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Summary

The Azores islands (Portugal), uninhabited when discovered by Portuguese navigators in the fifteenth century, are
located in the Atlantic Ocean 1500 km from the European mainland. The archipelago is formed by nine islands of
volcanic origin that define three geographical groups: Eastern (S. Miguel and Sta. Maria), Central (Terceira, Faial,
Pico, Graciosa and S. Jorge) and Western (Flores and Corvo). To improve the genetic characterisation of the Azorean
population, and to clarify some aspects related to the history of settlement, a study of mtDNA was conducted in the
population of the archipelago. The HVRI region was sequenced and specific RFLPs were screened in 146 samples
obtained from unrelated individuals with Azorean ancestry (50 from the Eastern group, 60 from the Central group,
and 37 from the Western group). Samples were classified into haplogroups based on the information obtained from
both sequencing and RFLP analysis.

All the analyses performed support the idea that, in the whole group of islands, the majority of mtDNA lin-
eages originated from the Iberian Peninsula, mainly from Portugal (mainland). However contributions from other
European populations, especially from Northern Europe, cannot be disregarded. The values obtained for the various
diversity parameters in the Azores archipelago indicate that the Azorean population, as a whole, does not exhibit
the typical characteristics of an isolated population. The analysis of genetic data by groups of islands showed that the
Western group exhibited particular features. The distribution of haplogroups in the Western group is very atypical,
being significantly different from what is observed in the Eastern and Central groups. Furthermore, the diversity
values are, in general, lower than those observed in other populations used for comparison. African haplogroups
were found in all the groups of islands. Therefore the presence of Moorish and African slaves on the islands, as re-
ported in historical sources, is supported by the mtDINA genetic data, especially in the Eastern group. The presence
of Jews in the Central group is also supported by the mtDINA data. Neither historical nor genetic data (phylo-
geography of mtDNA) supports the idea of a differential settlement history for the Western group; however, it is
represented in the phylogenies as an isolated branch. The effect of genetic drift, induced by the reduced population
size since peopling occurred, has led to a very atypical distribution of haplogroups/haplotypes in this group of
islands.

We cannot ignore the influence of biodemographic and genetic processes, namely founder effect, genetic drift,
migration, and even recent mutational events in the mtDINA lineages of the Azorean populations. Nevertheless, a
great part of the variation in the Azorean mtDNA can be explained by the settlement history.
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Introduction

The Azores archipelago (Portugal), located in the
Atlantic Ocean, 1500 km from the European mainland,
is formed by nine islands of volcanic origin whose rela-
tive positions define three geographical groups: Eastern
(S. Miguel and Sta. Maria), Central (Terceira, Faial, Pico,
Graciosa and S. Jorge) and Western (Flores and Corvo).
With an area of 2344 km?, the Azores presently has a
total population of 237315 inhabitants, distributed in
a very asymmetric way among the three groups of is-
lands (134885 in the Eastern group, 98101 in the Cen-
tral group, and only 4329 in the Western group) (INE,
2001).

Historical data indicates that the islands were unin-
habited when discovered by Portuguese navigators in
the fifteenth century. The peopling of the islands was a
slow and difficult process, and was initiated in 1439 in
the islands of Sta. Maria and S. Miguel; the small islands
of Flores and Corvo were only inhabited towards the
end of 16th century (Matos, 1989; Mendonga, 1996).
According to historical records, the first settlers came
mainly from various regions of mainland Portugal and
from Madeira Island. However, people of difterent ori-
gin, such as Spanish, French, Italian, English, German
and Flemish (whose important presence is always re-
terred to in accounts of the peopling of the Central
group), also made up part of the early settlers (Matos,
1989; Mendonca, 1996). There is clear evidence that
Jews also contributed to the peopling of the archipelago.
Sephardim Jews expelled from the Iberian Peninsula may
have used the Azores as a refuge. The presence of African
and Moorish slaves in the islands is also referred to in his-
torical documents (Matos, 1989; Mendonca, 1996), be-
ing well-documented especially for the Western group
(Gomes, 1997). However, the specific contribution of
these settlers to the different islands is not clear, due to
the lack of both historical and genetic data.

The complex process of peopling, the evolution of
island populations, always affected by migration along
with geographic isolation, has been the main stimulus
for carrying out biodemographic and genetic studies on
the Azorean population. To improve the genetic charac-
terisation of this population and enhance our knowledge
about several aspects related to its origin and dynamics,
a research project that includes the analysis of nuclear
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autosomal markers, Y chromosomal and mitochondrial
DNA (mtDNA), is presently being undertaken by our
group. Here we present the results of the sequencing of
HVRI, and specific RFLP screening of mtDNA. Our
main goals were: (i) to describe the variation of mtDINA
in the Azorean population; (ii) to gather data in order to
contribute to the establishment of the genetic profile of
the archipelago; (iii) to shed more light on some aspects
related to the history and dynamics of the settlement of
the Azores.

