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7 Informe del Director de Tesi sobre els Articles 
 
 

La tesi doctoral “Variació genètica i evolució d’elements Alu recents en poblacions 
humanes. Inferències biodemogràfiques i filogeogràfiques” està articulada sobre els 
resultats originals obtinguts per Emili González Pérez i que han estat publicats en cinc 
revistes internacionals diferents, totes elles sota el sistema de revisió peer review.  

El fil conductor de la recerca realitzada i de les cinc publicacions presentades en la tesi és 
l’anàlisi de la variació poblacional de marcadors genètics de tipus inserció Alu i d’una sèrie 
de STR’s lligats a les mateixes, així com la seva aplicació a la reconstrucció de la història 
demogràfica de diferents grups humans actuals. La gran quantitat de dades genètiques 
poblacionals obtingudes (tant pel que fa als marcadors com a les poblacions estudiades) i el 
seu tractament han suposat un importat avenç en el coneixement de la variació genètica 
actual en humans i en la comprensió dels seus orígens. 

La importància de la recerca realitzada en els camps de l’Antropologia Biològica i de la 
Genètica de les Poblacions Humanes  queda demostrada per la qualitat de les revistes on 
han estat publicats els resultats obtinguts. Sobre aquest respecte, cal mencionar que les 
revistes: 

- Collegium Antropologicum està indexada en el SCI (Science Citation Index) amb un factor 
d’impacte actual (i creixent en els darrers anys) de 0,414 i es troba classificada en el segon 
quartil de l’àrea “Anthropology” (posició 31/53); 

- Annals of Human Biology és la revista de la Society for the Study of Human Biology, està indexada 
en el SCI amb un factor d’impacte actual de 1,060 i es troba situada en el segon quartil de 
l’àrea “Biology” (posició 37/64); 

- Journal of Human Genetics és una revista associada a la Japan Society of Human Genetics, està 
indexada en el SCI amb un factor d’impacte actual de 2,275 i es troba en el segon quartil de 
l’àrea “Genetics & Heredity” (posició 80/132); 

- American Journal of Physical Anthropology és la revista oficial de la American Association of 
Physical Anthropologists, està indexada en el SCI y SSCI amb un factor d’impacte de 2,273 i es 
troba classificada en les primeres posicions del primer quartil de l’àrea “Anthropology” 
(posició 3/53); 

- Annals of Human Genetics és una revista clàssica sobre la biologia de la variació humana i 
editada pel University College London, està indexada en el SCI amb un factor d’impacte en el 
moment de la publicació de 2,727 i situada en el tercer quartil de l’àrea “Genetics & 
Heredity” (posició 59/131), tot i que actualment es situa en el segon quartil de l’àrea 
(posició 84/138). 

  

 

Signat: Dr. Pedro Moral Castrillo 
Barcelona, 29 de setembre de 2009 
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8  Resultats I: 

Alu Insertions in the Iberian Peninsula and North  
West Africa: Genetic Boundaries or Melting Pot? 

 
Emili González-Pérez, Marc Via, Esther Esteban, Antoni López-Alomar, Stéphane 

Mazières, Nourdin Harich, Mostafa Kandil, Jean-Michel Dugoujon & Pedro Moral. 

 

Collegium Antropologicum 2003; 27(2): 491-500 

  

8.1  Insercions Alu a la península Ibèrica i al Nord-Oest d’Àfrica:  
 barreres genètiques o gresol de poblacions? 
 

Aquest és el primer dels manuscrits que directament van ser obtinguts del treball de 

recerca programat en el projecte inicial per a la consecució d’aquesta tesi doctoral. L’article 

està plantejat com una primera aproximació parcial, a partir de la variació genètica 

associada als elements Alu, a les relacions poblacionals a la regió mediterrània, i més 

particularment, a les referides a l’extrem més occidental d’aquest territori i al paper de 

poblacions particulars com els berbers en la configuració i evolució del panorama genètic 

actual a la regió. 

La conca mediterrània occidental presenta un conjunt de característiques molt 

interessants per a l’abordatge i l’estudi de la genètica de poblacions humanes. Així, per 

exemple, algunes de les seves poblacions s’han considerat com algunes de les ètnicament 

més diferenciades dins la diversitat eurasiàtica actual. Entre aquests casos, cal destacar 

grups humans com els bascos i els pasiegos al nord-oest mediterrani i els berbers i 

arabòfons a la riba sud del mateix mar. Tot i aquestes particulars diferenciacions, es 

conserven evidències de contactes poblacionals més o menys intensos en el decurs dels 

segles d’història de poblament humà del territori. 



González-Pérez et al. 2003 

94  

Alguns dels aspectes més estudiats en aquest àmbit, a partir de marcadors clàssics i 

genètics com el mtDNA i el cromosoma Y, han estat el grau de background comú que 

podrien compartir poblacions ancestrals dels ibers i els berberòfons actuals així com el 

possible impacte que hagués tingut la ocupació musulmana de la península Ibèrica durant 

més de set segles. 

L’objectiu primordial d’aquest treball va ser presentar una base de dades 

suficientment àmplia i completa de marcadors d’inserció Alu polimòrfics en 10 poblacions 

antropològicament ben caracteritzades de la regió més occidental del Mediterrani, a 

ambdues ribes de l’estret de Gibraltar.  

Les característiques dels elements Alu polimòrfics, marcadors genètics neutres amb 

estat ancestral conegut i que permeten inferir identitat per descendència, van fer considerar 

l’anàlisi en detall de la seva variabilitat genètica com una eina especialment útil en la 

reconstrucció de les relacions poblacionals existents entre aquestes poblacions particulars i 

per a intentar inferir certs aspectes de la seva història particular.  

D’aquesta manera, els 14 elements Alu inicialment estudiats en el projecte van ser 

genotipats en cinc poblacions representatives de la diversitat humana present a la península 

Ibèrica, en tres poblacions berberòfones del nord-oest africà, en una població 

característicament arabòfona del Marroc i en un grup poblacional extern a la regió (originari 

de Costa d’Ivori). 

Els resultats del treball van permetre una primera caracterització dels grups berbers 

del Marroc, que mostrava un cert grau de diferenciació respecte a la població arabòfona de 

la mateixa àrea geogràfica. A més a més, l’estudi va poder observar una relativa proximitat 

biològica dels grups berbers marroquins amb la població del sud peninsular, més marcada 

que no pas amb la resta de poblacions ibèriques i amb el doble d’influència dels grups 

berberòfons que d’arabòfons al sud d’Espanya.  

Aquestes observacions, en conjunt, donen suport a una diferenciació principal en 

base a la distància geogràfica, així com a un considerable grau de flux gènic a través de 

l’estret de Gibraltar durant la història d’aquests grups humans, un fet que també ha estat 

observat en alguns –però no en tots– estudis previs basats en la caracterització genètica dels 

grups humans a ambdues ribes de l’estret. Aquesta darrera dada, estaria associada, almenys 

en part, a la conquesta musulmana de la península Ibèrica i la seva permanència al sud de la 

mateixa entre els segles VIII i XV. 
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8.2 Informe del director sobre la participació del doctorand 
 
 

 
 
 
 

El Dr. Pedro Moral Castrillo, Professor Titular del Departament de Biologia 

Animal de la Universitat de Barcelona i director de la tesi doctoral “Variació genètica i 
evolució d’elements Alu recents en poblacions humanes. Inferències biodemo-
gràfiques i filogeogràfiques” presentada pel doctorand Emili González Pérez, desitja 

fer constar que la participació del doctorand en l’elaboració de l’article “Alu Insertions in 
the Iberian Peninsula and North West Africa: Genetic Boundaries or Melting Pot?” 

publicada per la revista Collegium Antropologicum, ha consistit en les següents tasques 

principals: 

 

- Processament de mostres: extracció de DNA de les diverses mostres 

poblacionals utilitzades en el treball (100 %) 

- Disseny del treball i selecció de marcadors analitzats, conjuntament amb 

el Dr. Pedro Moral 

- Genotipatge al laboratori de marcadors d’inserció Alu (100 %) 

- Elaboració de les bases de dades de resultats (100 %) 

- Anàlisi estadística dels resultats  

- Redacció de l’article, conjuntament amb el Dr. Pedro Moral  

 

 Complementàriament, cal assenyalar que cap dels coautors d’aquest article ha 

utilitzat, ni implícitament ni explícitament, els resultats d’aquest treball per a l’elaboració 

d’una altra tesi doctoral. En conseqüència, aquest article forma part, de manera exclusiva, 

del treball de recerca en el que s’emmarca la tesi del doctorand Emili González Pérez. 

 
 
 
 
 

Signat: Dr. Pedro Moral Castrillo 
Barcelona, 29 de setembre de 2009 
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Peninsula and North West Africa –
Genetic Boundaries or Melting Pot?
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A B S T R A C T

The Western Mediterranean Basin joins a set of ethnically different populations as

Iberians and Basques in the North shore and Berbers and Arab-speakers in the South

one. In spite of this differentiation, they have maintained historical contacts since an-

cient times. The existence of a possible common genetic background (specially for Ber-

bers and Iberians) together with the genetic impact of the Islamic occupation of the Ibe-

rian Peninsula during 7 centuries are some of the intriguing anthropological questions

that have been studied in this area using several classical and DNA markers. The aim

of this work is to present the results on a survey of polymorphic Alu elements in 10 hu-

man populations of the Western Mediterranean. Recent Alu subfamilies include a sig-

nificant number of polymorphic Alu insertions in humans. The polymorphic Alu ele-

ments are neutral genetic markers of identical descent with known ancestral states.

This fact turns Alu insertions into useful markers for the study of human population ge-

netics. A total number of 14 Alu insertions were analyzed in 5 Iberian populations, 3

Berber groups from North-Western Africa, an Arab-speaker population from Morocco

and a sub-Saharan ethnic group from Ivory Coast. The results of this study allow the

genetic characterization of Berber populations, which show a certain degree of differen-

tiation from Arab-speaking groups of the same geographic area. Furthermore, a closer

genetic distance between South Spain and Moroccan Berbers as compared with other

Spanish samples supports a major genetic influx consistent with some (but not all) pre-

vious genetic studies on populations from the two shores of the Gibraltar Straits.

Key words: Alu elements, polymorphisms, Iberian populations, Berber populations
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Introduction

Alu insertions are the most widely dis-
persed short interspersed nuclear ele-
ments (SINEs) representing more than
10% of the present human genome. Typi-
cally, an Alu insertion is a 300 bp long-se-
quence originated by dimeric evolution
from the 7SL RNA gene, inserted into the
genome through an intermediate RNA
single strand generated by RNA polymer-
ase III transcription.

Many of the Alu elements have been
so recently retro transcribed that they
are not fixed yet and appear to be poly-
morphics in the human genome1–6. Ac-
cording to diagnostic nucleotide changes
on the original basic Alu sequence (mas-
ter Alu element), the Alu insertions are
classified into to 12 subfamilies that ap-
peared in different times during the pri-
mate evolution and, hence, with different
ages. Among the most recent of these
subfamilies, Ya5/8 and Yb8 comprise a
large number of polymorphic insertions
that have been recently used in human
population genetic studies. In contrast
with other DNA markers often used in
population studies, the extremely low
probabilities of independent retro trans-
position and/or complete loss in the same
exact genome site make the Alu inser-
tions specially useful tools for detecting
identity by descent and to long-term evo-
lutionary reconstructions. Besides, the
knowledge of the ancestral stage of the
polymorphism allows the identification of
the direction of evolutionary change and
the possibility for rooting phylogenies.
These features along with previous infor-
mative results turn Alu polymorphisms
attractive and promising markers to the
study of the genetic structure and histori-
cal reconstruction of human populations
even at a micro geographical level7,8.

