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Abstract

Background: The archeology and history of the ancient Mediterranean have shown that this sea has been a
permeable obstacle to human migration. Multiple cultural exchanges around the Mediterranean have taken place
with presumably population admixtures. A gravitational territory of those migrations has been the Iberian Peninsula.
Here we present a comprehensive analysis of the maternal gene pool, by means of control region sequencing and
PCR-RFLP typing, of autochthonous Andalusians originating from the coastal provinces of Huelva and Granada,
located respectively in the west and the east of the region.

Results: The mtDNA haplogroup composition of these two southern Spanish populations has revealed a wide
spectrum of haplogroups from different geographical origins. The registered frequencies of Eurasian markers,
together with the high incidence and diversification of African maternal lineages (15% of the total mitochondrial
variability) among Huelva Andalusians when compared to its eastwards relatives of Granada and other Iberian
populations, constitute relevant findings unknown up-to-date on the characteristics of mtDNA within Andalusia that
testifies a female population substructure. Therefore, Andalusia must not be considered a single, unique population.

Conclusions: The maternal legacy among Andalusians reflects distinctive local histories, pointing out the role of
the westernmost territory of Peninsular Spain as a noticeable recipient of multiple and diverse human migrations.
The obtained results underline the necessity of further research on genetic relationships in both sides of the
western Mediterranean, using carefully collected samples from autochthonous individuals. Many studies have
focused on recent North African gene flow towards Iberia, yet scientific attention should be now directed to
thoroughly study the introduction of European genes in northwest Africa across the sea, in order to determine its
magnitude, timescale and methods, and to compare them to those terrestrial movements from eastern Africa and
southwestern Asia.
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Background

The archeology and history of the ancient Mediterranean
have shown that this sea has always been a permeable obs-
tacle to human migration. Throughout prehistory onwards,
people have traveled and moved across the Mediterranean
and migrated in many directions. Scenarios of early human
movements in the Mediterranean both over land and by
sea are found in the obsidian trade of Melos island with
Greece mainland (~8,000 BC), and evidences of seafaring
and island occupations as Cyprus, Corsica, Sardinia and
Majorca are dated ~8,500 BC [1,2]. Consequently, multiple
cultural exchanges around the Mediterranean have taken
place with presumably population admixtures. A critical
region of those migrations has been the Iberian Peninsula.
Iberia has a strategic geographical position, in the south-
western extreme of Europe, being in maritime contact with
the Atlantic Ocean and Mediterranean Sea and further act-
ing as the closest link between Africa and Europe across
the narrow Strait of Gibraltar (14 km). Moreover, its ex-
tensive territory of complex relief with a markedly vari-
ation among their different regions [3], its intricate history,
archeological richness and diverse and persistent socio-
cultural patterns, justifies the growing scientific interest in
knowing the extent of the genetic diversity of contempor-
ary Iberian populations and the impact of migrations on
their gene pool ([4-10], among others). The Cantabrian
fringe of northern Iberia along with the east of Andalusia
region and the Spanish Levant would have had an import-
ant role as refugee areas during the Last Glacial Maximum
(LGM, ~20 thousand years ago, kya) as well as a source of
a posterior European resettlement with the improvement
of climatic conditions [11,12].

The mitochondrial (mtDNA) genome is being one of
the most widely used molecular tools in the knowledge
of Iberian genetic diversity, commonly by the joint ana-
lysis of control region and some coding region variants.
Even so, in the last years, the level of phylogenetic reso-
lution in the study of mtDNA in Iberian populations is
reaching the maximum by means of complete genome
sequencing, paying special attention to particular mater-
nal lineages with different ancestral roots in diverse con-
tinental areas [7,10,13-17].

Within Peninsular Spain, the most thoroughly exam-
ined region in terms of human mtDNA genetic variation
has been the Cantabrian cornice —in particular Galicia
and the Basque area [18-21]. Galicians and Basques both
share high values of mtDNA lineage H, and specifically
of sub-clades H1 and H3, which reach frequency peaks
in those territories.

Given the abundance of surveys dealing with the ex-
tent of genetic diversity both in Iberia and its islands
(e.g. the Canary Islands), the absence of an exhaustive
and monographic analysis addressed to know mtDNA
profiles in locally defined Andalusian coastal populations
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is striking. The attractive prehistory and history of
Andalusia, the widest and most populated region of Spain,
makes its present-day human population a prominent ob-
jective to detect scenarios of population substructure and
to examine the expected impact of African and other
Mediterranean populations on the Iberian gene pool. Con-
sistently with the geographical proximity between south-
ern Spain and Africa, previous published studies have
obtained results that show evidences of African-linked
mtDNA lineages among Andalusians as well as high levels
of diversity, either analyzing regional general samples
[22-24] or focusing on other inland territories within the
region [16].

In this paper, we provide novel data on mtDNA hap-
logroup (Hg) composition in autochthonous individuals
from Huelva and Granada provinces, located respectively
in the west and in the east of Andalusia region (southern
Spain, see Figure 1). Both provinces are open to the sea
and therefore to maritime contacts. Huelva, with a stra-
tegic Atlantic location near the Strait of Gibraltar and
the Guadalquivir estuary —rich in mineral resources—
would have experienced an intense commercial activity
since ancient times, involving long-distance trade in
metals —copper, tin and silver— as main deposits of the
Tinto river area.

Huelva and Granada have had different and well-
defined histories. The former is mainly characterized by
the Tartessian culture (ca. 800-540 BC) whereas the lat-
ter is strongly linked to the Nazari kingdom, the Islam’s
last possession in Iberia. Tartessos was an essential
axis in Iberian protohistory, the foyer through which
the Iberian Peninsula entered fully into Mediterranean
history [25].

In terms of historical population dynamics, the prov-
ince of Huelva has secularly registered lower demo-
graphic size than its counterpart of Granada. In the
census of Floridablanca (1787), the first modern Spanish
population record, the population of Huelva represented
the 6.4% and Granada the 14.6% of Andalusia, and that
ratio has been maintained in subsequent historical series.
Nowadays, their population densities are 51.6 and 73.0
inhabitants per km? respectively (Iustituto Nacional de
Estadistica, INE 2012).

Some recent studies focused on high-resolution phylo-
genetic analyses of Y-chromosome haplogroups E and ],
performed by this team on the same stock of Andalusian
samples, have revealed that both Huelva and Granada
have integrated multiple migrations and that the sources
of gene flow appear to be more intense and diverse in
the former than in the latter. The presence and fre-
quency in the region of E-M81, commonly referred to as
the “Berber marker”, the occurrence of E-M34, prevalent
among Jews, and the appreciable representation of other
Mediterranean paternal lineages (E-V13, J1-M267, and
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Figure 1 Geographic location of the Andalusia region in the Iberian Peninsula. The two studied Andalusian subpopulations are highlighted
in dark brown. Municipalities, marked with numbers correspond to sample locations in Huelva and Granada provinces, and they were: 1: El
Repilado, 2: Aracena, 3: El Cerro del Andévalo, 4: La Puebla de Guzmén, 5: Valverde del Camino, 6: Villablanca, 7: Niebla, 8: Huéscar, 9: Baza, 10:
Montefrio, 11: Loja, 12: Alhama de Granada, 13: Orgiva. The capital cities of the two provinces are denoted with a white square.

Granada

J2b-M12) would be adding further support to the role of
Andalusia as an open door to human population move-
ments, mainly across the Mediterranean, and with spe-
cial intensity from Neolithic until historic times [8,9].
Guided by these and other previously published data
on haploid DNA polymorphisms in current Iberian po-
pulations, the main goal addressing the present work is
to evaluate the mtDNA haplogroup composition in two
samples of autochthonous Andalusians. As far as we
know, no investigations on this topic have provided re-
sults involving both territories and populations. Our
mitochondrial data presented here will give stronger

evidences for a more visible African influence in the
west than in the east of Andalusia. In addition, we re-
port phylogenetic networks based on mtDNA haplogroups
U6 and L of Andalusians, other Iberian and northwest
African population samples to detect gene flow on both
sides of the Gibraltar Strait, and furthermore we inter-
pret other mitochondrial outstanding features present
in the current maternal composition of southern Ibe-
rians. With all these new genetic data we attempt to
shed new clues about migration and peopling processes
occurred in the Iberian Peninsula since ancient times
onwards.
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Results
MtDNA sequence diversity in Andalusians
We have found a total of 197 different haplotypes
(based on control region sequences and coding region
SNPs) among 279 mtDNA sequences of autochthonous
Andalusians. Few haplotypes (11/279) were shared between
our two analyzed samples (further details in Additional
file 1). Taking into account only control region informa-
tion, we detected 104 different sequences out of 158 in
Huelva (65.8%) and 95 out of 121 in Granada (78.5%). The
number of singleton haplotypes has been 77, 80 and 147
in Huelva, Granada and both provinces, respectively. In
all three cases, the distributions of repeated haplotypes
(abundance-occurrence) fit well a power law with expo-
nents varying between -2.12 and -3.03 and coefficients of
determination (R?) of 0.86 and 0.91. Parameters corre-
sponding to mtDNA sequence analysis are presented in
Table 1. Estimated gene diversity values (H) were similar
in western and eastern Andalusians, but a little higher
to that found in other mainland Iberian populations
(0.95-0.96) [7,16]. Tajima’s (D) and Fu’s (F;) neutrality
tests showed significantly negative values in both ana-
lyzed subpopulations. These demographic analyses to-
gether with the observed unimodal pattern of mtDNA
mismatch distributions (Figure 2) led us to infer pre-
sumably episodes of recent population expansions. The
non-significant Harpending’s index (r) as well as the
sum of squared deviations (SSD) between expected and
observed distributions of pairwise differences would be
supporting that assumption.