Material and Methods

Samples

One hundred and forty-six unrelated individuals, born
in the Azores and with Azorean ancestry, were sam-
pled, including 42 previously tested by Pires (1999).
The birthplace of the earliest known maternal ances-
tor was chosen as the sample location. Fifty individuals
were originally from the Eastern Group, 60 from the
Central Group, and 36 from the Western Group. The
samples were taken by buccal swabs and existing sam-
ples collected by Pires (1999) by venupuncture. Vol-
untary donors were asked for informed consent and to
fill in an anonymous inquiry concerning the birthplaces
of all their known ancestors. The comparative data set
consisted of 1493 mtDNA HVRI sequences from the
populations listed in Table 1. Populations were selected,
when possible, in order to include groups that are men-
tioned in historical documents as sources of settlers for

the Azores islands.

DNA Extraction

Total DNA from buccal cells was extracted using In-
stagene matrix (BioRad) according to the manufac-
turer’s specifications. DNA from blood samples was
previously extracted by Pires (1999) using standard

protocols.

MtDNA Analysis

RFLP Analysis
Relevant restriction sites for mtDNA haplogroup

determination (Table 2) were selected from those
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Table 1 Population (corresponding codes in Figure 2), sample size, references and source of the information used in this study

Population N Reference Source
Azores — Eastern Group 50 This work This study
Azores — Central Group 60 This work, This study,
Pires, 1999 Provided by the author
Azores — Western Group 36 This work This study
Mainland North Portugal (Pt) 100 Pereira et al. 2000 GenBank
Mainland Central Portugal (Pt) 82 Pereira et al. 2000 GenBank
Mainland South Portugal (Pt) 59 Pereira ef al. 2000 GenBank
Spain (Mainland) (Sp) 89 Corte-Real et al. 1996; HVRbase (Handt ef al. 1998)"
Pinto et al. 1996
Galicia (Sp) 92 Salas et al. 1998 HVRbase (Handt ef al. 1998)!
Basque Country (Sp) 106 Bertranpetit et al. 1995; HVRbase (Handt ef al. 1998)!
Corte-Real et al. 1996
France (Fr) 50 Rousselet & Mangin, 1998 HVRbase (Handt ef al. 1998)!
UK (UK) 100 Piercy et al. 1993 HVRbase (Handt ef al. 1998)!
Germany (Ger) 67 Hofmann et al. 1997 HVRbase (Handt et al. 1998)!
Austria (Aus) 101 Parson et al. 1998 HVRbase (Handt ef al. 1998)"
Italy (It) 49 Francalacci et al. 1996 HVRbase (Handt ef al. 1998)!
Israel Arabs/Palestinians (Isr) 117 Di Rienzo & Wilson, 1991; Database of Richards et al. 20007
Richards et al. 2000
Algeria (Alg) 85 Corte-Real et al. 1996 HVRbase (Handt ef al. 1998)!
Moroccan Jews (M]) 115 Thomas et al. 2002 Provided by the author
Morocco (Berber) (MBer) 60 Rando et al. 1998 Provided by the author
Morocco (Moroccans) (Mor) 32 Rando et al. 1998 Provided by the author
Senegal (Sen) 119 Graven ef al. 1995 HVRbase (Handt ef al. 1998)!
Rando et al. 1998 Provided by the author
Mauritania (Maur) 30 Rando et al. 1998 Provided by the author
S. Tome (ST) 50 Mateu et al. 1997 Article
Mozambique (Moz) 109 Pereira et al. 2001 Article

http://www.hvrbase.de

2http://www.stats.ox.ac.uk/~ macaulay/founders2000/tableA.html

proposed by Torroni et al. (1993, 1994, 1996), Torroni &
Wallace (1994), Chen et al. (1995), Macaulay et al.
(1999), Quintana-Murci et al. (1999) and Saillard et al.
(2000). Some of the specific primers and PCR condi-
tions for each polymorphic site were available from the
literature, but others were designed in our laboratory
(Montiel, 2001; Santos, 2001).

Six ul of PCR product were used in restriction en-
zyme digestions and the enzymatic cleavage was per-
formed according to the manufacturer’s specifications.
Results of restriction analyses were resolved through

electrophoresis in agarose gels (2%).

HUVRI Amplification and Sequencing

Sequencing was performed for all samples, except those
previously sequenced by Pires (1999). A fragment of
443 bp from the HVRI, located between positions
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15978 and 16420 (numbered according to Anderson
et al. 1981), was amplified using primers and PCR con-
ditions described by Pereira et al. (2000). PCR prod-
ucts were purified using the QIAquick PCR purifi-
cation kit (Quiagen). Sequence reactions were carried
out using the kit ABI PRISM BigDye Terminator
version 3 and run in an ABI3100 sequencer (Perkin
Elmer).

Data Analysis

Sequences were aligned and manually checked us-
ing BioEdit (Hall, 1999), and all polymorphic posi-
tions were confirmed in chromatograms. Sequences
without ambiguities were obtained between positions
16050 and 16399. The classification of all the sam-
ples by assigning them to haplogroups was performed

Annals of Human Genetics (2003) 67,433—456
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Table 2 Positions analysed to define each haplogroup
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!The region that encompasses the position 12705 was sequenced using primers L12553 and H13127

using the combined information of RFLPs and HVRI
motifs, according to the nomenclature summarized in
Richards ef al. (2000), available at: http://www.stats.ox.
ac.uk/~ macaulay/founder2000/motif.html (Macaulay,
2000). Furthermore, to classify African sequences, a
comparison with published data (Pereira et al., 2001)
was performed. In order to maximise the number of
sequences available for population comparison, all anal-
yses based on sequences were restricted to the 302 nu-
cleotides between positions 16069 and 16370.