Historical and demographic relation-
ships between human populations from
the Western Mediterranean basin are a

highly interesting topic. Some studies
tend to consider the Gibraltar Straits as
an important genetic boundary to north-
south population movements in the wes-
ternmost part of the Mediterranean, in
agreement with a sharp and clear differ-
entiation between North Africa and Ibe-
rian populations. These studies interpret
this differentiation as related with the in-
dependent and parallel origin for north-
ern and southern Mediterranean people
from Neolithic migrations from the Mid-
dle East9. In contrast with this hypothe-
sis, other opinions agree with a North Af-
rican biological and cultural influence in
the development of the Iberian Peninsula
autochthonous populations as Iberians
and Basques14. Any case, the potential
role of Mesolithic North African Berbers
in the historical development of Western
Mediterranean populations is a matter of
discussion. This possible influence should
be traced back more than 5 thousand
years when the aridification of the Sa-
hara desert favored the movement of the
ancient north African populations to-
wards the Mediterranean coast and pos-
sibly contacting with north Mediterra-
nean people. This ancient influence toge-
ther with the also discussed impact of the
historical Muslim domination of the Ibe-
rian Peninsula during eight centuries (8th

–15th), might be genetically detected on
the basis it was really considerable.

Recent studies have focused the ge-
netic differentiation across the Gibraltar
Straits leading to controversial results. A
recent genetic study on the distribution of
11 Alu polymorphisms was interpreted as
consistent with a north-south genetic dif-
ferentiation in Western Mediterranean
stressing the importance of the Gibraltar
Straits as genetic boundary11.

This paper deals too with data on Alu
population variation in the same geogra-
phical area, using a larger number of dif-
ferent markers, yielding discrepant re-
sults. The distribution of 14 Alu inser-
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tions has been scored in 10 populations
from the Iberian Peninsula and North Af-
rica, including also a sub-Saharan ethnic
group from Ivory Coast as external refer-
ence. This information is applied to as-
sess the population relationships betwe-
en Western Mediterranean groups and
clarify the divergences between North-
West African populations, completing the
general picture of the variation of this
kind of polymorphisms in this geograph-
ical area.

Materials and Methods

A total of 1,126 individuals coming
from different population groups were
analyzed. Each population sample inclu-
des unrelated healthy blood donors who-
se four grandparents are natives from the
same region. Informed consent was ob-
tained from all subjects included in the
study. The Western Mediterranean sam-
ples included in the study are listed in
Figure 1. Besides, a total number of 122
individuals from a sub-Saharan sample
(Ivory Coast) were included in the analy-
sis that was used as external reference.

Genomic DNA was extracted from
blood by classical phenol-chloroform me-
thod. Fourteen human-specific Alu poly-
morphic elements (CD4, TPA25, APO,
ACE, Yb8NBC120, Yb8NBC125, B65, D1,
FXIIIB, A25, PV92, HS2.43, Ya8NBC3
and Sb19.12) were genotyped in each sam-
ple by using the primers described pre-
viously1,4,16,18,19. The PCR amplification
conditions for the first six loci were per-
formed as described previously5,19. Four mul-
tiplex PCR procedures were used to test
eight loci (HS2.43, Ya8NBC3, Sb19.12, B65,
D1, FXIIIB, A25 and PV92) using prim-
ers described before1,4,16,18,19.

Allele frequencies were computed by
direct counting and Hardy-Weinberg equi-
librium was checked by an exact test20.
Gene diversity by population and locus
was calculated according to the Nei's for-

mula21. Geographical structure of the al-
lele frequency variance was tested by a
hierarchical analysis of the molecular va-
riation22 using F-Wright statistics from
population clustering according to geo-
graphical criteria. Estimates were obtai-
ned using the Arlequin 2.000 computer
package23.

Fst-related genetic distances were cal-
culated between pairs of populations24 and
represented in a neighbor joining tree25

using the PHYLIP 3.6 package26. The to-
pology of the tree was assessed through
1,000 bootstrap iterations. The genetic
relationships between the examined pop-
ulations were also depicted by principal
components analysis (PCA).

The Delaunay network analysis was
used to identify principal boundaries or
regions of sharp genetic change9. With
this intention, we defined a subset of pairs
of contiguous populations connected by
13 edges. The genetic distances between
each pair of samples were allocated in
each edge, and the high genetic distances
were joined to trace the principal genetic
boundary in the region.

The isolation degree between popula-
tions and hence, the sense of defining ge-
netic boundaries, was tested by the ISOL-
DE program in the Genepop package27,
that elucidate if the observed differences
could be attributable to an isolation by
distance or to sharp geographical discon-
tinuities preventing human migrations.
Finally, gene flow between Moroccan Ber-
ber populations and South Iberian was
calculated using the ADMIX 1.0 pro-
gram28.

Results and Discussion

The pattern of Alu insertion frequency
distribution for the 14 loci examined in
the 10 populations typed is shown in Fig-
ure 2. Fifteen out of 140 tests of Hardy-
Weinberg equilibrium show a significant
departure from equilibrium (p < 0.01).
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After application of Bonferroni correc-
tion, only six comparisons (4.2%) main-
tain significant deviations. These depar-
tures probably reflect random statistical
fluctuations. Heterozygosities across loci
and population are shown in Table 1. The
14 Alu polymorphisms show significant

differences in their heterozygosities
(Kruskal-Wallis test, p=0.000) depending
on the allele frequencies of each polymor-
phism. Mean heterozygosities by locus
ranged from 0.1745 (APO A1) to near 0.5
(B65 and TPA25). Focusing on the hete-
rozygosity by population, no significant
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Fig. 1. Map of the Western Mediterranean Basin with the locations of the studied populations:

ASTU – Asturias; VPAS – Pas Valley; BASQ – Basques; CENT – Center of Spain; AND – Anda-

lusians; KHEN – Moroccan Berbers from Khénifra; MARR – Moroccan Berbers from Marrakech;

ARAB – Arab-speakers from Morocco (El-Jadida); MZAB – Algerian Berbers (Mozabites).

TABLE 1
AVERAGE GENE DIVERSITY (HETEROZYGOSITIES) BY LOCUS AND POPULATION

Locus Population

A25 0.2577±0.031 Basques 0.3674±0.039
ACE 0.4646±0.016 Asturias 0.3825±0.041
APOA1 0.1745±0.036 Pas Valley 0.3621±0.041
B65 0.4864±0.007 Andalusians 0.3621±0.037
CD4 0.4051±0.023 Center Spain 0.3664±0.037
D1 0.4391±0.018 Arab Morocco 0.2953±0.046
FXIIIB 0.4622±0.014 Ber-Khenifra 0.3814±0.036
HS2.43 0.1031±0.021 Ber-Marrakech 0.3365±0.035
PV92 0.2607±0.046 Ber-Mzab 0,3433±0.043
Sb19.12 0.3781±0.033 Ivory Coast 0.3580±0.041
TPA25 0.4807±0.014
Ya8NBC3 0.3882±0.023
Yb8NBC120 0.4540±0.017
Yb8NBC125 0.2176±0.034



differences between samples are found
(Kruskal-Wallis test, p=0.844). The aver-
age population heterozygosity across loci
is relatively high in all cases (from 0.2953
in Arabs to 0.3825 in Asturians) taking
into account the biallelic features of the
examined markers.

As for population relationships, Rey-
nolds genetic distances between Western
Mediterranean samples were obtained
and represented in a Neighbor-Joining

tree (Figure 3). The tree does not show
the clear separation between Iberian and
North-African populations expected from
other published results11. In contrast, the
populations are distributed in a central
cluster that includes the majority of Ibe-
rian and Moroccan groups. As more dif-
ferentiated, the extreme positions corre-
spond to the Pas Valley Spanish sample
while the Moroccan Arab-speaking and
Mozabites Algerian groups are placed on
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Fig. 2. Allele (+) frequencies for the 14 Alu polymorphic markers analyzed.

(continued on next page)



the opposite side of the tree. Low boot-
strap values (lower than 50% after 1,000
replicates) correspond to branches con-
necting Moroccan Berbers (Khénifra and
Marrakech) and South Iberia (Andalusia)
showing the lack of a clear differentiation
among these populations.

The results of a principal component
analysis (PCA) are shown in Figure 4.
The first two principal components ac-
count for 66.32% of the variance observed
(36.01 and 30.31% respectively). Although
the sub-Saharan group was included in

this analysis, the general picture of Medi-
terranean populations is very similar to
that from the NJ tree. The population
distribution along the first PC underlines
the extreme positions of North Spaniards
(Basques and Pas Valley) and Arab-spea-
kers, as well as the genetic similarity be-
tween Moroccan Berbers and South Ibe-
ria in the central position. This distri-
bution may be mainly attributed to the
frequencies of Sb19.12, ACE and D1 Alu
polymorphisms (the correlations with this
axis were > 87%). The second PC differen-
tiates the Sub-Saharan sample from the
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Fig. 2. (continued from page before)



Mediterranean's, and this differentiation
is mainly associated with HS2.43, APO
and TPA25 Alu markers.

A hierarchical AMOVA analysis be-
tween the geographical groups (Iberian
and the NW African regions), indicates
that a greater part of the total allele fre-
quency variance (around 4%) may be at-
tributed to the variation within geogra-
phical regions (2.3%) rather than to the
between-region variability (1.8%), failing
to evidence any particular and/or rele-
vant genetic differentiation between pop-
ulations settled in both sides of the Gi-
braltar Straits.

The genetic boundary analysis through
the Delaunay method (Figure 5) shows
that the most important barrier sepa-
rates Southern Iberian together with Mo-
roccan Berbers (Khénifra and Marra-
kech) from the remaining North African
populations (Arab-speakers from Moroc-
co and Algerian Berbers). This result is
consistent with the presence of signifi-
cant gene flow between South Iberia and
Morocco.

As an indirect way to test the consis-
tency of clear genetic boundaries from the
observed Alu variation, the correlation
between geographical and genetic distan-
ces was tested under the isolation by dis-
tance model using the ISOLDE program27.
A highly significant correlation (p=0.001,
calculated after 1,000 bootstrap itera-
tions) was found suggesting an important
role of the geographic distance for the in-
terpretation of the genetic variability in
Western Mediterranean. These results are
hardly consistent with the existence of
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Fig. 3. Neighbor-joining tree showing relation-

ships among the nine western Mediterranean

samples for the 14 Alu polymorphic elements

analysed. ASTU – Asturias; VPAS – Pas Valley;

BASQ – Basques; CENT – Center of Spain;

ANDA – Andalusians; KHEN – Moroccan Ber-

bers from Khénifra; MARR – Moroccan Berbers

from Marrakech; ARAB – Arab-speakers from

Morocco (El-Jadida); MZAB – Algerian Ber-

bers (Mozabites).

Fig. 4. Principal Components Analysis (PCA)

of the allele frequencies at 14 Alu polymorphic

loci in North Africa and the Iberian Peninsula.

ASTU – Asturias; VPAS – Pas Valley; BASQ –

Basques; CENT – Center of Spain; ANDA – An-

dalusians; KHEN – Moroccan Berbers from

Khénifra; MARR – Moroccan Berbers from

Marrakech; ARAB – Arab-speakers from Mo-

rocco (El-Jadida); MZAB – Algerian Berbers

(Mozabites); IVCO – Ivory Coast (Ahizi).



strong genetic barriers as diffe- rentia-
tion mechanisms in this geographical re-
gion.

From our data, the North African gene
flow into Southern Iberian was estimated
around 50.9% (±11.6%) using the Ber-
torelle and Excoffier29 method and Astu-
rians (in North Spain) and Khénifra Mo-
roccan Berbers as parental populations.
When Arab-speaking Moroccans instead
Berbers were used as parental popula-
tion, the amount of genetic flow was
around 28% (±9.1%). Although the amount
of gene flow is variable as expected on the
basis of populations taken as parental,
our data indicate a substantial gene flow
between populations living in both shores
of the Gibraltar Straits.