The mtDNA haplogroup composition of Andalusians
(Table 2) revealed a typical west European example of

Table 1 Statistical parameters of Andalusian mtDNA
control region sequences

Western Andalusians Eastern Andalusians

(Huelva) (Granada)
N 158 121
K (%) 104 (65.82%) 95 (78.51%)
P 114 114
H (SD) 0.9856 (+£0.0046) 0.9917 (+0.0035)
D (SD) 0.0113 (+0.0058) 0.0090 (+0.0047)
M (SD) 9.1776 (+4.2431) 73161 (£3.4479)
SSD 0.0017 (ns) 0.0013 (ns)
r 0.0028 (ns) 0.0033 (ns)
D —1.71* —2.11%
Fs —24.39%** —24.80%**

K: number of different sequences and percentage of sample size in brackets;
P: number of polymorphic sites; H: haplotype diversity and standard deviation;
D: nucleotide diversity; M: mean number of pairwise differences; SSD: sum of
squared deviations between the observed and expected mismatch
distribution; r: Harpending’s raggedness index; D and Fs are, respectively, the
Tajima's and Fu'’s tests of selective neutrality.

ns: non-significant; *P < 0.05; **P <0.01; ***P < 0.001.
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Eurasian haplogroups (RO, HV, H, J, T, U w/o U6, K, N1,
N2, and X) with proportions of 85.4% in the west (Huelva:
n =135 out of 158) and 96.7% in the east (Granada: n =
117 out of 121) of region. Even so, a significant genetic
differentiation was observed, either by comparing control-
region sequences (Fsr = 0.011; P =0.000) or by consider-
ing the whole mtDNA haplogroup composition by adding
coding-region information (Fsr=0.025; P=0.000). In
support of this, the value x* = 41.54, df = 13, P = 0.000,
was highly correspondent to the above mentioned Fsr
values. The analysis of the corrected typified residuals
revealed that the significant contributors (95% C.I.) to
the genetic differentiation in the geographic distribution
pattern for mtDNA diversity in the region were hap-
logroups K, H, U6, N1 and L.

The influx of mtDNA lineages into Andalusians

Eurasian haplogroups

Almost half of the western European matrilineal gene pool
is composed of mtDNA lineages and sub-lineages that
arise from the parental clade RO. A descendent lineage,
haplogroup H, covers around 40-50% of the total mtDNA
variation in Europe, with a decreasing cline towards the
east and the south of the continent [15,26,27]. In the
present study, Huelva Andalusians registered remarkably
lower frequencies (32.9% of the total mtDNA variability)
of H when compared with the proportion (50.4%) found
in Granada (see Table 2). Haplogroup H shows higher
values in northern Spain (~60%) [14,23].

Sub-haplogroups H1 and H3 register frequency peaks in
the Iberian Peninsula, a scenario that has been traditionally
interpreted in terms of mtDNA signals of a post-glacial
major population expansion (~15 kya) from the Franco-
Cantabrian refuge to northeast Europe [15,26]. These
lineages are commonly found in western and eastern
Andalusia (Huelva, H1: 17.7% and H3: 2.5% and Granada,
H1: 16.5% and H3: 5.8%) as well as along the Mediterranean
coast of Africa [15,28-30]. Moderate frequencies of H1
have been recorded in some Middle Eastern populations
where H3 is almost absent [27].

Sub-clade H5 presents a rather high frequency (6.6%)
in Granada sample when compared to their relatives
from Huelva (1.3%) and other Iberian populations (2-4%,
[19]). Among the whole mtDNA sequences of Granada
Andalusians the proportion of H unclassified (i.e. H*
only polymorphism 7028 confirmed) is higher (~20%)
than those found in other previously analyzed Iberian
and North African samples [26,29,31,32]. It is worth not-
ing that H* is the most commonly represented cluster
within H in the Near East, a fact that could indicate that
the paraphyletic group arose in this area and spread later
over Europe [26].

The incidence of the sister clades J and T, both derived
from R, were similar in the studied Andalusian samples
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Figure 2 Observed and expected mismatch distributions for Huelva and Granada mtDNA control region sequences.
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although interesting diversification and differences in their
distribution were observed when analyzing ] and T phyl-
ogeny. Sub-haplogroup T2 comprises over 80% of the total
T-lineages in western Europe [33], and it closely agree
with that found in our study (in Huelva, 90.0% of T sam-
ples were T2, while we found 72.7% in Granada). Compar-
able scenarios have been observed in other neighboring
coastal European Mediterranean populations (e.g. Southern
Peninsular Italy, [34]) with the exception of Moroccan
Berbers [31] and Egyptians [35] among which T1 sub-
lineage is the most frequent.

mtDNA ] sub-lineages J1bla (np 242), J2ala (nps 215,
16145, 16231) and J2bla (np 16278) were detected among
Andalusians. The two first ones (J1bla, J2ala) have been
considered as signals of major expansions occurring from
the Near East towards Europe in the Late Glacial period
(~16-12 kya). The latter (i.e. J2bla) is thought to be indeed
an almost exclusive mtDNA marker of Europeans [33].

Our data revealed far higher frequencies of U/K clade
in Huelva (36.1% of total U/K; 27.2% excluding U6) than
in Granada (15.7% U/K; 14.1% excluding U6), contrast-
ing also with the range of variation found in other pre-
viously studied Iberian samples (10-20%). Haplogroup
U is a complex, ancient cluster that shows a heteroge-
neous distribution of its sub-clades across Eurasia [36].
In Andalusia region, U(xU6) yielded values ~14% with a
differential presence of U2, U3, U4, U5 and U7 in the
west and east of region. U5 is one of the most frequently
U-lineages among modern European populations (7%
on average, [37]). Accordingly, in Andalusia U5 (specif-
ically U5b) covers most of variation of haplogroup U
(7.0% out of 15.8% in Huelva and 8.3% out of 12.4% in
Granada). Interestingly, U5b do not account for more
than 10% in European Mediterranean populations and it is
virtually absent in North Africa and Middle East [38].

Some members of the earliest branches of macroha-
plogroup N (N1 and N2), and other phylogenetically re-
lated haplogroups such as X (X2) have been found in
the whole studied Andalusian sample with frequencies
<5%. Haplogroup N1 (N1bl), which is quite rare in
Europeans but very frequent in Jews (~10% [39]), has
also been detected in Granada Andalusians.

The incidence of haplogroup K in Huelva (11.4%) con-
stitutes a distinguishing trait of its mtDNA gene pool,
resembling the observed values (11-15%) found in Berbers
from Tunisia and Egypt [31,40]. However, in other Iberian
samples the frequencies of K (5-7%) agree with that found
in most European populations [7,14,41]. The highest fre-
quencies of Hg K are registered in Ashkenazi Jews (30%
[39]). Even so, Ashkenazi Jews are rare and very recent in
Spain.

African haplogroups

Haplogroups U6 and M1 are considered female genetic
markers of current northern African population, mainly
along the Maghreb, and more eastern African areas
[13,42-44]. In a European frame, patchy distributions
of these haplogroups, together with L (mitochondrial
lineage linked to sub-Saharan Africa) have been ob-
served, although frequency peaks are reached in the
Iberian Peninsula [6,10]. Western Andalusians (from
Huelva, present study) register the highest frequencies
(14.6%) of African lineages reported until now in the
Iberian Peninsula and all over the European continent.
The corresponding proportion in eastern Andalusians
(Granada sample) was much lower (3.3%).