The haplogroup distribution in the three groups of
islands was used to perform an exact test of popula-
tion differentiation, as described in Raymond & Rousset
(1995). The exact test was also used to compare frequen-
cies of each haplogroup in the three groups of islands.

For each population, using the HVRI sequence, stan-
dard and molecular diversity indices were estimated
using the Arlequin 2.000 software (Schneider ef al.
2000); namely, gene diversity (ﬁ) (Nei, 1987), num-
ber of different haplotypes (K), number of polymor-
phic sites (S), mean number of pairwise difterences (6,)
(Tajima, 1983), nucleotide diversity (7r) (Tajima, 1983;
Nei, 1987), and the theta estimator based on the number
of different haplotypes (6;) (Ewens, 1972). For the major
haplogroups found in the Azores (and for comparison in
mainland Portugal), H (Nei, 1987), 6, (Tajima, 1983),
7 (Tajima, 1983; Nei, 1987) and the average number of
sites differing between a set of sequences and a spec-
ified common ancestor (p) (Forster et al. 1996) were
estimated.

Phylogenetic networks (Bandelt et al. 1999) among
haplotypes were constructed using the program Net-
work 3.1 (www.fluxus-engineering.com). Positions of
HVRI were weighted as proposed by Richards et al.
(1998).

Genetic distance matrices, according to Reynolds
et al. (1983), were computed in Arlequin 2.000 soft-
ware (Schneider et al. 2000) and were used as in-files
in the Neighbour program from the Phylip ver 3.57¢
package (Felsenstein, 1995), to construct Neighbour-
Joining trees (Saitou & Nei, 1987). Neighbour-Joining
trees were drawn with TreeView (Page, 1996).

The analysis of non-parametric correlations between
the percentage of private lineages and 6y was per-
formed using the statistical package SPSS 9.0.0 (SPSS
inc., 1989-1999).
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Results and Discussion

Sequencing and RFLP Results

Data obtained for each sample from HVRI sequenc-
ing and RFLP analysis, as well as the haplogroup
determined from the RFLP and HVRI motifs, are pre-
sented in the appendix. It was possible, using the com-
bined information provided for both systems of mtDNA
analysis, to classify all samples into one of the hap-
logroups described in the literature. This work confirms
the previously established correlation between RFLPs
and HVRI data (Torroni et al. 1996; Francalacci et al.
1999; Macaulay et al. 1999), and supports the idea that
a correct and complete classification of mtDNA is only
possible when both methods of analysis are used simul-

taneously.

Haplogroup Frequencies

The haplogroup frequencies observed in the total sample
of the Azores, as well as the partial frequencies observed
in the Eastern, Central and Western groups, are sum-
marised in Table 3. The 146 samples were distributed
among 31 different haplogroups/sub-haplogroups. Dis-
tinct numbers of clusters were found in the Eastern (21),
Central (19) and Western (11) groups. The comparison
of the haplogroup distribution in the three groups of is-
lands, using the exact test of population differentiation,
revealed that there is a similarity between the Eastern
and Central groups (p = 0.29955). The Western group
showed significant differences when compared with
the other two groups (Western/Eastern: p < 0.00001;
Western/Central: p = 0.00135).

A comparison of the frequencies of each haplogroup
in the three groups revealed that haplogroups J, U and V
contribute to significantly differentiate the three groups
of islands, and largely to differentiate the Western group
(significant J-Western/Central/Eastern:
p = 0.04084, Western/Eastern: p = 0.038, Western/
Central: p=0.023; U-Western/Central/Eastern: p =
0.00056, Eastern/Central: p <0.0001; V-Western/
Central/Eastern: p <0.0001, Western/Eastern: p <
0.0001, Western/Central: p < 0.0001).

In the total sample of the Azores, all European hap-

differences:

logroups (Torroni et al. 1996) were found, as well as
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the African clusters U6, M1, L1, L2 and L3 (Rando
et al. 1998; Quintana-Murci et al. 1999; Chen et al.
1995, 2000; Watson et al. 1997) and the Near East-
ern N1b cluster (Richards et al. 2000). This re-
sult provides evidence for a mixed composition of
mtDNAs in the Azores islands, that is supported by
historical data referring to the contribution of indi-
viduals from multiple origins to the peopling of the
archipelago.

The analysis by groups (Table 3) revealed that in
the Central group, all the main European haplogroups
(Torroni et al. 1996) were found. A very low frequency
of haplogroup U was observed when compared to val-
ues observed in European populations. The frequency
of | is closer to that observed in North European pop-
ulations. The frequencies of the remaining haplogroups
were similar to those observed in European popula-
tions. African (M1, L1) and Near Eastern (N1b) se-
quences were found in low frequencies in the Central
group.