Results in this work contrast with pre-
vious studies based on the analysis of the
same kind of genetic markers (Alu poly-
morphisms). This apparent contradiction
could be explained if the heterogeneity
between populations within each geogra-
phical region (NW Africa and Iberian Pe-
ninsula) is greater than differences be-
tween the regions. In this case, the larger
number of markers and, likely also, of

sample sizes, the lesser possible popula-
tion dependence due to the intraregional
variability.

In conclusion, the data presented in
this study on the variation of 14 Alu
polymorphisms provide new data for a
more complete definition of the Western
Mediterranean populations, allowing the
characterization of the Moroccan Berber
populations among the Western Mediter-
ranean groups. The frequency variation
of the markers analyzed fit well with an
isolation by distance model instead of
sharp geographical discontinuities pre-
venting human migrations over the Gi-
braltar Straits. In short, our data support
significant gene flow through the Gibral-
tar Straits, consistent with historical and
biological contacts between these Berber
groups and the Southern Spain, in con-
trast with previous results (Comas et al
2000). These discrepancies at least could
be indicating that not all Iberian popula-
tions are so different from their North Af-
rican neighbors. At least a part of this bi-
ological influence might be related to the
Muslim conquest of the Iberian Penin-
sula from 8th to 15th centuries.
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Fig. 5. First genetic boundary (dashed line) recognized on the basis of genetic distances after a

Delaunay network analysis among geographical locations of the samples analyzed.
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ALU INSERCIJE NA IBERIJSKOM POLUOTOKU I U
SJEVEROZAPADNOJ AFRICI – GENETI^KE BARIJERE
ILI LONAC ZA TALJENJE?

S A @ E T A K

Zapadni mediteranski bazen povezuje skupinu etni~ki razli~itih populacija kao {to
su Iberijci i Baski na sjevernoj te Berberi i Arapi na ju`noj obali. Unato~ ovoj dife-
rencijaciji, tijekom povijesti ovi narodi jo{ od pradavnih vremena odr`ali su kontakte.
Postojanje mogu}ih zajedni~ke genetske podloge (osobito Berbera i Iberijaca) zajedno s
genetskim utjecajem islamske okupacije iberijskog poluotoka tijekom 7 stolje}a neka
su od intrigantnih antropolo{kih pitanja koja su istra`ivanja u ovom podru~ju kori-
{tenjem nekoliko klasi~nih i DNK markera. Cilj ovog rada bio je prikazati rezultate
istra`ivanja polimorfnih Alu elemenata u 10 ljudskih populacija zapadnog Meditera-
na. U ljudi, skora{nje Alu pod-obitelji uklju~uju zna~ajan broj polimorfnih Alu inser-
cija. Polimorfni Alu elementi su neutralni genetski markeri identi~nog porijekla s poz-
natim ancestralnim stanjem. Ova ~injenica pretvara Alu insercije u korisne markere
za istra`ivanja genetike ljudskih populacija. Analizirano je ukupno 14 Alu insercija u 5
iberijskih populacija, 3 berberske skupine iz sjeverozapadne Afrike, jedna populacije
arapskih govornika iz Maroka, te jedna subsaharska etni~ka skupina iz obale bjelo-
kosti. Rezultati ove studije dopu{taju geneti~ku karakterizaciju berberske populacije,
koja pokazuje odre|eni stupanj diferencijacije od skupine arapskih govornika istog
zemljopisnog podru~ja. [tovi{e, bli`a genetska distanca izme|u ju`ne [panjolske i Ma-
rokanskih Berbera u usporedbi s drugim uzorcima iz [panjolske govori u prilog sna`-
nog genetskog utjecaja koji je konzistentan (no ne u cijelosti) s nekim prethodnim ge-
netskim studijama populacija dvaju obala Gibraltarskih vrata.



Esteban et al. 2004 

- 107 -  

9 Genetic Relationships Among Berbers and South 
 Spaniards Based on CD4 microsatellite/Alu 
 haplotypes  

 

Esther Esteban, Emili González-Pérez, Nourdin Harich, Marc Via, Antoni  

López-Alomar, Francisco Luna & Pedro Moral. 

 

Annals of Human Biology 2004; 31(2): 202-212 

 

9.1 Relacions genètiques entre poblacions berbers i andaluses 
 basades en l’anàlisi d’haplotips microsatèl·lit/Alu CD4 
 

Un dels sistemes genètics associats a les insercions Alu i que ha mostrat més interès 

a l’hora de ser caracteritzat per a la reconstrucció poblacional, es basa en l’anàlisi conjunt 

d’una inserció Alu polimòrfica amb un microsatèl·lit (STR) relativament proper a la 

mateixa i en un grau considerable de desequilibri de lligament. Aquest mètode permet 

aprofitar les característiques pròpies dels elements Alu polimòrfics que ja han estat 

comentades, en conjunció amb la major variació associada d’aquest altre marcador (STR), 

per a la reconstrucció d’haplotips d’interès evolutiu i que permeten una anàlisi més fina de 

la genètica de les poblacions estudiades. 

Entre aquests sistemes Alu/STR, un dels més utilitzats ha estat el del locus CD4, les 

propietats quantitatives i qualitatives del qual i la seva diversitat haplotípica ha estat 

caracteritzada en antropologia molecular per clarificar el grau de relació genètica entre 

diferents poblacions humanes. 

El segon treball d’aquesta tesi pretén abordar la variació Alu/STR del sistema CD4 

en dues poblacions humanes representatives d’ambdues ribes de l’estret de Gibraltar, per 

tal de disposar d’un segon abordatge parcial a les seves relacions biològiques i possibles 

afinitats històriques. Així van ser sistemàticament genotipades amb aquest objectiu una 

població característica de les Alpujarras granadines (sud d’Espanya) i una població berber 

(Khenifra a l’Atles Mitjà) del Marroc. 

El més destacat dels resultats obtinguts ha estat la detecció per primer cop de dues 

combinacions haplotípiques completament noves, en la població berber estudiada. 
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Concretament, es van detectar a una freqüència prou significativa les combinacions 75(+) i 

80(-) que permeten caracteritzar millor les particularitats d’aquest tipus de poblacions nord-

africanes.  

Pel que fa al sud de la península Ibèrica, la seva composició genètica per al locus 

CD4 no divergeix significativament d’altres poblacions de la riba nord mediterrània. 

Únicament, cal destacar la presència en freqüències baixes de les combinacions 90(+) i 

130(+), haplotips típics sub-saharians i que podrien estar indicant un cert grau de contacte i 

flux gènic africà al sud de la península Ibèrica, de baixa magnitud relativa però força 

continu en el temps.  

És interessant, així mateix, destacar la relativament elevada diversitat haplotípica de 

la població berber de l’Atles Mitjà caracteritzada en aquest projecte, amb 18 haplotips 

diferents en freqüències polimòrfiques, amb una heterozigositat força destacada dins el 

nord d’Àfrica (0,85) i amb una elevada freqüència de la combinació 110(-) que ha estat 

atribuïda a un component ancestral de la regió del nord-oest africà. 

Complementàriament, una altra conclusió interessant quan es comparen els 

resultats amb els disponibles a la bibliografia, fa referència al valor intermedi de flux gènic 

sud-saharià experimentat per aquesta població berber de l’Atlas marroquí: entre la marcada 

influència que mostren les poblacions mauritanes del sud i la més relaxada presència de 

“gens sud-saharians” en berbers del nord de Marroc. Així, aquesta influència sud-sahariana 

semblaria ser la que millor marca el patró de distribució sud-nord de les poblacions 

analitzades i les de la bibliografia, amb una freqüència en progressiu descens a mesura que 

ens allunyem cap al nord del suposat focus poblacional d’influència. 

Finalment, i tot i l’efecte de combinacions sud-saharianes presents en poblacions 

del sud peninsular, el treball no dona suport remarcable a una relació especialment directa 

entre el nord d’Àfrica i el sud de la península Ibèrica, més enllà del general per a tota 

aquesta regió de la mediterrània occidental. 
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9.2 Informe del director sobre la participació del doctorand 
 
 

 
 
 
 

El Dr. Pedro Moral Castrillo, Professor Titular del Departament de Biologia 

Animal de la Universitat de Barcelona i director de la tesi doctoral “Variació genètica i 
evolució d’elements Alu recents en poblacions humanes. Inferències biodemo-
gràfiques i filogeogràfiques” presentada pel doctorand Emili González Pérez, desitja 

fer constar que la participació del doctorand en l’elaboració de l’article “Genetic 
Relationships Among Berbers and South Spaniards Based on CD4 
microsatellite/Alu haplotypes” publicada per la revista Annals of Human Biology, ha 

consistit en les següents tasques principals: 

 

- Processament de mostres: extracció de DNA de les mostres poblacionals 

utilitzades en el treball (100 %) 

- Disseny del treball i selecció de marcadors analitzats, conjuntament amb 

el Dr. Pedro Moral 

- Genotipatge al laboratori de marcadors d’inserció Alu i STRs (100 %) 

- Elaboració de les bases de dades de resultats (100 %) 

- Anàlisi estadística dels resultats, conjuntament amb la Dra. Esther 

Esteban 

- Redacció de l’article (amb la Dra. Esteban i el Dr. Moral) 

 Complementàriament, cal assenyalar que cap dels coautors d’aquest article ha 

utilitzat, ni implícitament ni explícitament, els resultats d’aquest treball per a l’elaboració 

d’una altra tesi doctoral. En conseqüència, aquest treball forma part, en exclusiva, del 

treball de recerca en el que s’emmarca la tesi del doctorand Emili González Pérez. 

 
 
 
 
 
Signat: Dr. Pedro Moral Castrillo 
Barcelona, 29 de setembre de 2009 
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Summary. Background: CD4 STR/Alu haplotype diversity, both for its qualitative and
quantitative properties, has been widely used in molecular anthropology to clarify the degree
of genetic relationships among human populations.
Aim: CD4 STR/Alu variation was studied in two West Mediterranean samples, Andalusians
from La Alpujarra region on the north side of the Gibraltar Strait and Berbers from the
south, to ascertain the pattern of affinities between them.
Subjects and methods: Alu and microsatellite alleles were tested in 99 Andalusians from
La Alpujarra region (Southeast Spain) and 124 Middle Atlas Berbers (Morocco).
Results: Two new combinations of Alu and STR alleles (75(þ) and 80(�)) were found in
Berbers. The CD4 STR/Alu haplotype distribution in South Spaniards is similar to that of
other Europeans, the only special feature is the slight presence of the 90(þ) and 130(þ)
typical Sub-Saharan haplotypes. The Berber sample is characterized by a high number of
different haplotypes (18) with intermediate heterozygosity values (0.846) in comparison with
other North African groups, and by a high frequency of the 110(�) combination that has
been proposed as representative of an ancient Northwest African population.
Conclusion: A geographical gradient of Sub-Saharan gene contribution has been detected in
North Africa. The Middle Atlas Berbers showed an intermediate value in comparison with
the high and low values found in Mauritanians and Moroccan Berbers, respectively. The
analysis of the CD4 STR/Alu haplotype variation failed to indicate any particular relation-
ship between South Spaniards and North Africans.

1. Introduction

The genetic structure of some Mediterranean populations, largely studied using
anthropometric, cultural and genetic data (see, for instance, Jackes et al. 1997,
Torroni et al. 1998, Simoni et al. 1999, Richards et al. 2000, Comas et al. 2000)
can be considered the result of a complex pattern of isolation periods and mutual
interactions. The populations of the West Mediterranean extreme, represented by the
Iberian Peninsula and Morocco, are a good example of this complexity. Different
works using classic and DNA markers pointed to a clear differentiation between
North Africans and Iberians (Bosch et al. 1999, 2000, Comas et al. 2000, Brakez et al.
2001) while other authors proposed a certain degree of interchange that could date
from pre-Neolithic times (Arnaiz-Villena et al. 1997). Apart from the possible
existence of a common genetic background, the seven centuries of North African
domination of the Iberian Peninsula left cultural traces detectable in the present-day
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South Spanish population but the genetic impact of this contact is still a controver-
sial question.