U6 appears in the Iberian Peninsula with frequencies
between 0.5-5% [24,41]. In northwestern Africa, this
lineage is relevant both in frequency and diversity (e.g.
Moroccan Berbers, 11%, H =1.000 + 0.096 [31]; Tunisian
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Table 2 mtDNA lineages detected in contemporary

Andalusian populations

Western Eastern
Andalusians Andalusians
Haplogroup (Huelva) (Granada)
N % N %
RO: 2 1.27 0 0.00
ROa 2 127 0 0.00
HV: 7 4.43 10 8.26
HVO 5 3.16 4 331
HVO0a 2 127 6 4.96
H: 52 3291 61 5041
H* 15 949 24 1983
H1* 27 17.09 19 15.70
Hla 1 0.63 0 0.00
H1b1 0 0.00 1 0.83
H2a 1 0.63 1 0.83
H3 4 2.53 7 5.79
H5 2 127 8 6.61
H6 2 1.27 1 0.83
J: 10 6.33 9 7.44
J1* 8 5.06 7 5.79
b1 2 1.27 0 0.00
2 0 0.00 2 1.65
T: 10 633 11  9.09
T* 0 0.00 3 248
T 1 0.63 0 0.00
T2 9 570 8 6.61
U(xUe): 25 1582 15 1240
U2e 2 1.27 0 0.00
us* 0 0.00 1 0.83
U3a 7 443 0 0.00
U4 3 1.90 0 0.00
us* 0 0.00 1 0.83
USa 2 1.27 2 1.65
USb " 6.96 10 8.26
u7 0 0.00 1 0.83
K: 18 11.39 2 1.65
K1 16 10.13 2 1.65
K2a 2 1.27 0 0.00
NR*: 0 0.00 2 1.65
NR* 0 0.00 2 1.65
N1: 0 0.00 4 3.31
N1b 0 0.00 2 1.65
[* 0 0.00 2 1.65
N2: 6 3.80 2 1.65
W 6 3.80 2 1.65
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Table 2 mtDNA lineages detected in contemporary
Andalusian populations (Continued)

5 3.16 1 0.83

X2* 1 0.63 1 0.83
X2b 4 253 0 0.00
ve: 14  8.86 2 1.65
Uéba 12 7.59 2 1.65
Uéb 1 0.63 0 0.00
Uéc 1 063 0 0.00
M: 0 0.00 1 0.83
M1 0 0.00 1 0.83
L: 9 5.70 1 0.83
L1b 4 253 0 0.00
L2a 2 1.27 0 0.00
L2b 3 1.90 0 0.00
L3 0 0.00 1 0.83
Total Eurasian lineages [RO, HV, H, J, T, U 135 8544 117 9669

(xU6),K, NR*, N1, N2, X]
Total North African lineages [U6, M1] 14 8.86 3 248
Total Sub-Saharan lineages [L1, L2, L3] 9 570 1 0.83

Main haplogroups and frequencies are represented in bold italics.

Arabs, 8%, H=0.833 +£0.222 [45]). U6 sequences in
Western Andalusians from Huelva are present over the
Iberian range (~9%), being also are characterized by a high
gene diversity value (H=0.890 +0.060). Among the de-
rived branches emerging from U6 clade, U6a is the most
prevalent, widespread and diverse, reaching a frequency of
7.6% in Huelva province. Furthermore, the diversification
of Hg U6 in western Andalusia (present study) is also ex-
tended to U6b and Uéc lineages which display a more lim-
ited and fragmented phylogeography when compared to
U6a [13,17]. Mitochondrial lineage M1 was only found in
one individual from Granada sample (0.83%) mirroring
the pattern detected in the Peninsula where this hap-
logroup is absent or recorded at levels lower than 1%.

Sub-Saharan L haplogroup is present in western
Andalusia (Huelva: 5.7%, n=9) through their derived
clades L1b, L2a and L2b. Comparatively, only one indi-
vidual L (L3h1b) was detected in the Granada sample.
Lineage L2a is the most common and widespread mito-
chondrial haplogroup across the African continent [46]
whereas L1b is concentrated in western and central
Africa [47,48].

An updated graphical overview of the geographical
variation of mtDNA profiles, found in earlier surveys of
mainland Iberians, is given in Figure 3.

Reconstructing Andalusian mtDNA sequence trees
Additional file 2 shows the gene tree built on the differ-
ent mtDNA haplotypes observed among the analyzed
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Figure 3 mtDNA haplogroup profiles registered in some populations of the Iberian Peninsula. The two Andalusian subpopulations
studied here are marked with a red arrow. Codes are as in Additional file 3.

Andalusian samples. As expected, a large number of hap-
lotypes shapes the major cluster H (including H* and de-
rived lineages) which presents a fair star-like phylogeny.
Even though the rest of haplogroups did not show ap-
parently a defined structure in the general phylogenetic
network, the sequences belonging to L1b, L2b and U6a
lineages are characterized by a high number of mutational
steps from the rCRS (in the tree topology, the deepest and
longest branches) with the exception of the branch length
associated to L3h and U5b (see Additional file 1). These
findings would be coherent with the early coalescence ages
estimated for these haplogroups, and therefore related to
its genetic history [42,46,49,50].

Depiction of control region haplotypes (HVS-I) of line-
ages U6 and L in a set of Iberian, Canarian and North
African populations yielded different branch topologies. In
the U6 network (Figure 4A) the sub-clade U6a (49.5%, 47
out of 95 mtDNA U6 samples) seems to be structured
in two sub-clusters each showing a star-like phylogeny.
TMRCA estimate for U6a (p = 1.28; o = 0.63) disclosed an
age of 21.29 +10.50 kya. The modal haplotype (on the
right side), with 10 occurrences, is distinguished by transi-
tions 16172-16219-16278 and comprises 5 mtDNA se-
quences from Andalusians (Huelva and Granada) together

with Portuguese [41], Canarian [51] and Moroccan Berber
samples [31]. The second large U6a node (16172-16183C-
16189-16219-16278) has an outstanding contribution of
Huelva Andalusians together with single samples from
Tunisians Arabs, Moroccan Berbers and Canary Islanders.
In a lesser extent, other derived rising haplotypes are com-
mon in two or more populations used in the analysis.
Apart from U6a, U6 also comprises Ubbd, being repre-
sented in the present network mainly by the autochthon-
ous Canarian sub-lineage U6bl (dark green color) [13]
and the rare and less diversified sub-clade Uébc, which is
occupied by the punctual presence of single haplotypes
from Huelva and Cérdoba (the Caliphate capital town).
The haplogroup L network (in Figure 4B) also branches
into different sub-clades, yet revealing a different structure
than that obtained for U6. L1b shows a star-like phylogeny
with the central node (the largest in the network) includ-
ing 14 mtDNA sequences from 6 populations, being sig-
nificantly represented Huelva Andalusians and two Berber
samples (from Morocco and Tunisia). The age calculated
for this lineage is 18.13 + 5.49 kya (p = 1.09; 0 = 0.33). Sub-
clade L2a shows, by far, a dissimilar situation since it pre-
sents high doses of complexity and diversification. L2b is
only represented by a central branch being occupied by
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Figure 4 Specific median-joining networks for lineages U6 (A) and L (B). Control region sequences (HVS-l) showing relationships between
Iberians and North African population have been used. Superscript numbers in legend refers to Additional file 3 population codes.

Castilian and Berber related haplotypes and two tips be-
longing to two single individuals from Huelva and central
Portugal. The rare L3h1b sub-lineage constitutes a periph-
eral branch within the network.

Population genetic structure

We computed an AMOVA based on the entire popula-
tion dataset reported in Additional file 3. Some results
(not shown here) would indicate that mitochondrial
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DNA genetic differences among Iberian and the rest of
geographic groups (marked by fixation indices Fcr) were
significant, except in the case of Iberia/Europe compari-
sons (0.08% of variance, P> 0.050). Interestingly, the ex-
tent of significance of Fcr between Andalusia and North
Africa is less intense (Fcr=0.029, P<0.050) than when
comparing the Iberian Peninsula as a whole to North
Africa (Fcr=0.041, P<0.001).

Figure 5 shows a Hierarchical Cluster Analysis (HCA)
based on the same set of populations included in
Additional file 3. Factors 1 and 2 account for 62.2% of the
total variance, and, when considering the first four factors,
an 81.1% of the variance is explained. The multivariate
analysis provided six clusters with H, U5, V, L3 and
“Others” lineages significantly defining the population top-
ologies. When the inertia decomposition on the first two
factors is computed, the quotient “Inertia interclusters/I-
nertia total” equals 0.843. This result points out that a high

percentage of the data variation (84.3%) is explained by
the six clusters.