In the Eastern Group, and when considering Euro-
pean haplogroups, only I is absent. The most interesting
features are the low frequency of haplogroup H (30%),
with respect to European populations, and the higher
number of sub-clusters of haplogroup U relative to the
Western and Central groups of the archipelago. In the
Eastern group, high frequencies of non-European se-
quences were observed, with members of the U6, M1,
L2 and L3 African clusters and N1b Near Eastern cluster
detected.

The Western group exhibited a very atypical hap-
logroup distribution, where the I, J and W haplogroups
are absent. Haplogroup U (excluding K) is under-
represented, and the few samples belonging to this clus-
ter are members of the U2 and U6b sub-haplogroups,
which are uncommon in European populations but
more frequent in Near Eastern and North African pop-
ulations, respectively (Macaulay ef al. 1999). The most
frequent haplogroup is not H, as it is in European pop-
ulations, but V, the frequency of which was higher than
33%. In all the results published so far, frequencies of V
higher than 10% were only found in Catalonia (12.5%)
(Montiel et al. 2001), the Basque Country (12.4%) and
the Skolt Saami (52%) (Torroni et al. 2001). Members
of the East African M1 cluster were also found in this

group of islands.
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Table 3 mtDNA haplogroup distribution (number of individuals and percentage) in the total sample of the Azores, and in Eastern,

Central and Western groups

Azores (N = 146)

Eastern Group (N = 50) Central Group (N = 60)

Western Group (N = 36)

Haplogroup fi % f; % f; % fi %
H 47 32.19 15 30 24 40 8 22.22
1 3 2.05 3 5
] 8 5.48 10 3 5
1 1 0.68 1 2
Jla 2 1.37 1 2 1 1.67
Jib1 3 2.05 3 5
J2 1 0.68 1 1.67
Lic 1 0.68 1 1.67
12 2 1.37 2 4
L3e2b 1 0.68 1 2
M1 4 2.74 1 2 1 1.67 2 5.56
N1b 2 1.37 1 2 1 1.67
T 3 2.05 3 5
T1 3 2.05 1 2 2 5.56
T2 9 6.16 3 6 4 6.67 2 5.56
T3 6 4.11 1 2 2 3.33 3 8.33
u
U2 1 0.68 1 2.78
U3 2 1.37 2 4
us 2 1.37 2 4
U>5a/b 3 2.05 3 6
Ubala 2 1.37 1 2 1 1.67
U5b 1 0.68 1 2
Ub6a 3 2.05 3 6
U6b 2 1.37 5.56
K 8 5.48 3 6 4 6.67 1 2.78
pre-HV 1 0.68 1 1.67
pre*V 2 1.37 2 5.56
\Y4 15 10.27 1 2 2 3.33 12 33.33
w 3 2.05 1 2 2 3.33
X 4 2.74 1 2 2 3.33 1 2.78
R* 1 0.68 1 1.67

HVRI Diversity

Table 4 presents diversity parameters for the Azorean
population and populations cited in Table 1, obtained
using HVRI sequences between positions 16069—
16370. In the total Azorean sample, 80 difterent HVRI
lineages, characterised by 74 polymorphic sites, were
observed. The highest values of diversity estimators
were obtained for the Central and Eastern group, with
similar values, and the lowest values were observed in
the Western group. Compared to other populations,
the values for mean numbers of pairwise differences
(0z) and nucleotide diversity (7r) were higher than the

438  Annals of Human Genetics (2003) 67,433-456

majority of European populations in the Azores sam-
ple (total or by groups of islands). A median value
of gene diversity was observed in the Azores. How-
ever, the value registered for the Western group ap-
pears to be one of the lowest when the three groups
of islands were analysed separately. The values of di-
versity decreased in the three groups of islands when
African sequences (L1, L2, L3 and M1) were excluded
(Table 4).

The analysis of diversity by haplogroups in the
Azorean sample compared to mainland Portugal
(Table 5) showed high values of diversity for the hap-
logroups U and ], while the diversity of the remaining

© University College London 2003
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N-sample size; H-gene diversity; 6,-mean number of pairwise differences; w-nucleotide diversity. Major haplogroups are defined as those with a total frequency higher than 10%;

p-average number of sites differing between a set of sequences and a specified common ancestor (between positions 16051-16399)

haplogroups is lower in the Azores. In the Azorean sam-
ple, H and V haplogroups present the lowest values of
diversity. The African haplogroups have high values of
0., m and p, followed by the U haplogroup. However,
in the Azores, the highest value for gene diversity is
displayed by haplogroup U.

Relating gene diversity and nucleotide diversity in
the three groups of islands (Table 4) to intra-haplogroup
variation (Table 5), it is possible to infer that the higher
nucleotide diversity observed in the Azores, as compared
to European populations, is mainly the result of the
presence of African sequences in the three groups of
islands. Nevertheless, the influence of the variability of
some specific haplogroups, especially U, also has some
influence on the increase in both nucleotide and gene
diversity.