Assessing the genetic impact of seven centuries of coexistence in the past of two
groups, probably not very different genetically, is difficult by itself, but it becomes
more difficult when the current descendants of these peoples cannot be exactly
identified. In this way, Moroccan Berbers can be considered good representatives
of the North Africans who invaded the Iberian Peninsula (Hourani 1991). Berbers,
the original inhabitants of North Africa, have historically contacted with
Phoenicians, Carthaginians, Romans and Arabs who reached North Africa intro-
ducing (7th century) and consolidating (11th century) the Islamic religion, rules and
language. In the 11th and 13th centuries, the Almoravids and the Almohads—two
Berber dynasties—governed large parts of Northwest Africa and Spain. From 711 to
1492AD South Spain was known as Al-Andalus, making reference to the Islamic
domination of this region. The longest Muslim permanence in the Iberian Peninsula
was recorded in the mountainous and sheer region of La Alpujarra (eastern
Andalusia) where a great number of rebel people took refuge after the Moorish
expulsion decreed by the Castilian monarchy. The permanence of Moorish people
in La Alpujarra is documented until 1571 when, after a local war, they were finally
conquered and the Moorish population were replaced by north-west settlers at the
end of the 16th century (Trillo 1994). Diverse studies on La Alpujarra population
using classic markers (Fernández-Santander et al. 1999, Kandil et al. 1999) and Alu
polymorphisms (González-Pérez et al., 2003) suggested a certain genetic affinity
with North Africa, at a higher level than that showed by other North Spanish
samples like Basques who remained free of Muslims invaders according to historical
information.

Besides the importance of the CD4 gene in the immune response, CD4 short
tandem repeat (STR)/Alu haplotype variation has been widely used in molecular
anthropology to explain questions so different in magnitude as the origin and dis-
persion of modern humans (Tishkoff et al. 1996) or, more locally, the peopling of
concrete regions as the Canary Islands (Flores et al. 2001). Concerning Northwest
Africa, the study of Flores et al. (2000) based on general mixed samples from
Morocco and Spain suggested substantial gene flow from Sub-Saharan to
Northwest Africa, and from North Africa into the Iberian Peninsula. In this context,
the aim of the present study is the analysis of the CD4 STR/Alu variation in two
ethnically and geographically well defined samples from Morocco and Spain in order
to check previous results. The two samples analysed here are Berber speakers from
the Khenifra region in the Middle Atlas mountains (Morocco), and Andalusians
from La Alpujarra region in the Sierra Nevada mountains (Southeast Spain). The
choice of these two populations goes with the fact that the Khenifra region can be
considered as one of the chief regions of Berber culture in Morocco, and in the case
of La Alpujarra by the long permanence of Moorish people in this region. The
genetic information provided by this polymorphism can be added to previous studies
to complete the genetic characterization of these populations and is discussed in
relation to the possible biological impact of the Muslim conquest on southern
Iberia and the genetic picture of Northwest African populations.

2. Materials and methods

A maximum number of 124 and 99 healthy unrelated individuals from rural
areas both of the Moroccan Middle Atlas mountains and La Alpujarra (a region
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in the Mediterranean side of the Sierra Nevada mountains, Southeast Spain) were
analysed. All individuals had the four grandfathers born in the same region.
The sampled Berbers were Tamazight-speakers from the Zayane and Ichkeren con-
federations (each confederation is a group of neighbour tribes) living in the Khenifra
region. The samples were collected by the staff of the Départément de Biologie
(El Jadida University) with the help of the Provincial Hospital of Khenifra
(Morocco), and by members of the laboratory of Anthropology (University of
Barcelona) in collaboration with the Blood Bank Unit of the Torrecárdenas
Hospital (Almerı́a, Spain). Appropriate informed consent was obtained from all
participating individuals.

Genomic DNA was extracted from blood by standard phenol–chloroform
methods. PCR amplification conditions for the Alu and the microsatellite poly-
morphisms and allele nomenclature were according to Tishkoff et al. (1996) and
Flores et al. (2000). In the microsatellite genotyping, STR alleles were identified
using specific ladders of known CD4 microsatellite alleles spanning the entire
range of STR sizes.

Allele frequencies were estimated by direct gene counting. Exact tests were used to
check for Hardy–Weinberg equilibrium and to compare frequency distribution
among samples. Locus heterozygosity was estimated according to Nei’s formula
(Nei 1987). Maximum likelihood haplotype frequencies were computed using the
EM algorithm. Global relationships were estimated by means of Reynolds’ genetic
distances and by a principal component analysis (PCA) based on the correlation
matrix of the CD4 STR/Alu haplotype frequencies by using the SPSS package.
Calculations were performed using the GENEPOP v.3.3 (Raymond and Rousset
1995), ARLEQUIN (Schneider et al. 2000) and PHYLIP (Felsenstein 1989) statis-
tical packages. Genetic admixture was tested by means of the ADMIX1.0 program
(Bertorelle and Excoffier 1998) providing three different estimators: a least-squared
estimator (mR), a maximum-likelihood estimator (mC) and an estimator based on
mean coalescence times (mY).

For comparative purposes, data from several historically and/or geographically
related populations were selected from the literature. The Iberian Peninsula was
represented by Basques from North Spain (S. Tishkoff and P. Moral, personal
communication), Canary Islanders (Flores et al. 2001) and a miscellaneous sample
of Spaniards (Flores et al. 2000). Regarding Northwest Africa, four groups reported
by Flores et al. (2000) were used: (a) Arab-speaking Moroccans from Melilla and
Agadir, (b) Berbers from the Moroccan localities of Melilla, Central Atlas, Rif
mountains and Agadir, (c) West Saharans (Berber speaking) from Tindouf
(Morocco), and (d) Mauritanians from Nouatchok and Nouadhibou. Finally, a
mixed sample of Europeans (Tishkoff et al. 1996) and Sub-Saharan Senufo from
the Guinea Gulf (Flores et al. 2000) were included as external references.

3. Results

CD4 microsatellite, Alu and haplotype observed frequencies are shown in table 1.
Both polymorphism (STR and Alu) distributions are in Hardy–Weinberg equilibrium
in the two populations. It is interesting to note the occurrence of a low-range allele
of 75 bp unambiguously associated with the Alu insertion (Aluþ) in one Berber
chromosome (individual genotype: 75/115 for the STR, and þ/þ for the Alu).
This 75 bp STR allele is common in most hominoid species (Tishkoff et al. 1996)
in combination with the Alu insertion (Aluþ) since Alu deletion (Alu�) is absent in
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Table 1. CD4 microsatellite and Alu allele frequencies. CD4 STR/Alu haplotypes in Andalusians from La Alpujarra and Moroccan Berbers.

Locus Alleles

Frequency

Locus Alleles

Frequency

Andalusians Berbers Andalusians Berbers

CD4 Alu Aluþ 0.7020 0.6089 CD4 STR 75 – 0.0042
Alu� 0.2980 0.3911 80 – 0.0125

n¼ 99 n¼ 124 85 0.3239 0.3792
H¼ 0.418 H¼ 0.478 90 0.3125 0.2167

95 – 0.0167
100 – 0.0333
105 0.0057 0.0167
110 0.3011 0.2000
115 0.0341 0.0917
120 – 0.0208
125 0.0057 0.0083
130 0.0170 –

n¼ 88 n¼ 120
H¼ 0.705 H¼ 0.759

Frequency� SE Frequency�SE

Haplotypes
Andalusians

n¼ 87
Berbers
n¼ 118 Ranges Haplotypes Andalusians Berbers Ranges

75þ – 0.0042� 0.0037 – 80� – 0.0127� 0.0072 –
85þ 0.3276� 0.0346 0.2901� 0.0316 0.171WS to 0.553AM 85� – 0.0955� 0.0219 0 SP to 0.115 SS
90þ 0.0173� 0.0098 0.0056� 0.0051 0AM to 0.083WSS 90� 0.2987� 0.0367 0.2147� 0.0265 0.007OC to 0.327CI
100þ – 0.0172� 0.0095 0 SP to 0.165 SS 95� – 0.0169� 0.0074 0 SP to 0.056WSS
105þ 0.0057� 0.0055 0.0062� 0.0058 0ME to 0.037WSS 100� – 0.0166� 0.0097 0 SP to 0.047MA
110þ 0.2872� 0.0368 0.1516� 0.0238 0.125WS to 0.421AM 105� – 0.0107� 0.0079 0 SP to 0.019 SS
115þ 0.0345� 0.0135 0.0573� 0.0179 0.004AM to 0.188WS 110� 0.0058� 0.0056 0.0433� 0.0188 0 SP to 0.047MA
120þ – 0.0101� 0.0073 0 SP to 0.107 SS 115� – 0.0275� 0.0120 0 SP to 0.027 SS
125þ 0.0057� 0.0056 0.0085� 0.0071 0 SP to 0.060 SS 120� – 0.0110� 0.0068 0 SP to 0.016WS
130þ 0.0172� 0.0101 – 0 SP to 0.053CI

n¼Sample size, H¼heterozygosity.
Population abbreviations in ranges correspond to: AM: Amerindians, CI: Canary Islanders, MA: Mauritanians, ME: Middle Easterns, OC: Oceanians, SP: several
populations, SS: Sub-Saharans, WS: West Saharans, WSS: West Sub-Saharans.
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non-human primates. Previously, the presence of the 75 bp allele was only described in
the Canarian Island of Lanzarote (Flores et al. 2001) but associated with the Alu
deletion. Also, a new combination of a 80 bp allele and the Alu deletion (80(�)) was
detected as double homozygote in a subject of the Berber sample.

Although no significant differences were found between the two populations
examined for each locus, the haplotype distribution was clearly distinct as evidenced
the exact test of sample differentiation ( p¼ 0.0045� 0.0018). Middle Atlas Berbers
show 2 times greater different haplotypes (18) than La Alpujarra (nine) and consis-
tently the heterozygosity values in Berbers (0.846� 0.015) are higher than in the
other sample (0.795� 0.015). Haplotype frequencies in La Alpujarra fit well into
the variation described for European populations while the relatively high values
(see ranges of table 1) of the 85(�) and the 110(�) combinations in Berbers are
consistent with Sub-Saharan and Northwest African influences, respectively.

The common worldwide population pattern (see ranges in table 1) shows that,
excluding the haplotypes showing frequencies lower than 1%, most samples exhibit
higher number of haplotypes with the Alu insertion than those carrying the Alu
deletion in accordance with the fact that the ancestral state is the full-length Alu.
The Alu(þ)/Alu(�) haplotype rates are 10/3 in Sub-Saharans, 8/5 in West-Saharans,
6/4 in Moroccans, 4/2 in Spanish, 5/1 in La Alpujarra and Europeans. However, this
is not the case for the Middle Atlas Berbers and Mauritanians that show, respec-
tively, an inverse pattern of 5/9 and 6/7 Alu(þ) vs Alu(�) haplotypes. Relative
weighted mean frequencies of the STR alleles standardized for Alu(þ) and Alu(�)
chromosomes are given in table 2. The distribution of STR alleles on Alu(þ) chro-
mosomes shows similar heterozygosity values in all populations (ranges from 0.56 of
Andalusia to 0.84 of Sub-Saharan Africa) while the STR distribution on Alu(�)
chromosomes is remarkably different. The STR pattern in Alu(�) chromosomes
clearly distinguishes two different groups of populations, one formed by Iberians
and some North Africans showing extremely high frequencies of the 90 bp allele (the
STR allele on which the Alu deletion appeared) and subsequently low heterozygos-
ities (from 0.00 in Basques to 0.33 in Berbers), and a group formed by Sub-Saharans
and several North African populations that showed great STR allele variation and
high diversity values (from 0.59 of West Saharans to 0.78 of Sub-Saharan Africa).
The Middle Atlas Berbers (heterozygosity of 0.70) come in this last group.