Factor 2 - 13.45 %
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Cluster 1 (C1) is strongly influenced by high frequen-
cies of haplogroup H (cluster mean = 0.571; P = 0.000).
Andalusian samples from Granada (#6) and Cérdoba (#7)
are within this cluster. It is worth noting that northern
Spanish populations, such as Galicians (#1), Basques (#2)
and Castilian-Leonese (#3) are positioned in the right ex-
treme of the plot, due to the prominence of lineage H in
these populations.

Cluster C2 is also significantly determined by haplogroup
H (cluster mean = 0.386; P = 0.002) but in a lesser extent than
C1. It groups a high number (n=23) of populations: seven
Iberians [including Huelva (#5) and 3 Portuguese samples
(#10, #11, #12)], other nine from Mediterranean Europe and
Middle East, and from continental Europe and North Africa.

The genetic position of Huelva sample (#5) at the lower right
quadrant of the bidimensional space, and its proximity to
Canary Islands (#8) might be well interpreted by the
relevant weight of haplogroup U6 in its mtDNA pool.
Noteworthy, genetic affinity is found between Castilians
from Zamora (north-central Peninsular Spain, #4) and
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Figure 5 Hierarchical Cluster Analysis (HCA) of 53 populations based on their mtDNA diversity. The haplogroups used here are marked
with arrows (vectors). Populations are indicated with numbers as in Additional file 3.
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northern Portuguese (one of their closest geographical
neighbors, #10). This finding would be pointing out an-
cient admixtures before the emergence of the Portugal
kingdom in the 12 century.

C3 is significantly characterized by high frequencies of
the typically African mtDNA clades: L3 (cluster mean =
0.172; P=0.000), L2 (0.089; P=0.000), L1 (0.051; P=
0.000), U6 (0.045; P =0.002), and M (M1) (0.052; P =0.013)
and it coherently encompasses 7 populations from North
Africa. Finally, cluster C5 groups southwestern Asia sam-
ples, determined by haplogroups R0, M, HV*, N and K,
whereas C6 is mostly shaped by populations from the Mid-
dle East and other neighboring populations as Syria (#32),
Iraq (#34), Yemen (#41) and Egypt (#53); the haplogroups
included in the category “Others” (lineages not frequently
found in western Europe) are defining this last cluster. We
also run an additional HCA plot (not shown) excluding
populations from clusters C4, C5 and C6. The population
topologies keep the same pattern that the original HCA
and no improvement of the visual interpretation of data
was reached.

Discussion

The mtDNA genetic pool of the Andalusians from Huelva
and Granada has revealed a wide spectrum of haplogroups
of different continental origins. The lower frequencies of
Eurasian markers, together with the higher incidence and
greater diversification of African maternal lineages among
Huelva Andalusians —when compared to its relatives from
Granada and other Iberian populations— constitute rele-
vant findings previously unknown on the characteristics of
mtDNA composition within Andalusia and the Iberian
Peninsula, indicating indeed a female population substruc-
ture. Therefore, Andalusia must not be considered a sin-
gle, unique population.

In the HCA of Figure 5 is observed that the two stud-
ied Andalusian populations belong to different clusters.
Interestingly, Huelva is positioned in the central region
of the bidimensional space, suggesting a varied mix im-
plying populations from central, eastern Mediterranean
and the Maghreb. Moreover, when analyzing the tree
topology drawn from the HCA (data not shown), the
first split separates the easternmost populations (Arabs,
Egyptians, Caucasians and Iranians) from the rest of
European and northwestern African populations. This
split suggests that the extent of the admixture between
those eastern populations out of their area was low, and
consequently the East Mediterranean long coast between
Egypt and Tunisia has been a rather impermeable bar-
rier to mtDNA gene flow.

Migrations must be defined by their direction, being it
determined by source and sink populations as well as by
the time during which movement took place. The rela-
tionship between source and sink population sizes, and

Page 10 of 16

the distribution of their gene frequencies are important
factors for the migration to leave a distinguishable genetic
signal. The number of individuals shaping every migration
must reach a moderate size, and although lineages may ex-
tend or disperse in more than one migration, the number
of such movements must be limited, even in those terri-
tories in which migrations coming from so diverse origins
have taken place, as is the case of the Iberian Peninsula. In
the Maghreb, such number could be smaller than in
Iberia, due to its geographical position. Furthermore, mi-
grations among spatially distant regions must have oc-
curred with minor intermediate steps to be genetically
effective. The plausible timescale for those human move-
ments should be posterior to those estimated for TMRCA
of each lineage, taking into account lineage maturation time
to be long enough to reach a sufficient frequency in the
source population. Thus, a moderate number of emigrants
might ensure a successful reproduction of such marker in
the new settlement or host population. Regarding maternal
lineages, those movements should imply women, which
limit even more the final effective migration number.

Based on a genome-wide analysis, Botigué et al. [52] in-
ferred elevated shared African ancestry in Iberia, which can
be traced to populations in the North African Maghreb,
hypothesizing that the higher diversity in southwestern
Europe is a substantial contribution of recent migrations
from North Africa. However, they also showed (Figures 1
and 2) a significant influence of Near East populations in
the Iberian Peninsula. Our results, focused on mtDNA, re-
veal shared lineages among populations from Andalusia,
North West Africa and other regions of the Mediterranean
space.

The most adequate maternal lineages for studying mi-
grations between the Iberian Peninsula and North Africa
would be U6 and L. Nowadays, an interesting debate exists
about the origins and spread of haplogroup U6. Some au-
thors [42] argued that U6 was involved in an early disper-
sal (40-45 kya) from southwestern Asia to North Africa.
Recently, other researchers [44] have proposed that some
of the topologically earliest sub-clades of U6 may have
been linked with the Iberomaurusian culture (20-9 kya),
covering mainly Northwestern Africa.

Figure 6 displays a surface map with the geographic
variations of U6 haplogroup around the Mediterranean.
Whilst this kind of analysis only permits to broadly
visualize the phylogeography of U6 (and not migration
times) it specially highlights how the Atlantic facade of
Morocco —including the neighboring Canary Islands—
concentrates high frequencies of this lineage, and how
its spatial pattern fairly exhibits a rather soft decreasing
geographical continuity from Morocco in the north direc-
tion, reaching the whole western belt of Iberian Peninsula
with the most perceptible frequencies in the territory of
Huelva (present study).
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Figure 6 Interpolation frequency (%) map of lineage U6 across Mediterranean basin. See codes and references in Additional file 3.
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Median-joining trees shed some light over the rela-
tionship between shared lineages (haplotypes) as well as
their shape and position. In the U6 lineage network (see
Figure 4A) the abundant Canary samples —except for two
of them— belong to haplogroup U6b1. The high frequency
of such archipelago-specific lineage would not have in-
fluenced the migrations occurred between Europe and
Africa, due to its small population size, the late colo-
nization time (2.5 kya) of the Canary Islands, and the rela-
tively late evolutionary age (~13 kya) of Uéb [44]. Uéc,
with an estimated coalescence age of 11 kya [44,50] com-
prises only two Andalusian individuals, with no trace of
African influence. Most of the non-Canary individuals be-
long to U6a, which shows two major nodes, both con-
nected by two mutations, where Iberian lineages (n=11)
predominate over the North African ones. U6a tip
branches show indeed no derivations through North
African lineages.

Muslim expansion has been widely cited as the main
cause for gene flow between the Iberian Peninsula and
North Africa, yet it might be only one of several interac-
tions due to multiple coast-to-coast human movements.
The bigger population size on the Iberian side would
have presumably left a more noticeable genetic signature
over North African population than the inverse (recipro-
cal) movements. The population size in the south of the
Iberian Peninsula —information based on archaeological
sites — was already relevant since Paleolithic onwards
(see Figure 5 in [12]) and although no data on North

African population size is provided it might have been
presumably smaller using similar methodology. Consider-
ing these demographic findings along with the network
structure and the abundance of U6a in southwestern
Iberia, some sub-clades of this lineage could have their
origin in the Iberian Peninsula from where it there would
have expanded towards North Africa. The presence of U6
in Near East, with lower frequencies than in Africa, and
also in Ethiopia would reflect some contacts across the sea
in the past. The hypothesis of a terrestrial way along the
coastal North African fringe seems less likely, provided
the large distance and the absence of settlement areas sup-
plied with enough food resources between Nile estuary
and Tripoli region. These considerations indicate that re-
peated contacts between populations in these both oppos-
ite geographical locations in the past seem unlikely.