According to Helgason et al. (2000), the theta esti-
mator based on the number of different haplotypes (6y)
is likely to provide a more reliable evaluation of cur-
rent and historical female effective-population size than
0. Of all the populations studied, the Western group
presents the lowest value of 6y, and the Central and East-
ern groups also presented relatively low values (Table 4).
This indicates that the Azores, and especially the West-
ern group, have recently had a relatively small female
effective-population size.

In general, the proportion of private lineages sam-
pled from geographical proximate populations should
increase as a function of 0y, as this parameter reflects
the probability of new lineages arising by mutation
(Helgason et al. 2001). High values of private lineages
associated with low values of 8y, found in some pop-
ulations used in the comparison such as Mozambique,
are the result of the non-inclusion of a sufficient num-
ber of geographically related populations in the com-
parative database to detect gene flow. Considering the
analysis of European populations alone, a significant
positive correlation is observed between the percent-
age of private lineages and the values of Oy (ry, =
0.596; p = 0.009). The relationship between the
percentage of private lineages and the values of 0y is pre-
sented in Figure 1, and varies greatly among the three
groups of islands. The Eastern group presents an ex-
cess of private lineages in contrast to the Central group,
which tends to a scarcity of private lineages. The west-

ern group, and the total sample of the Azores, have a
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Figure 1 Scatterplot of 6} values and percentage of private
lineages. The least-squares regression line is shown. The curved
lines show the 95% confidence region around the regression
line.

proportion of private lineages that can be expected by
their 6.

The excess of private lineages observed in the Eastern
group could have different causes. An intuitive expla-
nation is that the isolation of the islands can hinder the
migratory flow of new lineages to and from neighbour-
ing populations. However, six of the private lineages
found in the Eastern group belong to African clusters
(U6a, M1, L2 and L3). Consequently, it is more likely
that a sufficient number of African populations was not
included in the comparative database.

Within the Azores, the Central group shares the high-
est number of lineages with the other two groups of is-
lands. Therefore, the relative scarcity of private lineages
observed in the Central group could be indicative of
either a very high level of emigration (where few lin-
eages remain private for long, because of rapid outward
gene flow to neighbouring populations), or of immigra-
tion (where new lineages arriving into the population
would increase 6 but not the proportion of private
lineages).

The values of diversity parameters, reported for the
archipelago, allow us to infer that the Azores popula-

tion as a whole does not present the typical characteris-
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tics of an isolated population. Thus, the values recorded
are similar to those observed in the majority of Euro-
pean populations used in the comparative analysis, and
higher than those observed in isolated populations like
the Basque country and Galicia. Furthermore, neither
an excess nor a scarcity of private lineages is observed, in
relation to the respective 6 value, suggesting that val-
ues of diversity in the Azores are adjusted to the effective
population size of females.

These results are in accordance with studies of au-
tosomal STRs (Lima, personal communication), classi-
cal markers (Amorim et al. 1979) and those reported
in biodemographic studies, which indicate that the
Azorean archipelago, when considered as a whole, does
not exhibit levels of endogamy and consanguinity higher
than those reported for some populations from mainland
Portugal (Cunha, 1987; Lima, 1991; Lima & Soares,
1992; Smith ef al. 1992).

When analyses were carried out by groups of islands,
the Western group appears to have different features.
The haplogroup distribution is very atypical, diversity
values are in general lower than those observed in the
other groups of islands, and the value of gene diversity is
one of the lowest registered in all of the populations used
for comparison. However, the relationship between the
percentage of private lineages and values of 0y indicate
that this group of islands does not undergo a higher
level of isolation than that observed in the other groups
of islands. This leads to the conclusion that the observed
haplogroup distribution and lower diversity are strictly
related to the reduced number of females present in the
island since peopling, and makes the roles of founder

effect and genetic drift in small populations evident.

Phylogeography of Azores mtDNA

Figure 2 (a, b, ¢, d, e) represents phylogenetic networks
of haplotypes found in the Azores and populations used
for comparison. To simplify networks, haplotypes absent
in the Azores were only represented if they were phylo-
genetically related to haplotypes present in the Azorean
population. Examining the networks, from the 80 dif-
ferent haplotypes (based on HVRI information) found
in the Azores, only six are present in more than one
group of islands. Two haplotypes are present in the three

groups, three are common to the Central and Eastern
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Figure 2 Phylogenetic Networks of (a) H, V, HV, Pre-HV, Pre*V; (b) U (including K); (¢) J, T, JT; (d) N, I, W, X; (e) L1, L2, L3,

M. Circle sizes are proportional to the haplotype frequency. (Red -

Gray - Mainland Portugal; White - other populations).

groups, and one to the Central and Western groups. The
Central group is the one that shares the highest number
of haplotypes with the other two. This result indicates
limited migratory movements among the three groups
of islands, until at least the beginning of the 19" cen-
tury (since the geographical location of the sample was
based on the origin of the great-grand-parents of the
donor).