The high diversity values found in some of the North African groups mentioned
above and the presence of characteristic Sub-Saharan haplotypes (115(þ) and 85(�))
in these populations suggest a considerable degree of Sub-Saharan contribution that
could be measured through frequency-based estimators of admixture, even though
the results should be taken with caution because they are based on a single locus.
In our case, we have measured the Sub-Saharan contribution to North Africans
taking Europeans (Tishkoff et al. 1996) and Senufo (Flores et al. 2000) as parental
populations, but we are aware that a mixed European sample is not the best repre-
sentation of the ancestral North African parental population and, probably, will
magnify the Sub-Saharan contribution. The three admixture estimators (mR, mC
and mY) yielded very similar values, with those from mR being the least extreme.
Admixture values (mR) were, in decreasing order, 63.93% (SD¼ 0.14) in West
Saharans, 63.09% (SD¼ 0.15) in Mauritanians, 30.04% (SD¼ 0.07) in Middle
Atlas Berbers, 13.84% (SD¼ 0.08) in the Moroccan Berbers, and finally, 11.49%
(SD¼ 0.14) in Arab-speaking Moroccans. These Sub-Saharan contributions are
simply suggestive of a considerable south to north gene flow in Africa.
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Table 2. Relative weighted frequencies of the different STR alleles standardized separately for Alu(þ) or Alu(�) chromosomes in different populations.

Population 75 80 85 90 95

STR allele frequencies

110 115 120 125 130 135 H100 105

STR allele frequencies in Alu(þ) chromosomes
Spain* – – 0.4779 0.0191 – 0.0088 0.0088 0.3930 0.0660 0.0088 0.0088 0.0088 – 0.6120
Andalusiay – – 0.4712 0.0249 – – 0.0082 0.4131 0.0497 – 0.0082 0.0247 – 0.6035
Basque Countryz – – 0.4875 0.0250 – – – 0.4375 0.0375 0.0125 – – – 0.5688
Arab-speaking Moroccans* – – 0.3583 0.0190 – – 0.0570 0.3962 0.1505 0.0190 – – – 0.6878
Moroccan Berbers* – – 0.4021 0.0577 – 0.0410 0.0076 0.3763 0.0910 – 0.0167 – 0.0076 0.6830
Middle Atlas Berbersy 0.0076 – 0.5268 0.0102 – 0.0312 0.0112 0.2753 0.1040 0.0183 0.0154 – – 0.6341
W. Sahara* – – 0.2490 0.1136 – 0.0232 – 0.1819 0.2737 0.0684 0.0451 0.0451 – 0.8078
Mauritania* – – 0.2480 0.0615 – 0.0904 – 0.2482 0.3211 – 0.0308 0.0308 – 0.7609
Sub-Saharan Africa* – 0.0010 0.2030 0.0280 0.0400 0.0900 0.0300 0.2100 0.2000 0.1400 0.0300 0.0300 0.0040 0.8400

STR allele frequencies in Alu(�) chromosomes
Spain – 0.0189 0.8647 – – – 0.0818 0.0157 0.0189 – – 0.2446
Andalusia – – 0.9809 – – – 0.0191 – – – – 0.0375
Basque Country – – 1.0000 – – – – – – – – 0.0000
Arab-speaking Moroccans – 0.0326 0.9022 – 0.0326 – 0.0326 – – – – 0.1828
Moroccan Berbers – 0.0469 0.8095 – 0.0322 – 0.0322 0.0645 – 0.0147 – 0.3361
Middle Atlas Berbers 0.0283 0.2127 0.4784 0.0376 0.0370 0.0238 0.0964 0.0613 0.0245 – – 0.7081
W. Sahara – 0.0990 0.6007 – – – 0.0990 0.1502 0.0511 – – 0.5944
Mauritania – 0.2021 0.4042 0.0667 0.0979 – 0.0979 0.0979 0.0333 – – 0.7615
Sub-Saharan Africa – 0.2640 0.2580 0.0680 0.0410 0.0080 – 0.2710 0.0450 0.038 0.007 0.7800

H: heterozygosity calculated using 1��f2; f is the standardized frequency shown in the table for each STR allele.
Populations references: * Flores et al. 2000; ythis study; zTishkoff and Moral, personal communication.
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As for Northwest African and Iberian CD4 STR/Alu distributions, pairwise com-

parisons showed significant differences of Middle Atlas Berbers from Basques,

Canary Islanders and West Saharans on the one hand, and between La Alpujarra

and West Saharans and Mauritanians on the other. Genetic differentiation

among populations has been analysed by computing Reynolds genetic distances

and depicted by a principal component (PC) plot (figure 1). The first two axes

account for 73.9% of the genetic variance observed. The first PC clearly distinguishes

Mauritanians and, to a lesser degree, Middle Atlas Berbers, from the rest of popula-

tions while the second PC separates West Saharans. The typical Sub-Saharan 115(�)

and 115(þ) haplotypes along with the 110(�) haplotype reported as characteristic

of North Africans are highly correlated (more than 85%) with the positive values

of first PC. The haplotypes 120(þ), 125(þ) and 90(þ), which show high values in

West Saharans in comparison with the frequencies described in other Africans, are

best correlated (more than 75%) with the differentiation of this population. In

general terms, the pattern of Reynolds distances matches the population picture

of the PCA plot, but a detailed analysis of the distances matrix demonstrates

some population relationships that are disguised by the heterogeneous cluster of

figure 1. There is not a clear and consistent pattern of differentiation

among Moroccans and the Iberian Peninsula since the genetic distances into

each region (distance ranges from 0.0017 to 0.0100 in Spaniards, and 0.0055

to 0.0241 in Moroccans) are sometimes higher than those between regions

(from 0.0045 to 0.0492) but, if we consider only the geographically well

defined samples, the pattern of genetic distances among North Africa and Spain

becomes consistent: Middle Atlas Berbers showed the same genetic distance

to Mauritania (0.0239) than to La Alpujarra (0.0249), and 2 times higher distance

to North Spanish Basques (0.0429). This pattern of lower distances to South Spain

in comparison with the Basque sample is also shown by all the other North African

groups. However, the genetic differentiation among these nine Mediterranean groups
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Figure 1. Principal components plot based on CD4 STR/Alu haplotype frequencies in North African
and Iberian populations.
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based on the CD4 STR/Alu haplotype frequencies is weak (global FST¼ 0.8%,
p¼ 0.008).

4. Discussion

The obtained CD4 STR/Alu data on two anthropologically well-defined samples
complete the gene information available on South Spaniards and Moroccan Middle
Atlas Berbers and allow us to discuss some questions about the genetic background
of these populations. Although the analysis of only two polymorphisms in a single
gene demands caution, the fact that some CD4 haplotypes were characteristic of
Sub-Saharan populations are especially useful for detection of admixture into the
Iberian Peninsula and North Africa.

La Alpujarra population in southern Spain appears clearly similar to other
Iberians and Europeans, only the frequencies of the 90(þ) and 130(þ) typical
Sub-Saharan haplotypes (1.7% in both cases) are slightly higher than in other
Spanish samples (1.3% and 0.6%). The remarkable differentiation between Middle
Atlas Berbers and La Alpujarra, reflected in the PCA plot, contrasts with data from
other estimates of North African contribution into the Iberian Peninsula. Estimates
of North African gene flow in the general Spanish population based on the CD4
locus (19.5%, Flores et al. 2000) and other different markers such as STR (31%,
Bosch et al. 2000) and mtDNA (18%, Plaza et al. 2003) indicated a relevant North
African contribution while classical data (Harich et al. 2002) failed to find any
important affinity among North Africans and Iberians.

As for North African populations, CD4 genetic data confirms a remarkably
higher diversity in this region than in the Northern coast of the Mediterranean
(genetic distance average: 0.0253 vs 0.0053). Our results on the CD4 distribution
in the Middle Atlas Berber sample reveals several distinctive features of North
African populations. The relatively high gene diversity is consistent with the high
number of different haplotypes (18) observed in the Middle Atlas Berbers and their
relatively high heterozygosity (0.846� 0.015), only slightly lower than in other south-
ernmost North African samples (West Sahara and Mauritania, H¼ 0.889).

Concerning the pattern of the CD4-STR allele distribution among Alu þ/� chro-
mosomes, the highest Alu(�) diversity has been reported for Sub-Saharan Africans
while the Alu deletion is almost exclusively associated to the STR 90 allele (Tishkoff
et al. 1996) in non-Africans with the exception of North-Saharan African popula-
tions (Flores et al. 2000). In this context, the Alu(�) distribution of STR alleles
observed in the Middle Atlas Berbers is more similar to Mauritanians than to
other Berber and Arab Moroccan groups, suggesting a remarkable degree of Sub-
Saharan genetic influence that was estimated as 30% from our CD4 data. This value
is comparable with several admixture values provided by other authors on the basis
of autosomal restriction fragment length polymorphism (RFLP) (25.5%, Fernandez-
Santander et al. 2002) and mtDNA (26.1%, Gonzalez et al. 2003; 25.9%, Plaza et al.
2003) although values from the Y chromosome seem to be considerably lower (8%,
Bosch et al. 1999).

Finally, it is worth noting the noticeable presence (4.3%) of the 110(�) haplotype
in the Middle Atlas Berber population (West Mediterranean variation: 0.5–2.6%
in the Iberian Peninsula, 1.1–4.7% in North Africa) confirming that conspicuous
frequencies of this haplotype can be distinctive genetic characteristics of North
Africa (Flores et al. 2000). This result, including the trail of this haplotype
in La Alpujarra along with other Iberian samples, might be consistent with the

Genetic relationships among Berbers and South Spaniards 209



hypothesis about the existence of a common genetic background in Western
Mediterranean generated by Upper Palaeolithic population expansions (Torroni
et al. 1998, Richards et al. 2000).