Some researchers (e.g. [53,54], among others) have
proposed a sea route as the most probable way for
Neolithic entrance in Iberia. This process was phased,
using sea navigation and boats big enough to transport
men, women, and the ‘Neolithic package’ in a movement
probably originated in the Gulf of Genoa. Similar methods
may have been used between Andalusia and Morocco.
Altogether, these events suggest that the interactions be-
tween Moroccan and Andalusian populations have been
old, continuous, in both ways and with different origins.

Thereafter, during the colonial expansion on early 1%
millennium BC, there were some maritime contacts be-
tween eastern and western Mediterranean. These contacts
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continued during Carthaginian hegemony and the long-
lasting Roman Empire rule. As a result of Diocletian’s ad-
ministrative reorganization (late 3 century AD), northern
Moroccan province Mauretania Tingitania was grouped
together with peninsular provinces to form the Diocesis
Hispaniarum from which Tangier region (Morocco) and
Andalusia were the first territories to be Christianized at
the beginning of the 4 century. Therefore, it seems un-
likely that U6a lineages located in the network core were
the result of the posterior Islam expansion in Iberia, des-
pite the multiple invasions occurred from the Maghreb to
the Peninsula during this period. Interestingly, other new
genetic data would support that hypothesis. The outstand-
ing presence of European specific haplogroups in the ma-
ternal gene pool of contemporary northwestern African
human populations may account for the occurrence of mi-
grations from Europe, being the Iberian Peninsula an im-
portant source of that gene flow [28,30,32]. Thus, the
Maghreb might have experienced genetic maternal flow
from the European continent since ancient times across
the sea.

In the sub-Saharan L macrohaplogroup network
(Figure 4B), lineage L1b is characterized by the relevant
case number contained in the core. According to [50], its
estimated coalescence time is 9.7 kya, so its expansion out
of Africa should have taken place during or after Neolithic
age. The L1b star-like shape indicates a population expan-
sion, and those migrations which contributed to shape it
were not so recent, thus Muslim expansion or more
recent migrations accounting for this would not be the
main causal reason. Furthermore, the L1b central core is
curiously composed by Berbers from a wide geographical
area -ranging from Egypt to Morocco- and Spaniards from
western provinces, from Huelva (in the southern corner)
to Ledn (in the northwest). Both Spanish territories were
connected by the Roman road named Via de la Plata
(“silver way”) which acquired a remarkable military and
trade importance not only during Roman Empire, yet be-
fore and after it, since it connected important cities and
mining deposits. This road might have permitted popu-
lation movements from the south- and north-western
Spain during long periods. These maternal lineages
shared among western Spanish populations may corres-
pond to women supporting military contingents or trad-
ing. Since Portuguese populations are absent from the
L1b core, and all the Portuguese sequences belonging to
this lineage are derived, Spanish and Portuguese genetic
histories may have been rather different for this mito-
chondrial sub-haplogroup.

Lineage L2a, the second most represented in the net-
work (coalescence age ~48 kya, [50]) shows no star-like
shape. This haplogroup is composed by a Berber major-
ity and some Iberians, and only few haplotypes are
shared. In Iberia, these lineages may be associated to
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Islamic expansion, which penetrated up to North Portugal,
rendering its relationship with recent slave trade unlikely.
However, its relationship with slavery during Roman
Empire or Islamic rule cannot be ruled out.

Some authors [6] pointed at the Atlantic slave trade
(15™-19"™ centuries) as the source of L lineages in Portugal,
the main destination of black slaves in Europe. In this
way, some authors have discarded a likewise input move
for U6 and L haplogroups in the Peninsula, arguing that
both mtDNA clusters show different geographic distribu-
tions and frequencies in autochthonous populations from
Portugal and Spain. Some sub-Saharan genes coming from
Ibero-America would have been introduced in Iberia as
well. The presence and the relatively high frequencies of
the African immunoglobulin allotype GM*1,17 23" 5* in
western Spanish populations has been partially interpreted
in the same frame [4,55].

Migrations between Maghreb and Iberian Peninsula
had to take place across the sea since Paleolithic and the
transport of women implied the use of bigger watercrafts
than those crewed only by men. Sea navigation might
have been commonly practiced as a fishing technique,
without losing sight of the land for safety. The shortest
distance between Europe and Africa is located at the
Gibraltar Strait, and such distance markedly increases
as one move towards east, reaching an approximately
steady separation of around 150 km. Winds and ocean
currents are very variable and dangerous around the
Strait, and an alternative though not excluding calmer
route might have been those that connects Cape Three
Forks (Morocco) with the Andalusian coast, between
Malaga and Almeria, in which the small Alboran Island
(approximately 36°N, 3°W) is halfway, and could be used
as a stopover. Within this Alboran route, currents and
winds go from Europe to Africa most of the year, and
the high Rif and Sierra Nevada Mountains permit a
permanent sight of land during the journey. So, it seems
likely that the island was known among Paleolithic
hunter-gatherers, due to its richness in sea mammals,
big fishes and an extensive intertidal zone, probably used
by humans, for its rich fauna food [56]. Furthermore,
archaeological remains found in eastern Morocco (e.g. the
Taforalt harpoon, [57]) or evidences of big-game fishing
(in Nerja cave, Malaga) during the Upper Magdalenian
(~12-10 kya) suggest the existence of contacts be-
tween the north and south of western Mediterranean
shores.

Conclusions

The obtained results underline the necessity of further re-
search on genetic relationships in both sides of the west-
ern Mediterranean, using carefully collected samples from
autochthonous individuals. Such studies should include
different markers analyzed in a high genetic resolution,
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since migrations have been numerous in the region
through a long period of the human history, presumably
starting in Paleolithic times. Many studies have focused on
recent North African gene flow towards Iberia, yet scien-
tific attention should be now directed to thoroughly study
the introduction of European genes in northwest Africa
across the sea, in order to determine its magnitude, time-
scale and methods, and to compare them to those terres-
trial movements from eastern Africa and southwestern
Asia. The African origin of modern Homo sapiens does
not imply that peopling of the northwestern side of that
continent took place from the inside exclusively.

Methods
Populations and samples
We have analyzed 279 mtDNA sequences from healthy,
unrelated individuals of both sexes with geographic ori-
gins in Huelva (n=158) and Granada provinces (n=
121). Further details on geography, history and demog-
raphy of the studied populations can be found in [4,9].
For sampling processes, which must be considered as a
critical activity in this kind of works, demographic stability
and historical criteria were taken into account in the selec-
tion of the localities; touristic coastal areas, as well as the
capital cities of the provinces were discarded. Each partici-
pant was informed about the aims of this research and full
informed consent was obtained from all donors. Maternal
ancestry of donors was recorded for a minimum of three
generations born in the same province. The analyzed sub-
jects were selected from a bigger sample collected during
2004—-2008 by members of this research team, helped by
local health workers. Andalusian DNA stock samples
are available in our Laboratory of Molecular Anthropology
(Department of Zoology and Physical Anthropology,
Complutense University of Madrid). The present research
project and protocols have been officially approved by the
Bioethics Committee of the Complutense University of
Madrid.

DNA extraction

Genomic DNA was isolated from blood samples (=5-
7 ml) by means of a standard proteinase-K digestion
followed by phenol-chloroform extraction and ethanol
precipitation.

mtDNA molecular analysis

For each sample, mtDNA hypervariable region I (HVS-I)
and part of HVS-II (=820 bp) were amplified using primer
pairs F15973 and R296 (for more details, see [31]). Se-
quence reactions were carried out using the BigDye Ter-
minator v3.1 Cycle Sequencing Kit (Applied Biosystems)
and run in an automatic Sequencer ABI PRISM 3730
(Genomics Unit, Complutense University of Madrid). Both
DNA strands were sequenced using primers F15973 and
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R296, and those samples harboring a homopolymeric cyto-
sine stretch between nps 16148-16193 were sequenced
twice in each sense in order to get the consensus sequence.
In addition to the control region sequencing, 47 coding re-
gion informative SNPs were surveyed for haplogroup as-
signment either by sequencing or by PCR-RFLPs (see
Additional file 1).

There were two individuals from Granada that could
not be classified in any concrete lineage, neither by control
sequences nor by RFLPs. Therefore, they were categorized
as NR* since we could only confirm the polymorphism
10873.

Statistical and phylogenetic analyses

mtDNA control region sequences obtained were aligned
by using BioEdit v.7 software [58] and only confirmed de-
viations from the revised Cambridge reference sequence
(rCRS, [59]) were considered. Haplogroup assignment
(using control region haplotype and coding region SNPs)
was based on the updated phylogenetic data available in
Phylotree website (mtDNA tree Build 13, [60]).