Forty-one haplotypes (represented in the networks as
single colour circles: red to the Eastern group, blue to
the Central group and green to the Western group) ap-
pear to be exclusive to the Azores, and thirty-nine are

shared with other populations. By analysing the shared
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Eastern group; Blue - Central group; Green - Western group;

haplotypes, thirty-three were found to be common to
the Iberian Peninsula (mainly to mainland Portugal).
However, only eleven are shared exclusively with the
Iberian Peninsula, the remaining twenty-two also being
present in one or more of the other populations. Specif-
ically, sixteen are found in other European populations,
ten in Israel, five in Moroccan Jews, eleven in North
Africa and four in West Africa. Considering that these
haplotypes belong to European haplogroups (H, J, T
U, K, V and X) (Torroni ef al. 1996) their most proba-
ble origins are the Iberian Peninsula or other European
populations. However, a possible North African origin

cannot be excluded for some sequences. The work of
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Figure 2 (continued)

Rando et al. (1998) attests to the fact that there is strong
evidence for some degree of European genetic input
into North Africa. There is, for example, evidence that
haplogroups U5 (Richards et al. 1998) and V (Torroni
et al. 1998) are represented in North Africa. Only one
haplotype (ACR34-H) is shared exclusively with non-
Iberian European populations (Fig. 2a).

Haplotypes represented by A15-pre-HV (Fig. 2a) and
SM11-N1b (Fig. 2d) are shared exclusively with the Is-
raeli population, and SM18-K (Fig. 2b) with Moroc-
can Jews. Taking into account the fact that the Israel
Arab/Palestinian sample represents an extant population
living in the region to which Jews trace their origin
(Thomas et al. 2002), and that Moroccan Jews probably
included descendants of the Sephardim Jews that were
expelled from the Iberian Peninsula, the three haplo-
types (represented by A15, SM11 and SM18) previously
mentioned could indicate the presence of Sephardim
Jews in the Azores. The haplotype represented by SM51

© University College London 2003
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(Fig. 2b), belonging to sub-haplogroup U6a, is shared
with Israeli and North African populations. This haplo-
type is probably originally from North Africa, since the
U6 haplogroup has been described as a North African
cluster (Rando et al. 1998).

U6 sequences are represented in both the Eastern and
Western groups; however, in the Western group (sam-
ples F1, F12) they belong to sub-cluster U6b, which, ac-
cording to Plaza ef al. (2001), is restricted to the Iberian
Peninsula. In the Eastern group (samples SM22, SM30
and SM51) they are assigned to U6a, found in both the
Iberian Peninsula and North Africa (Plaza et al. 2001,
Rando et al. 1998). Thus, only lineages found in the
Eastern group could plausibly constitute evidence of the
influence of Moorish slaves, which is in accordance with
historical data.

The haplotype represented by A16 (Fig. 2d), a mem-
ber of the European haplogroup I, is present in non-

Iberian European populations. In S. Tome, the same
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Figure 2 (continued)

haplotype was found (Mateu ef al. 1997); however that
sample probably belongs to haplogroup L3 (Calafell,
Comas & Mateu, personal communication).

In summary, the analysis of shared haplotypes
indicates that the majority of haplotypes is shared
with Iberian Peninsula populations, principally
with mainland Portugal. A small influence from
other European (especially North European), Near
East/Jewish and North African populations can also be
confirmed.

The 41 private lineages found could have been in-
troduced into the Azores both by European and by
African individuals belonging to populations that are
not included in the comparison, for example, popula-
tions from Flanders and Madeira Island, for which data
are not available. Alternatively, as suggested by Helgason
et al. (2000), they may arise from populations included
in the analysis in which these lineages have not yet been
sampled, or have been lost since the inhabitation of the

Azores.
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2 fus, 2 lsr,
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On the other hand, the hypothesis of the origin of
some private lineages in recent mutational events oc-
curring after the settlement of the islands cannot be
disregarded.

The possible origin of the non-shared haplotypes, to
be discussed later, was inferred using the partial net-
works presented in Figure 2 and two mtDINA databases,
namely the database of Richards et al. (2000) and the
HVRbase (Handt et al. 1998), both available online.

A worldwide search for the 41 private haplo-
types found in the Azores was performed in mtDNA
databases, and eight matches with samples that were not
included in the comparison were found. Haplotypes
represented by ACR31-H (Fig. 2a), F24-T (Fig. 2¢),
ACR30-W (Fig. 2d) and SM49-Ub5a/b (Fig. 2b) are
shared with Northern European populations that were
not included in the analysis; ACRS8-T2 (Fig. 2c),
SM12-X (Fig. 2d) and ACR7-T (Fig. 2¢) match
with one sequence each, found, respectively, in Rome
(Italy), Romany and Armenia; SM22 (Fig. 2b), which
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belongs to the North African cluster U6a (Rando et al.
1998), is not shared with populations used for com-
parison, but was found in the Canary Islands (Rando
et al. 1999) and in Moroccan Berbers (Anglés, personal
communication).

Haplotypes classified as ] can provide valuable infor-
mation for the inference of the origin of the Azorean
population. This haplogroup is present at high frequen-
cies in Northern European populations, and some spe-
cific clusters, such as J1b1, can be assigned to a very
restricted geographic area. Haplogroup J is absent in
the Western group, but its frequency is close to 14% in
both the Eastern and Central groups, higher than that
observed in the Iberian Peninsula and similar to that
observed in Northern European populations. Among
the ten J haplotypes found in the Azores, six are private
lineages (Fig. 2c¢).