To sum up, this study of the CD4 STR/Alu variation demonstrates the existence
of clearly different distributions between southern Iberia and North Africa through
the analysis of two strictly geographical and ethnical defined population samples
(La Alpujarra and Middle Atlas Moroccan Berbers), more important than those
reported by other studies from general population samples. Besides, in comparison
with previous studies the data on the Middle Atlas Berber populations confirm the
presence of the 110(�) haplotype in Northwest Africa, the distinctive features of the
Alu(�) haplotype distribution in this region, and are consistent with remarkable
Sub-Saharan genetic influence in these populations that could have been an impor-
tant factor for the relative current differentiation between the two shores of the
Mediterranean region.
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Zusammenfassung. Hintergrund: In der molekularen Anthropologie ist die CD4 STR/Alu–
Haplotypenvariabilität sowohl in qualitativer als auch in quantitativer Hinsicht vielfach benutzt worden,
um den Grad der genetischen Beziehungen zwischen menschlichen Populationen zu klären.
Zielstellung: Die CD4 STR/Alu–Variabilität in zwei westmediterranen Stichproben (Andalusier aus der
Region La Alpujarra auf der Nordseite der Straße von Gibraltar und Berber aus dem Süden) wird
verwendet, um die Ähnlichkeit zwischen ihnen festzuzstellen.
Material und Methode: Bei 99 Andalusiern aus der Region La Alpujarra (Südostspanien) und 124 Berbern
aus dem mittleren Atlas wurden Alu- und Mikrosatellitenallele untersucht.
Ergebnisse: Bei Berbern wurden zwei neue Kombinationen von Alu- und STR-Allelen (75(+) und 80(�))
gefunden. Die CD4 STR/Alu–Verteilung bei Südspaniern ähnelt derjenigen anderer Europäer; das einzige
spezifische Merkmal ist die geringe Rate der typischen Subsahara-Haplotypen 90(+) und 130(+). Die
Stichprobe der Berber wird durch eine hohe Zahl verschiedener Haplotypen (18) mit intermediären
Heterozygotie-Werten (0.846) im Vergleich mit anderen nordafrikanischen Gruppen und eine hohe
Frequenz der 110(�)-Kombination charakterisiert, welche als repräsentativ für eine alte nordwestafrika-
nische Population gilt.
Schlussfolgerungen: In Nordafrika wurde ein geographischer Gradient der Subsahara-Gen-Verteilung
festgestellt. Im Vergleich mit den hohen und niedrigen Werten bei mauretanischen beziehungsweise mar-
okkanischen Berbern weisen die Berber aus dem mittleren Atlas intermediäre Werte auf. Bei der Analyse
der CD4 STR/Alu–Haplotypen-Variabilität konnte keine bestimmte Beziehung zwischen Südspaniern und
Nordafrikanern nachgewiesen werden.
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Résumé. Arrière-plan: La diversité haplotypique CD4 STR/Alu a à la fois pour ses propriétés qualitatives
et quantitatives, été largement utilisée en anthropologie moléculaire pour clarifier le degré de relation
génétique des populations humaines.
But: La variation CD4 STR/Alu est utilisée dans deux échantillons ouest-méditerranéens : andalous de la
région de la Alpujarra (sud-est de l’Espagne) au nord du détroit de Gibraltar et berbères au sud du même
détroit, pour étudier leurs affinités.
Sujets et méthodes: On a testé les allèles Alu et microsatellites chez 99 andalous de la région de la Alpujarra
(sud-est de l’Espagne) et chez 124 berbères du Moyen-Atlas.
Résultats: Deux nouvelles combinaisons d’allèles Alu et STR (75(+) et 80(�) ont été trouvées chez les
berbères. La distribution de l’haplotype CD4 STR/Alu chez les espagnols du sud est analogue à celle des
autres européens, le seul élément particulier étant la faible présence des haplotypes 90(+) et 130(+)
typiques de l’Afrique sub-saharienne. L’échantillon berbère est caractérisé par un nombre élevé (18)
d’haplotypes distincts avec des valeurs d’hétérozygosité intermédiaires (0,846) par rapport à d’autres
groupes nord-africains et par une haute fréquence de la combinaison 110(�) qui est supposée représenter
une population nord-africaine ancienne.
Conclusion: Un gradient géographique de contribution de gènes d’Afrique sub-saharienne a été détecté en
Afrique du Nord, les berbères du Moyen-Atlas montrant des valeurs intermédiaires par rapport aux
valeurs hautes et basses trouvées respectivement chez les mauritaniens et chez les berbères du Maroc.
L’analyse de la variation de l’haplotype CD4 STR/Alu ne révèle pas de relation particulière entre espag-
nols du sud et nord-africains.

Resumen. Antecedentes: La diversidad del haplotipo CD4 STR/Alu, por sus propiedades tanto cualita-
tivas como cuantitativas, se ha utilizado ampliamente en antropologı́a molecular para clarificar el grado de
relación genética entre poblaciones humanas.
Objetivo: la variación CD4 STR/Alu se ha utilizado en 2 muestras del Mediterráneo occidental, Andaluces
de la región de La Alpujarra, en la zona norte del Estrecho de Gibraltar y Beréberes del Sur, para dilucidar
el patrón de afinidades entre ellos.
Sujetos y Métodos: Se han probado los alelos Alu y microsatélite en 99 Andaluces de la región de La
Alpujarra (SE de España) y en 124 Beréberes del Atlas Central.
Resultados: Se han encontrado 2 nuevas combinaciones de alelos Alu y STR (75(+) y 80(�)) en Beréberes.
La distribución del haplotipo CD4 STR/Alu en los españoles del Sur es similar a la de otros europeos,
siendo la única caracterı́stica especial la débil presencia de 90(+) y 130(+), tı́pica de los haplotipos sub-
saharianos. La muestra Bereber se caracteriza por un elevado número de haplotipos diferentes (18) con
valores medios de heterozigosidad (0,846) en comparación con otros grupos africanos, y por una elevada
frecuencia de la combinación 110(�), que ha sido propuesta como representativa de una antigua población
del Noroeste africano.
Conclusión: Se ha detectado un gradiente geográfico de contribución génica sub-sahariana en el norte de
África, los Beréberes del Atlas Central mostraban un valor intermedio en comparación con los valores
altos y bajos encontrados en mauritanos y Beréberes marroquı́es, respectivamente. El análisis de la
variación del haplotipo CD4 STR/Alu no permite indicar ninguna relación particular entre los españoles
del Sur y los Norteafricanos.

212 E. Esteban et al.
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10.1 Relacions entre poblacions mediterrànies revelades per dades 
 genètiques autosòmiques (elements Alu i sistemes compostos 
 Alu/STR) 

 
Aquest estudi consolida l’estratègia aplicada en els dos treballs previs per a tot 

l’àmbit continental circummediterrani i a partir d’una bateria molt completa de marcadors 

genètics de diferent naturalesa i que han demostrat la seva utilitat en la caracterització de les 

relacions evolutives entre poblacions humanes, així com la seva capacitat per discernir 

processos històrics i biodemogràfics recents i els processos particulars de poblament humà 

per a la regió mediterrània.  

El treball es basa en la determinació de la variació de 18 elements Alu autosòmics 

així com l’element específic del cromosoma Y (YAP) en un total de 17 poblacions 

continentals del voltant del Mediterrani. A més a més, s’ha utilitzat la variació en tres 

sistemes compostos Alu/STR que inclouen tres dels elements Alu estudiats en un primer 

moment (els dels loci CD4, FXIIIB i DM).  

L’objectiu principal d’aquest enfocament era analitzar noves dades sobre les 

relacions existents entre poblacions humanes d’aquesta regió geogràfica i aportar noves 

perspectives, a partir de marcadors autosòmics i de sistemes genètics de naturalesa 

diferenciada, per abordar els processos antics de poblament de la regió i les influències 

històriques recents que hagin configurat la composició biològica actual d’aquestes 

poblacions. Els resultats pretenen complementar les dades inicials aportades per altres tipus 
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d’estudis previs, basats principalment en marcadors clàssics i en marcadors genètics de 

tipus uniparental (DNA mitocondrial i cromosoma Y). 

Entre les primeres observacions cal destacar que els patrons de variació que aporten 

uns i altres conjunts de marcadors són diferents entre ells, una prova a favor de l’evidència 

que la naturalesa i taxa de mutació de cada tipus de polimorfisme genètic resulta primordial 

a l’hora d’interpretar correctament les observacions i les inferències realitzades a partir dels 

mateixos. En aquest sentit, mentre que la variació genètica de la bateria de marcadors Alu 

bial·lèlics pot ser interpretada com el fruit d’una considerable heterogeneïtat global i de 

base entre poblacions mediterrànies, la utilització d’haplotips combinats Alu/STR semblen 

detectar amb més detall el grau de diferenciació genètica entre les dues ribes mediterrànies 

(nord i sud). 

Sembla ser que aquesta estructuració entre les dues ribes estaria determinada en 

primer lloc per l’efecte del flux genètic sud-saharià cap al nord d’Àfrica i des d’aquí –i en 

menor grau– cap a la riba nord mediterrània. Així, s’ha pogut detectar un grau de 

contribució sud-sahariana al nord d’Àfica que s’apropa al 13 % quan analitzem la bateria de 

marcadors Alu, però que pot arribar a multiplicar-se per tres quan estudiem els tres loci 

independents de sistemes combinats Alu/STR (CD4, FXIIIB i DM). Els resultats globals, 

confirmen globalment la permeabilitat del Sàhara a les migracions humanes així com 

l’existència d’intercanvis i moviments humans trans-mediterranis des d’antic. 

També entre les conclusions destacades de l’estudi destaca la identificació de dues 

combinacions específiques Alu/STR –la CD4 110(-) i la DM 107(-)–, l’origen de les quals 

ha estat datat en temps paleolítics (entre els 36 000 i els 48 000 anys) i que semblen ser 

remanents d’un component ancestral comú dels pobles humans de l’àmbit mediterrani. 

Així, aquestes combinacions –filogeogràficament exclusives d’aquest àmbit– es troben en 

freqüències destacades en totes les poblacions berbers nord-africanes, a la península 

Ibèrica, al sud de França, al Mediterrani oriental (Grècia i Turquia) i en la majoria de les 

grans illes mediterrànies. 

El treball demostra, en conjunt, la capacitat d’aquest nou abordatge de diferents 

sistemes i marcadors autosòmics per detectar adequadament relacions poblacionals a petita 

escala i en detall, amb patrons específics que reconeixen orígens antics comuns i influències 

biològiques compartides per a totes les poblacions circummediterrànies. 
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10.2 Informe del director sobre la participació del doctorand 
 
 

 
 
 
 

El Dr. Pedro Moral Castrillo, Professor Titular del Departament de Biologia 

Animal de la Universitat de Barcelona i director de la tesi doctoral “Variació genètica i 
evolució d’elements Alu recents en poblacions humanes. Inferències biodemo-
gràfiques i filogeogràfiques” presentada pel doctorand Emili González Pérez, desitja 

fer constar que la participació del doctorand en l’elaboració de l’article “Population 
Relationships in the Mediterranean Revealed by Autosomal Genetic Data (Alu and 
Alu/STR Compound Systems)” publicada per la revista American Journal of Physical 

Anthropology, ha consistit en les següents tasques principals: 

 

- Processament de mostres: extracció de DNA de les mostres poblacionals 

utilitzades en el treball (100 %) 

- Disseny del treball i selecció de marcadors analitzats, conjuntament amb 

el Dr. Pedro Moral  

- Genotipatge d’insercions Alu i STRs / Seqüenciacions (100%) 

- Elaboració de les bases de dades de resultats (100 %) 

- Anàlisi estadística dels resultats, conjuntament amb la Dra. Esther 

Esteban  

- Redacció de l’article (amb la Dra. Esteban i el Dr. Moral)  

 Complementàriament, cal assenyalar que cap dels coautors d’aquest article ha 

utilitzat, ni implícitament ni explícitament, els resultats d’aquest treball per a l’elaboració 

d’una altra tesi doctoral. En conseqüència, aquest treball forma part, en exclusiva, del 

treball de recerca en el que s’emmarca la tesi del doctorand Emili González Pérez. 

 
 
 
 
 
Signat: Dr. Pedro Moral Castrillo 
Barcelona, 29 de setembre de 2009 
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ABSTRACT The variation of 18 Alu polymorphisms
and 3 linked STRs was determined in 1,831 individuals
from 15 Mediterranean populations to analyze the rela-
tionships between human groups in this geographical
region and provide a complementary perspective to
information from studies based on uniparental markers.
Patterns of population diversity revealed by the two kinds
of markers examined were different from one another,
likely in relation to their different mutation rates. There-
fore, while the Alu biallelic variation underlies general
heterogeneity throughout the whole Mediterranean
region, the combined use of Alu and STR points to a con-

siderable genetic differentiation between the two Mediter-
ranean shores, presumably strengthened by a consider-
able sub-Saharan African genetic contribution in North
Africa (around 13% calculated from Alu markers). Gene
flow analysis confirms the permeability of the Sahara to
human passage along with the existence of trans-Mediter-
ranean interchanges. Two specific Alu/STR combina-
tions—CD4 110(2) and DM 107(2)—detected in all North
African samples, the Iberian Peninsula, Greece, Turkey,
and some Mediterranean islands suggest an ancient
genetic background of current Mediterranean peoples. Am
J Phys Anthropol 000:000–000, 2010. VVC 2009 Wiley-Liss, Inc.