Within-population genetic diversity parameters of the
studied populations were calculated. To check devia-
tions from selective neutrality, and thus to assess evidence
for presumable population expansion, we employed the
Tajima’s (D) [61] and Fu (Fs) [62] statistics. Normal distri-
bution of pairwise differences was evaluated by the use of
Harpending’s raggedness index (r) [63] and by the sum of
squared deviations (SSD) between the observed mismatch
distribution and the expected one under demographic ex-
pansion [64]. Molecular pairwise Fsr indexes between the
two Andalusian populations were also calculated (using
sequence information, as well as mtDNA haplogroup
composition), and their significance was evaluated with a
nonparametric permutation test. Previous tests were per-
formed using Arlequin 3.5 software [65]. In addition, a x>
test was performed and the corrected typified residuals
were analyzed to assess differences in haplogroup profiles
(IBM SPSS Statistics 19).

To construct maternal genealogies, a median-joining
network [66] was inferred from the haplotypes found in
Huelva and Granada population samples by using the pro-
gram Network 4.5 (http://www.fluxus-engineering.com).
The most parsimonious tree was constructed by hand,
and confirmed by the Network MP-calculation option.
We followed the weighting scheme proposed by [67] for
all nucleotide positions used in the present analysis (nps
16023-264). Following the same methodology, specific
networks for African mtDNA lineages U6 and L were con-
structed, using a set of Iberian (including Canary Islands)
and North African populations and based on control re-
gion (HVS-I) haplotypes. We calculated values of internal
U6 gene diversity using population sequence information
from literature [31,45]. Moreover, we estimated TMRCA
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ages for some selected African sub-clades, using p statistic
values converted into years by using the corrected muta-
tion rate for HVS-I proposed by Soares et al. [50].

Likewise, dataset of 53 selected populations drawn
from the literature was used for performing an Analysis
of Molecular Variance (AMOVA) [68]. This test was based
on haplogroup frequencies and calculated by means of
Arlequin 3.5 [65]. On the same population database (see
Additional file 3), a Hierarchical Cluster Analysis (HCA) —
based on mtDNA haplogroup frequencies— was used for
evaluating population relationships by the use of SPAD
software (Systéme Portable pour IAnalyse des Données,
[69]). This multivariate analysis is often employed for con-
structing genetic maps because of its high level of statis-
tical resolution. The clusters established in a hierarchical
and progressive way depend on the distance among po-
pulations. In order to evaluate distance between clusters
by minimizing the squared sum within each group, the
Ward’s linkage algorithm is used. The HCA is performed
on the basis of Euclidean distances.

Finally, the geographical distribution of lineage U6 in
the Mediterranean space was represented by a surface
interpolation map built with ArcGIS 10.1 (Spatial Analyst
Extension). This contour map was constructed using
Inverse Distance Weighted method (IDW), which as-
sumes that the influence of the variable being mapped
(haplogroup U6 frequency) decreases with distance
from the sampled locations. We used a power of two for
the analysis.

Accession numbers

Sequences analyzed in the present study have been sub-
mitted to GenBank under accession numbers KJ169731 -
KJ170009.

Additional files

Additional file 1: Table S1. Mitochondrial molecular characterization of
the 279 analyzed Andalusian samples. Transversions are indicated with
the explicit base change. Insertions are marked with “i", deletions with “d”
and heteroplasmy with “Y" (C/T). Coding region polymorphisms are
reported in the hierarchical order as tested. GenBank accession numbers
for control region sequences are included.

Additional file 2: Figure S1. Median-joining network showing the
phylogenetic relationship of the 197 Andalusian mtDNA haplotypes.
Haplogroups are shown in blue. The mutated positions reported in the
branches refer to the reference sequence rCRS (Andrews et al. 1999). All
polymorphisms are control region mutations, except those in red (coding
region haplogroup diagnostic positions). Transversions are specified with
the base change after the mutation. Suffix “i" indicates an insertion, “d" a
deletion and "Y” heteroplasmy (C/T). Retromutations are indicated with
an exclamation mark. Size of circles is proportional to the haplotype
frequency. Huelva and Granada samples are marked in red and green,
respectively.

Additional file 3: Table S2. A set of selected human populations used
for mtDNA comparative analyses. The geographic regions established are
IB: Iberia, EUR: Europe, NME: Near/Middle East, SWA: Southwest Asia, NAF:
North Africa.

Page 14 of 16

Author’s contributions

RC designed the sampling process together with JNR and collected the
blood samples in the Andalusia region. CLH and GR carried out molecular
analysis to genotype Andalusian samples. CLH, PC and GR worked together
in the genetic and statistical data analysis. RC and CLH took the
responsibility of writing the paper. JMD and AN did interesting suggestions
while preparing the manuscript and helped in the coordination of the study.
All authors contributing to this study read and approved the final
manuscript.

Acknowledgements

We thank the participating Andalusian donors of Huelva and Granada for
providing the blood samples used for this work. We also acknowledge
doctors and nurses who took part -together with members of this team-

in the blood collection process in different localities of these provinces.
Financial support has been provided by the Spanish Ministry of Economy
and Competitiveness: Research Projects CGL2010-15191/BOS, and CGL2010-
09060-E/BOS (both granted to RC). CLH has a predoctoral fellowship granted
by Complutense University.

Author details

'Departamento de Zoologfa y Antropologia Fisica, Facultad de Biologfa,
Universidad Complutense, Madrid, Spain. 2°CNRS UMR 5288 Laboratoire
d’Anthropologie Moléculaire et d'lmagerie de Synthése (AMIS), Université
Paul Sabatier Toulouse lll, 31073 Toulouse, France. *Dipartimento di Biologia,
Universita Tor Vergata di Rome, Rome, Italy. “Servicio de Hematologia,
Hospital Juan Ramoén Jiménez, Huelva, Spain. Centro de Proceso de Datos,
Universidad Complutense, Madrid, Spain.

Received: 24 July 2013 Accepted: 17 January 2014
Published: 24 January 2014

References

1. Knapp AB: Cyprus’s Earliest prehistory: seafarers, foragers and settlers.
J World Prehist 2010, 23:79-120.

2. Demand N: Seafaring in the Mesolithic Mediterranean. In The
Mediterranean Context of Early Greek History. Edited by Demand N. Oxford:
Wiley-Blackwell; 2011.

3. Cohen JE, Small C: Hypsographic demography: the distribution of human
population by altitude. Proc Natl Acad Sci U S A 1998, 95:14009-14014.

4. Calderén R, Ambrosio B, Guitard E, Gonzdlez-Martin A, Aresti U, Dugoujon JM:
Genetic position of Andalusians from Huelva in relation to other European
and North African populations: a study based on GM and KM allotypes.
Hum Biol 2006, 78:663-679.

5. Alonso S, Flores C, Cabrera V, Alonso A, Martin P, Albarran C, Izagirre N,
de la Rua C, Garcia O: The place of the Basques in the European
Y-chromosome diversity landscape. Eur J Hum Genet 2005, 13:1293-1302.

6. Pereira L, Cunha C, Alves C, Amorim A: African female heritage in Iberia: a
reassessment of mtDNA lineage distribution in present times. Hum Biol
2005, 77:213-229.

7. Alvarez L, Santos C, Ramos A, Pratdesaba R, Francalacci P, Aluja MP:
Mitochondrial DNA patterns in the Iberian Northern plateau: population
dynamics and substructure of the Zamora province. Am J Phys Anthropol
2010, 142:531-539.

8. Ambrosio B, Dugoujon JM, Herndndez C, de la Fuente D, Gonzélez-Martin A,
Fortes-Lima CA, Novelletto A, Rodriguez JN, Calderon R: The Andalusian
population from Huelva reveals a high diversification of Y-DNA paternal
lineages from haplogroup E: Identifying human male movements within
the Mediterranean space. Ann Hum Biol 2010, 37:86-107.

9. Ambrosio B, Hernandez C, Novelletto A, Dugoujon JM, Rodriguez JN, Cuesta
P, Fortes-Lima C, Calderdn R: Searching the peopling of the Iberian
Peninsula from the perspective of two Andalusian subpopulations: a
study based on Y-chromosome haplogroups J and E. Coll Antropol 2010,
34:1215-1228.

10.  Cerezo M, Achilli A, Olivieri A, Perego UA, Gomez-Carballa A, Brisighelli F,
Lancioni H, Woodward SR, Lépez-Soto M, Carracedo A, Capelli C, Torroni A,
Salas A: Reconstructing ancient mitochondrial DNA links between Africa
and Europe. Genome Res 2012, 22:821-826.