The haplotype represented by ACRS5 could have
been derived from the haplotype 16069, 16126, 16278,

© University College London 2003
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16120

Shi11-MIb

A7-Nib

16366, found in mainland Portugal and in the Eastern
group (SM40). SM19 could have been derived from
the haplotype 16069, 16126, 16261, found in mainland
Portugal. Haplotypes represented by SM25 and SM37
could be derived from haplotype 16069, 16126 found
in the Azores (SM7, SM43 and ACR23) and at high
frequencies in Europe, especially in United Kingdom.
Haplotype A3 was possibly derived from the haplotype
16069, 16126, 16145, 16172, 16222, 16261, found in
the United Kingdom and Spain.

Nevertheless, other origins can be postulated for the
previously mentioned J haplotypes. Importantly, the in-
fluence of the population from the region of Flanders
that was not included in the analysis is always men-
tioned in the peopling of the Central group. It is ex-
pected that this population, like the surrounding North-
ern European populations, would have high frequencies
of haplogroup J, and some of the non shared haplotypes

found in the Azores could match with those which,
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hypothetically, would be found if the mtDNA of Flem-
ish populations was analysed.

East African M1 sequences (SM1, ACR11, F29 and
F37) (Fig. 2e) do not match any sequence present in
the mtDNA databases, probably because African pop-
ulations are less studied. The most similar sequence
that was found is a North African sequence with the
motif 16129, 16182C, 16183C, 16189, 16223, 16249,
16311. All the M1 sequences found in the Azores have
a very similar motif, and probably trace their origin to
the same geographical region in East Africa. With re-
spect to L1, L2 and L3 sequences (Fig. 2e), they are
located in the network near to sequences from various
sub-Saharan populations and from mainland Portugal
African sequences. This indicates a common origin for
both African sequences present in mainland Portugal
and the Azores islands, which is consistent with the his-
torical context of the 16" century, when Portugal was

actively involved in the slave trade (Thomas, 1998).

Annals of Human Genetics (2003) 67,433—456

The analysis of non-shared haplotypes indicates that
the majority of the European private lineages have
their probable origin in Northern European and Near
Eastern populations. Evidence of influences from both
North Africa and sub-Saharan Africa were found in the
Azores; however, a strict geographic origin for African
sequences is difficult to define.

The terminal position in the networks of several
Azorean haplotypes, and their strict relation with other
Azorean haplotypes, seem to indicate that some of the

private lineages could have originated in the Azores.

Estimates of Admixture

To estimate the proportion of admixture, the infor-
mation concerning the possible origin of both shared
and non-shared haplotypes was summarised. Three ma-
jor groups were defined for the origin of mtDNA in
the Azores (Europe, Near East and Jews, and Africa).

© University College London 2003
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Figure 3 Bar chart showing the pattern of haplotype contribution from parental

populations to the Azores.

‘Whenever a haplotype is shared with a European pop-
ulation, it is admitted that its most probable origin is
Europe. Thus, it is possible to infer that probably: a min-
imum of 11.25% of the haplotypes found in the Azores
are originally from African populations; a minimum of
7.5% are derived from Near Eastern and Jewish popu-
lations; and a maximum of 81.25% are from European
populations.

Figure 3 illustrates the observation that mtDNA gene
pools of all the groups of islands have their major con-
tribution from European populations. However, there
are some differences among the three groups of islands.
The Eastern group exhibits the highest contribution
from non-European populations (close to 25%), mainly
African (18.2%), revealing the influence of slaves in the
peopling of this group of islands.

In the Central group, the non-European influence
is approximately 15%, 10% from Near Eastern/Jewish
populations, and 5% from African populations. The
‘Western group exhibits the lowest contribution of non-
European lineages (6.25%), which is exclusively African.
According to historical information the contribution
of slaves to the peopling of the islands, mainly to the
Eastern and Western groups, was very important, being
well-documented for the Western group (for review see
Gomes, 1997). One of the headmen of Flores island was
also leader of Santo Antio island (Cabo Verde), and a
great number of the slaves who arrived at the Western

group were originally from Cabo Verde. Surprisingly,

© University College London 2003

no L1, L2 or L3 mtDNA lineages were found in the
Western group. This indicates that factors such as dif-
ferential mortality may have affected the fitness of slaves,

limiting the transmission of their genes until now.

Genetic Distances and Phylogenetic
Reconstruction

To examine the relationship between all pairs of popula-
tions used in the comparison, genetic distances accord-
ing to Reynolds ef al. (1983) were calculated, and used
to build a phylogenetic tree (not shown). In contrast to
European populations, African populations present
higher genetic distances among themselves. This justi-
fies the existence of an identifiable gradient observed in
the N-J tree from sub-Saharan to North African pop-
ulations, and the aggregation of the European popu-
lations in one extreme of the tree. It is impossible to
establish any relation among European populations. Fur-
thermore, the three groups of islands are located in this
assemblage.