Following the human population studies of classical
markers, the DNA era has been dominated during the
last decades by the surveys of uniparental DNA varia-
tion (mtDNA and male-specific Y chromosome). In this
way, it is interesting to get a complementary perspective
from different autosomal independent loci to assure a
more accurate approximation to the history of human
populations (Pakendorf and Stoneking, 2005; Wilkins,
2006). Consequently, we conducted a study of 18 Alu
insertion polymorphisms on different chromosomes and
3 microsatellite repeats (STRs) closely linked to some
independent Alu (CD4, FXIIIB, DM). These analyses
have been performed on a wide collection of population
samples covering the Mediterranean region. The useful-
ness of Alu polymorphisms and the combination of
markers with different mutation rates (Alu and STRs)
for human population studies has previously been
addressed in several examples from other scientific liter-
ature (Tishkoff et al., 1996; Watkins et al., 2001; Gaspar
et al., 2004; Ramakrishnan and Mountain, 2004; Mateus
Pereira et al., 2005; González-Pérez et al., 2007).
The Mediterranean region has played a central role in

the genesis and fusion of numerous cultures. This partic-
ular geographic area has traditionally been considered
an illustrative unit for the study of evolution in modern
human populations with geographically and chronologi-
cally intertwined elements starting with the Upper Pale-

olithic cultures (around 30,000 YBP) of North Africa and
Europe, which persisted until the Mesolithic (around
8,000 YBP) and extended into the Neolithic age, as
testified by numerous prehistoric settlements (Dubief,
1999). This ancient peopling was further fashioned by
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population movements such as those of the Phoenicians,
Greeks, Etruscans, Carthaginians, Romans, and Islamic
expansion to North Africa and the Iberian Peninsula,
also including the complex migratory waves of the 19th
and 20th centuries (Norwich, 2007; Cunliffe, 2008).
As far as the origin of human populations in the

Mediterranean is concerned, it is commonly accepted
that their roots can be traced back to the Upper Paleo-
lithic with the expansion of human groups from the
Near East or Central Asia, or some millennia later with
the westward and northward spread of Neolithic popula-
tions from the Fertile Crescent. Although there is little
doubt regarding the human entrance route to the Medi-
terranean, controversy appears when different studies
try to determine to what extent their current genetic
background preserves traces of Paleolithic people and in
which degree the almost continuous cultural and politi-
cal contacts have influenced present genetic affinities.
Recent mitochondrial DNA data (Olivieri et al., 2006)
suggest a common Levantine source for the Upper Paleo-
lithic cultures that occupied the European (Aurignacian)
and North African (Dabban) shores of the Mediterra-
nean. A more recent origin for these populations
associated with the demic diffusion of Middle Eastern
groups in the Neolithic has been suggested by studies of
Y-chromosome (Arredi et al., 2004) and autosomal data
(Myles et al., 2005; Tomas et al., 2008). A detailed survey
of the E-M78 Y-chromosome haplogroup (Cruciani et al.,
2007) indicates the Northeast African origin of this
variant and its involvement in trans-Mediterranean
migrations from North Africa to Europe during the last
13,000 YBP.
In search of new insights into these questions, this

study analyzes a relevant set of Mediterranean popula-
tions including eight European samples (from Spain,
France, Greece, and Turkey), seven from North Africa
(Morocco, Algeria, and Egypt), plus two samples from
Central Europe (Germany) and sub-Saharan Africa
(Ivory Coast) as external references. Unlike previous
surveys of Alu variation in the Mediterranean (Comas
et al., 2000; González-Pérez et al., 2003), this study deals
with a higher number of both Alu markers and popula-

tions, taking advantage of the combined information
derived from Alu/STR compound systems.
The main goal of this study is the analysis of relation-

ships among populations in the Mediterranean region
based on the data provided by both independent loci and
several haplotype systems with fine-scale resolution. This
objective was approached by addressing the following: 1)
determining the degree of heterogeneity between and
within the populations on both shores of the Mediterra-
nean region, 2) comparing population patterns derived
from Alu polymorphisms with specific signatures from
three Alu/STR haplotypic systems, all of which can be
considered as informative of more recent contacts
between populations, 3) detecting past genetic flow
through the Mediterranean and the Sahara, and 4)
searching for specific Alu/STR combinations that could be
characteristic of human peopling in the Mediterranean.
Our results will be discussed in comparison with those
obtained from other genetic markers.

MATERIALS AND METHODS

A total number of 1,831 autochthonous individuals
from seven different Mediterranean countries and two
samples as external references, Germany (n 5 48) in
Central Europe and Ivory Coast (n 5 121) in sub-
Saharan Africa, have been typed. All individuals were
healthy blood donors and had all four grandparents born
in the same region. Informed consent was obtained from
all subjects included in the study, which was approved
by the Ethical Committee of the University of Barcelona.
Participants were representatives of rural areas of geo-
graphically well-defined regions. The geographical
location of the recruited samples is shown in Figure 1.
The North Mediterranean samples were five Spanish
samples [N. Spain (Asturias, n 5 114), the Pas Valley
(n 5 99), the Basque Country (n 5 110), Central Spain
(Sierra de Gredos, n 5 120), and southeast Spain (La
Alpujarra, n 5 100)] together with South of France
(Toulouse, n 5 55), Greece (Athica region, n 5 96), and
Turkey (Anatolia Peninsula, n 5 96). The South Mediter-
ranean samples corresponded to several geographical

Fig. 1. Geographic location of the populations analyzed in the study.
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regions inhabited by well-defined Berber groups from
Morocco, Algeria, and Egypt. The Moroccan samples
came from High Atlas (Asni, n 5 119 and Amizmiz
Berbers, n 5 86), Middle Atlas (Berbers from the Kheni-
fra region, n 5 136), North East Moroccan Berbers
(Bouhria area, n 5 111), plus a sample of Arab-speaking
people from the Doukkala region (n 5 98). Other Berber
samples were Mzab from Algeria (n 5 109) and Siwa
Oasis from Egypt (n 5 86).
Genomic DNA has been extracted from blood by stand-

ard phenol–chloroform procedures. Eighteen human-spe-
cific Alu polymorphic elements (CD4, TPA25, APO, ACE,
Yb8NBC120, Yb8NBC125, B65, D1, FXIIIB, A25, PV92,
HS2.43, Sb19.3, Sb19.12, HS4.32, HS4.69, DM,
Ya5NBC221) together with the Y-chromosome Alu
polymorphic element (YAP) have been determined. Alu
genotyping was done by PCR amplification followed by
electrophoresis separation using positive and negative
controls. Three autosomic STRs have been also
determined to reconstruct the haplotype background and
evolution of three independent loci: DM, CD4, and
FXIIIB. Allele sizes have been verified by sequentiation
of different homozygous individuals. PCR amplification
conditions and allele nomenclature were according to the
protocols described previously (Batzer and Deininger,
1991; Batzer et al., 1996; Brook et al., 1992; Edwards
and Gibbs, 1992; Nishimura and Murray, 1992; Arcot
et al., 1995; Tishkoff et al., 1996; Comas et al., 2000;
Watkins et al., 2001).
Allele frequencies have been calculated by direct gene

counting and Hardy–Weinberg equilibrium was checked
by an exact test (Guo and Thomson, 1992). Heterozygos-
ity by population and locus has been estimated according
to Nei’s formula (Nei, 1987). Maximum likelihood haplo-
type frequencies have been computed using EM
algorithm. The geographical structure of the allele
frequency variance has been tested by a hierarchical
analysis of molecular variation using F-Wright statistics
from populations clustered according to geographical
and/or anthropological criteria. Calculations were per-
formed using the GENEPOP 3.3 (Raymond and Rousset,
1995) and Arlequin (Excoffier et al., 2005) packages.
Population genetic relationships for Alu and Alu/STR

data have been assessed by pairwise FST-genetic dis-
tances (Reynolds et al., 1983) and represented through a
multidimensional scaling plot from the distance matrix.
Genetic distances (dl)2 and RST values for STR data
(Goldstein et al., 1995) have been calculated with the
software Microsat2 (written by E. Minch and available
at www.hpgl.stanford.edu). A Delaunay network analysis
has been performed to identify the main boundaries or
regions of sharp genetic discontinuity in the circum-Med-
iterranean area (Bosch et al., 1997). The isolation degree
between populations and, hence, the sense of defining
genetic boundaries, has been tested by the ISOLDE pro-
gram in the GENEPOP package that elucidates if the
observed differences could be attributable to an isolation
by distance or to abrupt geographical discontinuities
preventing human contacts. Levels of genetic admixture
have been estimated by means of the maximum likeli-
hood method implemented in the LEADMIX program
(Wang, 2003).
Linkage disequilibrium has been calculated using the

parameter d (Bengtssoon and Thomson, 1981) to
approach patterns related with past population move-
ments and expansions. Genetic variation associated with
Alu1 and Alu2 chromosomes for each haplotype system

has been determined by bootstrapping techniques. The
antiquity of some specific Mediterranean haplotypes has
been approached according with Slatkin’s methodology
(Slatkin, 1995). This is based on the Kimura and Ohta’s
formula (Slatkin and Rannala, 2000) and assumes that
the age of an allele can be estimated both from genetic
variation among different copies and from its frequency
(Kimura and Ohta, 1973). The exact equation, which
assumed constant population size and no recombination
effects, is E(t1) 5 [(22p)/(1 2 p)]ln(p), where p is the
frequency of the neutral variant studied and time is
measured in units of 2N generations (N is the effective
population size, usually assumed as N 5 10,000 during
the period before recent growth). For time calculations,
it has also been assumed a generation time of 20 years.
The distribution of some characteristic haplotypic

frequencies was shaped through a prediction model
using an ordinary krigging method implemented in Map-
Viewer (GoldenSoftware, CO). Interpolation maps with
data collected in this study and from the literature (Gon-
zález-Pérez et al., 2007) were prepared using the same
software, and spatial relationships were conceptualized
by inverse distance (Relethford, 2008).

RESULTS

Mediterranean relationships according to Alu data

Alu insertion frequencies in the 17 samples analyzed
are shown in Supporting Information Table 1. Loci in all
samples were in Hardy–Weinberg equilibrium after Bon-
ferroni correction. Locus average heterozygosity across
populations ranges from 0.053 (HS2.43) to 0.490 (DM)
with around half of loci (53%) showing diversity values
close to the maximum expected for biallelic markers
(heterozygosities between 0.4 and 0.5). Gene diversity
values (Table 1) show statistically significant differences
across loci (Kruskal–Wallis test, P \ 0.001), but not
across populations (Kruskal–Wallis test, P 5 0.997).
South and North Mediterranean samples show overlap-
ping frequencies for all markers except for SB19.3 (in
Northern Mediterraneans, the frequencies range from
0.862 in Central Spain to 0.972 in the Basque Country,

TABLE 1. Gene diversities by population and Alu locus

Population gene diversities Locus gene diversities

Mean
heterozygosity

Mean
heterozygosity

without
YAP Alu

Mean
heterozygosity

BASQ 0.3512 0.3646 YAP 0.2313
NSPA 0.3569 0.3641 DM 0.4904
PASV 0.3566 0.3493 HS4.69 0.4769
CSPA 0.3564 0.3659 HS4.32 0.4016
SSPA 0.3584 0.3741 Alu221 0.1661
SFRAN 0.3506 0.3614 Sb19.3 0.2897
GREEC 0.3633 0.3641 HS2.43 0.0526
TURK 0.3526 0.3545 Sb19.12 0.3909
GERM 0.3520 0.3661 B65 0.4778
ARAB 0.3400 0.3362 Alu120 0.4485
NEBE 0.3584 0.3640 Alu125 0.2206
MABE 0.3810 0.3871 PV92 0.3680
ASBE 0.3641 0.3697 D1 0.4419
AMBE 0.3456 0.3609 FXIIIB 0.4633
MZAB 0.3383 0.3502 A25 0.3053
SIWA 0.3360 0.3357 CD4 0.4131
IVOC 0.3567 0.3741 TPA25 0.4766

APOA1 0.1594
ACE 0.4620
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whereas in Southern Mediterraneans the frequencies
range from 0.614 in Amizmiz to 0.802 in Asni Berbers).
Globally, the distribution of autosomal Alu loci reveals a
remarkable population differentiation (the exact test
showed that 130 over a total of 136 pairwise compari-
sons were statistically significant). The results for Y
chromosome YAP insertion confirm the already known
dissimilar distribution on both sides of the Mediterranean.
Population relationships estimated by the FST-related

genetic distance index show the greatest distances corre-
sponding to the comparison between sub-Saharans and
all others (average distances: sub-Saharan vs. others 5
0.166 6 0.021 and among non-sub-Saharans 5 0.040 6
0.020). In the Mediterranean region, the internal differ-
entiation for Northern Mediterraneans (average dis-
tance: 0.022 6 0.008) is lower than that for Southern
Mediterraneans (0.037 6 0.029). Northern Mediterra-
neans are almost equidistant from both Central Europe
(0.0526 6 0.015) and Southern Mediterraneans (0.049 6
0.025), showing distances very close to those between
the latter two population groups (0.042 6 0.013). MDS
representation of the genetic distances (see Fig. 2) based
on autosomal Alu data stresses the main differentiation
of sub-Saharans, the clustering of Mediterraneans in
two different groups corresponding to northern and
southern populations, and the distant position of the
Egyptian Siwa and the Spanish Pas Valley samples from
their corresponding population clusters. The Siwa oasis
sample presents a relatively extreme position, with
respect to the other populations. In fact, the first genetic
boundary in the Mediterranean separates Siwa Berbers
from all remaining groups.
The correlation between geographic and genetic dis-

tances under the isolation by distance model yielded
highly significant values (P \ 0.002, after 1,000 boot-
strap iterations) suggesting that geographic distance is
one of the main factors explaining the genetic variability
in this region. This finding is consistent with an analysis

of the frequency variance in Mediterraneans. Alu
markers exhibit a significant degree of variation between
populations (6.68%, P \ 0.001 including the YAP ele-
ment, and 3.21%, P \ 0.001 for autosomal Alu). How-
ever, a hierarchic AMOVA analysis fails to indicate any
genetic structure either between East and West (0%
among groups vs. 3.25% within-groups variation) or
between North and South (2.02% among groups vs.
2.15% within-groups variation).