11. Gamble C, Davies W, Pettitt P, Richards M: Climate change and evolving
human diversity in Europe during the last glacial. Philos Trans R Soc Lond
B Biol Sci 2004, 359:243-253. discussion 253-254.


http://www.biomedcentral.com/content/supplementary/1471-2156-15-11-S1.xls
http://www.biomedcentral.com/content/supplementary/1471-2156-15-11-S2.eps
http://www.biomedcentral.com/content/supplementary/1471-2156-15-11-S3.xls

Herndndez et al. BVIC Genetics 2014, 15:11
http://www.biomedcentral.com/1471-2156/15/11

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Bocquet-Appel J-P, Demars P-Y, Noiret L, Dobrowsky D: Estimates of Upper
Palaeolithic meta-population size in Europe from archaeological data.

J Archaeol Sci 2005, 32:1656-1668.

Maca-Meyer N, Gonzalez AM, Pestano J, Flores C, Larruga JM, Cabrera VM:
Mitochondrial DNA transit between West Asia and North Africa inferred
from U6 phylogeography. BMC Genet 2003, 4:15.

Gonzalez AM, Brehm A, Pérez JA, Maca-Meyer N, Flores C, Cabrera VM:
Mitochondrial DNA affinities at the Atlantic fringe of Europe. Am J Phys
Anthropol 2003, 120:391-404.

Achilli A, Rengo C, Magri C, Battaglia V, Olivieri A, Scozzari R, Cruciani F,
Zeviani M, Briem E, Carelli V, Moral P, Dugoujon JM, Roostalu U, Loogvali
E-L, Kivisild T, Bandelt H-J, Richards M, Villems R, Santachiara-Benerecetti AS,
Semino O, Torroni A: The molecular dissection of mtDNA haplogroup H
confirms that the Franco-Cantabrian glacial refuge was a major source
for the European gene pool. Am J Hum Genet 2004, 75:910-918.

Casas MJ, Hagelberg E, Fregel R, Larruga JM, Gonzélez AM: Human
mitochondrial DNA diversity in an archaeological site in al-Andalus:
genetic impact of migrations from North Africa in medieval Spain.

Am J Phys Anthropol 2006, 131:539-551.

Pereira L, Silva NM, Franco-Duarte R, Fernandes V, Pereira JB, Costa MD,
Martins H, Soares P, Behar DM, Richards M, Macaulay V: Population
expansion in the North African late Pleistocene signalled by
mitochondrial DNA haplogroup U6. BMC Evol Biol 2010, 10:390.

Salas A, Comas D, Lareu MV, Bertranpetit J, Carracedo A: mtDNA analysis of
the Galician population: a genetic edge of European variation. Fur J Hum
Genet 1998, 6:365-375.

Alvarez-Iglesias V, Mosquera-Miguel A, Cerezo M, Quinténs B, Zarrabeitia MT,
Cusco |, Lareu MV, Garcia O, Pérez-Jurado L, Carracedo A, Salas A: New
population and phylogenetic features of the internal variation within
mitochondrial DNA macro-haplogroup RO. PLoS One 2009, 4:5112.

Garcia O, Fregel R, Larruga JM, Alvarez V, Yurrebaso |, Cabrera VM, Gonzalez AM:
Using mitochondrial DNA to test the hypothesis of a European post-glacial
human recolonization from the Franco-Cantabrian refuge. Heredity (Edinb)
2011, 106:37-45.

Behar DM, Harmant C, Manry J, van Oven M, Haak W, Martinez-Cruz B, Salaberria
J, Oyharcabal B, Bauduer F, Comas D, Quintana-Murci L: The Basque paradigm:
genetic evidence of a maternal continuity in the Franco-Cantabrian region
since pre-Neolithic times. Am J Hum Genet 2012, 90:486-493.

Corte-Real HBSM, Macaulay VA, Richards MB, Hariti G, Issad MS,
Cambon-Thomsen A, Papiha S, Bertranpetit J, Sykes BC: Genetic diversity in
the Iberian Peninsula determined from mitochondrial sequence analysis.
Ann Hum Genet 1996, 60:331-350.

Larruga JM, Diez F, Pinto FM, Flores C, Gonzélez AM: Mitochondrial DNA
characterisation of European isolates: the Maragatos from Spain.

Eur J Hum Genet 2001, 9:708-716.

Plaza S, Calafell F, Helal A, Bouzerna N, Lefranc G, Bertranpetit J, Comas D:
Joining the pillars of Hercules: mtDNA sequences show multidirectional
gene flow in the western Mediterranean. Ann Hum Genet 2003, 67:312-328.
Acquaro E: Los fenicios en el Mediterrdneo Central en la época de
Tarteso. In Los enigmas de Tarteso. Edited by Alvar J, Blazquez JM. Madrid:
Cétedra; 1999.

Pereira L, Richards M, Goios A, Alonso A, Albarran C, Garcia O, Behar DM,
Golge M, Hatina J, Al-Gazali L, Bradley DG, Macaulay V, Amorim A: High-
resolution mtDNA evidence for the late-glacial resettlement of Europe
from an lberian refugium. Genome Res 2005, 15:19-24.

Roostalu U, Kutuev |, Loogvali E-L, Metspalu E, Tambets K, Reidla M,
Khusnutdinova EK, Usanga E, Kivisild T, Villems R: Origin and expansion of
haplogroup H, the dominant human mitochondrial DNA lineage in West
Eurasia: the Near Eastern and Caucasian perspective. Mol Biol Evol 2007,
24:436-448.

Cherni L, Fernandes V, Pereira JB, Costa MD, Goios A, Frigi S, Yacoubi-Loueslati
B, Ben Amor M, Slama A, Amorim A, El Gaaied ABA, Pereira L: Post-last glacial
maximum expansion from Iberia to North Africa revealed by fine
characterization of mtDNA H haplogroup in Tunisia. Am J Phys Anthropol
2009, 139:253-260.

Ennafad H, Cabrera VM, Abu-Amero KK, Gonzalez AM, Amor MB, Bouhaha R,
Dzimiri N, Elgaaied AB, Larruga JM: Mitochondrial DNA haplogroup H
structure in North Africa. BMC Genet 2009, 10:8.

Ottoni C, Primativo G, Hooshiar Kashani B, Achilli A, Martinez-Labarga C,
Biondi G, Torroni A, Rickards O: Mitochondrial haplogroup H1 in North
Africa: an early Holocene arrival from Iberia. PLoS One 2010, 5:¢13378.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

45.

46.

47.

48.

49.

50.

Page 15 of 16

Coudray C, Olivieri A, Achilli A, Pala M, Melhaoui M, Cherkaoui M,
El-Chennawi F, Kossmann M, Torroni A, Dugoujon JM: The complex and
diversified mitochondrial gene pool of Berber populations.

Ann Hum Genet 2009, 73:196-214.

Bekada A, Fregel R, Cabrera VM, Larruga JM, Pestano J, Benhamamouch S,
Gonzélez AM: Introducing the Algerian mitochondrial DNA and
Y-chromosome profiles into the North African landscape. PLoS One 2013,
8:256775.

Pala M, Olivieri A, Achilli A, Accetturo M, Metspalu E, Reidla M, Tamm E,
Karmin M, Reisberg T, Hooshiar Kashani B, Perego UA, Carossa V, Gandini F,
Pereira JB, Soares P, Angerhofer N, Rychkov S, Al-Zahery N, Carelli V, Sanati
MH, Houshmand M, Hatina J, Macaulay V, Pereira L, Woodward SR, Davies
W, Gamble C, Baird D, Semino O, Villems R, et al: Mitochondrial DNA
signals of late glacial recolonization of Europe from near eastern
refugia. Am J Hum Genet 2012, 90:915-924.

Ottoni C, Martinez-Labarga C, Vitelli L, Scano G, Fabrini E, Contini |, Biondi G,
Rickards O: Human mitochondrial DNA variation in Southern Italy.

Ann Hum Biol 2009, 36:785-811.

Rowold DJ, Luis JR, Terreros MC, Herrera RJ: Mitochondrial DNA geneflow
indicates preferred usage of the levant corridor over the horn of Africa
passageway. J Hum Genet 2007, 52:436-447.

Kivisild T, Bamshad MJ, Kaldma K, Metspalu M, Metspalu E, Reidla M, Laos S,
Parik J, Watkins WS, Dixon ME, Papiha SS, Mastana SS, Mir MR, Ferak V,
Villems R: Deep common ancestry of indian and western-Eurasian
mitochondrial DNA lineages. Curr Biol 1999, 9:1331-1334.

