tation in clinically affected people. Similar phylogenetic
network studies should be carried out in other populations
for furthering medical and population genetics.
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