To try to clarify the position of the Azores with
respect to other populations, various N-J trees were
built. The position of the various populations was very
similar in all the trees. In Figure 4, a tree that ex-
cludes Algerian and Western and Eastern African pop-
ulations is shown, where the African populations that
show less genetic distance relative to the Azores are

maintained.
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Figure 4 Neighbour-Joining tree (Saitou & Nei, 1987) constructed from Reynolds ef al.

(1983) genetic distances.

The analysis of Figure 4 reveals that the geographi-
cally and/or culturally isolated populations, such as those
of the Basque Country, Galicia and Moroccan Jews,
are separated from the remaining European populations.
Moroccans also appear to be separated, because this pop-
ulation 1s the most differentiated relative to European
populations. The three groups of islands are located in
different branches of the tree that emerge from a group
of European populations. However, the Western group
appears in a very profound and isolated branch, reinforc-
ing the previous results that indicate a differentiation of
this group of islands. The Central group is located in the

same branch as Israel, while the Eastern group is posi-

Annals of Human Genetics (2003) 67,433—456

tioned in the same branch as the Moroccan Berbers.
The position of the Eastern group corroborates previ-
ous results, indicating some affinities with African pop-
ulations. In a similar manner the position of the Central
group indicates that there is some relationship with Near
Eastern populations.

The analysis of phylogeography of Azores mtDNA,
estimates of admixture, genetic distances and phyloge-
netic reconstruction allow us to infer a possible origin
for the mtDINA gene pool of the Azores. All the anal-
yses support the idea that, in all the groups of islands,
the majority of mtDNA lineages come from the Iberian

Peninsula, mainly from Portugal, but the contribution

© University College London 2003



of other European populations, especially from North-
ern Europe, cannot be disregarded. The presence of
Moorish and African slaves in the islands is also supported
by mtDNA genetic data, especially in the Eastern group,
as well as the presence of Jews, mainly in the Central
group.

Neither historical nor genetic data supports the idea
of a differential settlement for the Western group; how-
ever, it appears in the phylogenies in an isolated branch.
With 4329 inhabitants (INE, 2001) today, the West-
ern group has reduced its population size by half in less
than one century. Thus, this “bottleneck”, combined
with a small population size since peopling, has led to
a very atypical distribution of haplogroups/haplotypes
that influences all the results obtained. Future ge-
netic and biodemographic investigations in the West-
ern group will certainly help to clarify its position
relative to the rest of the archipelago, and to other

populations.

Conclusions

This work confirms that studies of large population
samples in restricted geographical contexts can produce
valuable insights concerning specific genetic and de-
mographic features that would remain undetectable in
broad scale surveys.

The distinct analyses allow us to infer that the Azorean
population does not present the typical characteristics of
an isolated population, as is usually postulated for islands.
However, the Azores archipelago has a recent demo-
graphic history, was peopled by individuals of multiple
origins, which naturally leads to a population with high
diversity, and it is probable that the effect of isolation, if
it exists, remains undetectable at this time.

Separate analyses of the three groups of islands ap-
peared to be valuable for detecting the specific features
of the Western group, which presents some differenti-
ation with respect to the other groups of islands. This
differentiation should be the result of genetic drift pro-

cesses, induced by the small population size since peo-
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pling, and eventually the result of the recent reduction
in population size.

The analysis of lineage sharing supports the idea that
mainland Portugal and Northern European populations
could have contributed the majority of the mtDNA
lineages that are currently observed in the Azorean
mtDNA gene pool. However, many lineages are still
private to the Azores, and their origins are sometimes
difficult to infer, since historically related populations
such as the population of Flanders are not used for
comparison, because they remain uncharacterised for
mtDNA.

Contrary to studies using autosomal markers (Lima
et al. personal communication), it was possible to in-
fer the influence of African and Near East/Jewish
individuals in the islands, pointing out the effective-
ness of non-recombining markers to reconstruct the
history of populations. It was even possible to de-
tect differential contributions of non-European pop-
ulations to the peopling of the three groups of
islands, mainly the contribution of Africans to the East-
ern group, and the contribution of Near East/Jewish to
the Central group, both in accordance with historical
data.

Part of the variation in the Azorean mtDNA can be
explained by the settlement history of the archipelago.
Furthermore, it has been necessary to bear in mind that
the variation of mtDNA was affected during the last
500 years, by biodemographic and genetic processes like
founder effect, genetic drift, migration, and even recent
mutational events. Thus, the results presented here arise
from the combination of the history of peopling and the
evolution of populations, with all their biodemographic

and genetic interactions.
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Variant positions from the CRS are shown between 16050 and 16399 in HVRI (minus 16000). Substitutions are transitions unless the base change is explicitly indicated. Insertions

of one and two cytosines are shown by ‘insC(1)” and ‘insC(2)’ respectively. The results of specific RFLP screening are also presented. 4+ and — indicates, respectively, the presence

and absence of the restriction site. Classification into haplogroups is presented using individual and combined information of sequences and RFLPs. Haplogroups presenting an

ambiguous classification are assigned with a question mark (?).
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