Malyarchuk B, Derenko M, Grzybowski T, Perkova M, Rogalla U, Vanecek T,
Tsybovsky I: The peopling of Europe from the mitochondrial haplogroup
U5 perspective. PLoS One 2010, 5:210285.

Torroni A, Achilli A, Macaulay V, Richards M, Bandelt H-J: Harvesting the
fruit of the human mtDNA tree. Trends Genet 2006, 22:339-345.

Behar DM, Hammer MF, Garrigan D, Villems R, Bonne-Tamir B, Richards M,
Gurwitz D, Rosengarten D, Kaplan M, Della Pergola S, Quintana-Murci L,
Skorecki K: MtDNA evidence for a genetic bottleneck in the early history
of the Ashkenazi Jewish population. Eur J Hum Genet 2004, 12:355-364.
Fadhlaoui-Zid K, Plaza S, Calafell F, Ben Amor M, Comas D, El Gaaied ABA:
Mitochondrial DNA heterogeneity in Tunisian Berbers. Ann Hum Genet
2004, 68:222-233.

Pereira L, Cunha C, Amorim A: Predicting sampling saturation of mtDNA
haplotypes: an application to an enlarged Portuguese database.

Int J Legal Med 2004, 118:132-136.

Olivieri A, Achilli A, Pala M, Battaglia V, Fornarino S, Al-Zahery N, Scozzari R,
Cruciani F, Behar DM, Dugoujon JM, Coudray C, Santachiara-Benerecetti AS,
Semino O, Bandelt H-J, Torroni A: The mtDNA legacy of the Levantine
early Upper Palaeolithic in Africa. Science 2006, 314:1767-1770.

Gonzélez AM, Larruga JM, Abu-Amero KK, Shi Y, Pestano J, Cabrera VM:
Mitochondrial lineage M1 traces an early human backflow to Africa.
BMC Genomics 2007, 8:223.

Pennarun E, Kivisild T, Metspalu E, Metspalu M, Reisberg T, Behar DM, Jones SC,
Villems R: Divorcing the Late Upper Palaeolithic demographic histories of
mtDNA haplogroups M1 and U6 in Africa. BMC Evol Biol 2012, 12:234.
Cherni L, Loueslati BY, Pereira L, Ennafad H, Amorim A, EI Gaaied ABA:
Female gene pools of Berber and Arab neighboring communities in
central Tunisia: microstructure of mtDNA variation in North Africa.

Hum Biol 2005, 77:61-70.

Salas A, Richards M, De la Fe T, Lareu M-V, Sobrino B, Sanchez-Diz P,
Macaulay V, Carracedo A: The making of the African mtDNA landscape.
Am J Hum Genet 2002, 71:1082-1111.

Harich N, Costa MD, Fernandes V, Kandil M, Pereira JB, Silva NM, Pereira L:
The trans-Saharan slave trade - clues from interpolation analyses and
high-resolution characterization of mitochondrial DNA lineages.

BMC Evol Biol 2010, 10:138.

Rosa A, Brehm A: African human mtDNA phylogeography at-a-glance.

J Anthropol Sci 2011, 89:1-34.

Behar DM, Villems R, Soodyall H, Blue-Smith J, Pereira L, Metspalu E, Scozzari
R, Makkan H, Tzur S, Comas D, Bertranpetit J, Quintana-Murci L, Tyler-Smith
C, Wells RS, Rosset S: The dawn of human matrilineal diversity. Am J Hum
Genet 2008, 82:1130-1140.

Soares P, Ermini L, Thomson N, Mormina M, Rito T, Rohl A, Salas A,
Oppenheimer S, Macaulay V, Richards MB: Correcting for purifying
selection: an improved human mitochondrial molecular clock. Am J Hum
Genet 2009, 84:740-759.



Herndndez et al. BVIC Genetics 2014, 15:11
http://www.biomedcentral.com/1471-2156/15/11

51. Rando JC, Cabrera VM, Larruga JM, Herndndez M, Gonzalez AM, Pinto F,
Bandelt H-J: Phylogeographic patterns of mtDNA reflecting the
colonization of the Canary Islands. Ann Hum Genet 1999, 63:413-428.

52.  Botigue LR, Henn BM, Gravel S, Maples BK, Gignoux CR, Corona E, Atzmon G,
Burns E, Ostrer H, Flores C, Bertranpetit J, Comas D, Bustamante CD: Gene flow
from North Africa contributes to differential human genetic diversity in
southern Europe. Proc Natl Acad Sci U S A 2013, 110:11791-1179%.

53.  Zilhdo J: Radiocarbon evidence for maritime pioneer colonization at the
origins of farming in west Mediterranean Europe. Proc Natl Acad Sci U S A
2001, 98:14180-14185.

54.  Guilaine J: De la vague a la tombe. La conquéte néolithique de la
Meéditerranée. Paris: Seuil; 2003.

55. Calderdén R, Lodeiro R, Varela TA, Farifia J, Ambrosio B, Guitard E,
Gonzalez-Martin A, Dugoujon JM: GM and KM immunoglobulin allotypes
in the Galician population: new insights into the peopling of the Iberian
Peninsula. BMC Genet 2007, 8:37.

56. Templado J, Calvo M: Flora y Fauna de la Reserva Marina y Reserva de Pesca
de la isla de Albordn. Madrid: Secretarfa General de Pesca Maritima, MAPA;
2006.

57.  Camps G: Les Civilisations Prehistoriques De L'Afrique Du Nord Et Du Sahara.
Paris: Doin; 1974.

58. Hall T: BioEdit: a user-friendly biological sequence alignment editor and
analysis program for Windows 95/98/NT. Nucleic Acids Symp Ser 1999,
41:95-98.

59.  Andrews RM, Kubacka |, Chinnery PF, Lightowlers RN, Turnbull DM, Howell N:
Reanalysis and revision of the Cambridge reference sequence for human
mitochondrial DNA. Nat Genet 1999, 23:147.

60. van Oven M, Kayser M: Updated comprehensive phylogenetic tree of
global human mitochondrial DNA variation. Hum Mutat 2009, 30:E386-94.

61. Tajima F: Statistical method for testing the neutral mutation hypothesis
by DNA polymorphism. Genetics 1989, 123:585-595.

62. Fu Y-X: Statistical tests of neutrality of mutations against population
growth, hitchhiking and background selection. Genetics 1997,
147:915-925.

63. Harpending H: Signature of ancient population growth in a low-
resolution mitochondrial DNA mismatch distribution. Hum Biol 1994,
66:591-600.

64. Schneider S, Excoffier L: Estimation of past demographic parameters from
the distribution of pairwise differences when the mutation rates vary
among sites: application to human mitochondrial DNA. Genetics 1999,
152:1079-1089.

65.  Excoffier L, Lischer HEL: Arlequin suite ver 3.5: a new series of programs
to perform population genetics analyses under Linux and Windows.
Mol Ecol Resour 2010, 10:564-567.

66. Bandelt H-J, Forster P, Rohl A: Median-joining networks for inferring
intraspecific phylogenies. Mol Biol Evol 1999, 16:37-48.

67. Richards MB, Macaulay VA, Bandelt H-J, Sykes BC: Phylogeography of
mitochondrial DNA in western Europe. Ann Hum Genet 1998, 62:241-260.

68.  Excoffier L, Smouse PE, Quattro JM: Analysis of molecular variance inferred
from metric distances among DNA haplotypes: application to human
mitochondrial DNA restriction data. Genetics 1992, 131:479-491.

69. Lebart L, Morineau A, Warwick K: Multivariate descriptive statistical
analysis: correspondence analysis and related techniques for large
matrices. In Series in Probability and Mathematical Statistics. New York: John
Wiley & Sons Inc; 1984.

doi:10.1186/1471-2156-15-11

Cite this article as: Herndndez et al: Human maternal heritage in
Andalusia (Spain): its composition reveals high internal complexity and
distinctive influences of mtDNA haplogroups U6 and L in the western
and eastern side of region. BMC Genetics 2014 15:11.

Page 16 of 16

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

¢ Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

* Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BiolVied Central




	Abstract
	Background
	Results
	Conclusions

	Background
	Results
	MtDNA sequence diversity in Andalusians
	The influx of mtDNA lineages into Andalusians
	Eurasian haplogroups
	African haplogroups

	Reconstructing Andalusian mtDNA sequence trees
	Population genetic structure

	Discussion
	Conclusions
	Methods
	Populations and samples
	DNA extraction
	mtDNA molecular analysis
	Statistical and phylogenetic analyses
	Accession numbers

	Additional files
	Author’s contributions
	Acknowledgements
	Author details
	References