Population relationships according to STR
and Alu/STR variation

Allele diversity and some statistical parameters of the
allele size distributions of CD4, FXIIIB, and DM micro-
satellites are reported in Table 2. The three STR
distributions were in Hardy–Weinberg equilibrium after
Bonferroni correction in all samples. For the CD4 and
FXIIIB, Ivory Coast and some North African samples
show relatively high diversity than Northern Mediterra-
neans (see heterozygosity and repeat variance values in
Table 2). Analysis of allele size variance indicates a sig-
nificant interpopulation variation (RST 5 0.0302).
Population comparisons also reveal remarkable heteroge-
neity (112 significant differences out of a total of 136
population comparisons for the overall loci).
Haplotype frequencies for the CD4, FXIIIB, and DM

compound systems have been summarized in Supporting
Information Tables 2–4. When STR variation has been
analyzed separately in Alu(1) and Alu(2) chromosomes,
larger variances are observed in chromosomes carrying
the ancestral Alu variant: CD4(1), FXIIIB(2), and
DM(1). In humans, the ancestral stage of the CD4 and
DM loci is the presence of the Alu insertion, whereas
the absence of the insertion is the ancestral stage for
the FXIIIB locus (Brook et al., 1992; Nishimura and
Murray, 1992; Tishkoff et al., 1996). Alu/STR linkage
disequilibrium was present in all systems and samples.

Fig. 2. Multidimensional scaling plot (stress 0.036) applied to the Reynolds’ genetic distance matrix based on 18 autosomal Alu
markers.
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The most obvious pattern of haplotype variation is
observed in the CD4 system. The ancestral CD4(1) chro-
mosomes show a decreasing pattern of copy number var-
iation from sub-Saharans to Southern and Northern
Mediterraneans. Among these latter populations, the
85(1) and 110(1) haplotypes are the most frequent (Sup-
porting Information Table 2). The derived CD4 Alu(2)
chromosomes present a lower variation than the ances-
tral Alu(1) chromosomes, which is statistically signifi-
cant for Northern Mediterraneans (P \ 0.01) and South-
ern Mediterraneans (P \ 0.05), but nonsignificant for
the sub-Saharan sample. This reduction trend is
considerable in Northern Mediterranean samples (gene
diversity: 0.174 for derived chromosomes vs. 0.554 for
ancestral ones), moderate in Southern Mediterraneans
(0.458 vs. 0.705), and less marked in sub-Saharans
(0.721 vs. 0.778).
In contrast, FXIIIB system exhibits general high di-

versity both in (2) and (1) chromosomes (0.565–0.697
vs. 0.575–0.692, as shown in Supporting Information Ta-
ble 3). Ancestral Alu(2) chromosomes show relatively
high frequencies of low copy number alleles (172 and
176) in sub-Saharan population, values higher than 15%
of the 172, 184, and 188 variants in Southern Mediterra-
neans, and a clear predominance of the 188-bp allele
(0.319) in Northern Mediterraneans (Supporting
Information Table 3). In the derived FXIIIB Alu(1) chro-
mosomes, the most frequent allele is the 180-bp variant
([20%) in Mediterraneans, whereas in sub-Saharans the
most frequent allele is the 184-bp variant.
In the DM system, ancestral Alu(1) chromosomes

show a predominance of 77-bp allele in Mediterranean
groups (frequencies [ 28%). A majority ([24%) of the
derived Alu(2) chromosomes are carriers of the 98-bp al-
lele in sub-Saharan and Southern Mediterraneans, sug-
gesting that the DM Alu deletion probably occurred on a
98-bp variant chromosome (Brook et al., 1992). In North-
ern Mediterraneans, the most frequent DM(2) variants
corresponded to 98- and 101-bp alleles (15.3 and 15.5%,
respectively) (see Supporting Information Table 4).
Population differentiation is noticeable in the three

haplotype systems (from a total of 136 pairs of compari-
sons, 102 for CD4, 111 for FXIIIB, and 106 for DM
were significant). The genetic variance of Alu/STR hap-

lotype frequencies attributable to the differentiation
between Northern and Southern Mediterraneans
(between groups FCT of 2.2%, P \ 0.001, and total FST

of 2.9%, P \ 0.001) indicates significant differences
between these two groups. Global population relation-
ships were assessed by genetic distances and depicted
in MDS plots: (dl)2 for STRs (figure not shown) and
FST for Alu/STR haplotypes (see Fig. 3). Both MDS
plots revealed a pattern of population relationships
very similar to that described for the set of Alu.
In fact, the three distance matrices showed significant
correlations (P \ 0.0001), with values ranging from
66% (for the comparison between the Alu and STR dis-
tance matrices) to 87% (for the comparison between
STR and Alu/STR distance matrices).

Some insights into gene flow and divergence
among Mediterraneans

Interestingly, two CD4 and DM particular haplotypes
linked to Alu-derived alleles—CD4 110(2) and DM
107(2)—were relatively frequent in Berber samples,
present at lower frequencies in some Northern Mediter-
raneans, but absent in sub-Saharans and Central
Europeans (see frequency distributions in Supporting In-
formation Tables 2–4). The CD4 110(2) haplotype
showed polymorphic frequencies only in Northern Medi-
terraneans from Northern Spain (2.7%) and Southern
France (2.2%), with values in North Africa ranging
between 7% (High Atlas Amizmiz Berbers) and 1.5%.
This haplotype was not detected in Algerian Mozabite
Berbers (see Fig. 4A). The DM 107(2) haplotype pre-
sented polymorphic frequencies in Central Spain (2.2%),
Greece (1.0%), and Turkey (1.0%). In North Africa, this
combination was detected in all samples with the lowest
values in Moroccan Arab-speakers and Middle Atlas Ber-
bers (1.5%), values around 2.2% in Mozabite and Siwa
Berbers, and the highest frequencies (5%) in North East
Moroccan Berbers and High Atlas Asni and Amizmiz
Berbers (see Fig. 4B). Age estimates of these two haplo-
types yielded values of 36,000 (95% CI: 3,200–186,000)
YBP for the CD4 110(2) and 48,000 (95% CI: 4,550–
265,000) YBP for the DM 107(2) combination.

TABLE 2. Variation of CD4, FXIIIB, and DM microsatellites in 17 populations

CD pentanucleotide FXIIIB tetranucleotide DM trinucleotide

S. size N Al. Mean Coef. var. Het. S. size N Al. Mean Coef. var. Het. S. size N Al. Mean Coef. var. Het.

BASQ 208 5 7.09 0.81 0.646 204 6 8.93 0.17 0.673 205 16 11.07 3.53 0.798
NSPA 196 6 6.82 0.73 0.683 190 6 8.79 0.20 0.711 196 18 10.90 2.81 0.802
PASV 186 4 6.84 0.77 0.629 158 6 8.97 0.13 0.680 186 10 10.52 3.23 0.749
CSPA 184 6 6.99 0.72 0.691 188 5 8.72 0.21 0.721 192 18 10.91 2.95 0.801
SSPA 200 8 7.13 0.78 0.708 182 5 8.84 0.22 0.687 196 15 10.53 2.54 0.777
SFRAN 94 6 7.02 0.80 0.679 94 5 8.97 0.16 0.685 92 16 10.84 3.16 0.790
GREEC 190 6 6.93 0.76 0.686 192 5 8.81 0.14 0.669 192 17 10.74 2.76 0.795
TURK 190 7 7.18 0.82 0.719 190 5 8.83 0.16 0.699 189 20 9.97 2.96 0.748
GERM 92 3 6.42 0.62 0.629 80 6 8.95 0.17 0.705 91 13 10.17 2.10 0.776
ARAB 182 9 7.47 0.86 0.759 148 5 8.21 0.29 0.759 176 14 10.14 2.28 0.756
NEBE 218 8 7.08 0.75 0.722 205 5 8.15 0.25 0.759 218 16 10.27 1.80 0.805
MABE 244 11 7.53 0.91 0.781 242 6 8.16 0.26 0.772 238 15 10.36 2.16 0.789
ASBE 192 11 8.04 0.99 0.786 236 6 8.18 0.28 0.763 237 12 10.02 1.93 0.763
AMBE 170 9 8.09 0.80 0.756 136 6 8.04 0.31 0.781 170 13 9.92 2.21 0.763
MZAB 188 8 7.19 0.84 0.752 186 6 8.09 0.29 0.771 192 11 9.79 1.40 0.756
SIWA 166 9 7.36 0.87 0.764 158 5 7.75 0.31 0.758 172 13 10.41 1.79 0.809
IVOC 190 10 8.28 0.83 0.812 178 6 7.22 0.25 0.695 192 10 10.55 1.22 0.828

S. size: sample size (2N); N Al.: number of different alleles detected; Mean: mean of allele size in number of repeats distribution;
Coef. var.: coefficient of variation (variance of the allele size distribution divided by the mean); Het.: heterozygosity.
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Gene flow in Mediterraneans (North and South shores)
was analyzed with LEADMIX simulations checking for
different parental groups. The only consistent results
had been summarized in Table 3 (admixture based on
STRs are almost identical than those obtained from Alu/
STR haplotypes and, hence, they are not included in Ta-
ble 3). In the case of Southern Mediterraneans, the over-
all sub-Saharan contribution ranges from 13% for the
Alu markers to 46 and 40% for the STRs and Alu/STR
data, respectively. The sub-Saharan contribution in
Northern Mediterraneans was imperceptible for the Alu

data set, but reaches values around 6% for the STRs set
and Alu/STR haplotypes.
As for individual populations, the sub-Saharan gene

flow in North Africa based on the Alu data collection
ranges between 6 and 17% (Table 3), except the Siwa
Berbers where that influence was negligible. Admixture
values based on Alu/STR combinations indicate that sub-
Saharan flow in North Africa ranged from 16% (North
East Moroccan Berbers) to 35% (remaining samples)
with the exception of Siwa Berbers who showed the
highest admixture value (51%).

Fig. 3. Multidimensional scaling plot (stress 0.049) applied to the Reynolds’ genetic distance matrix based on three Alu/STR
compound systems.

TABLE 3. Maximum likelihood estimations of sub-Saharan African genetic contribution (P1) to the North and South Mediterranean
gene pools

18 Autosomal Alus 3 Alu/STR compound systems

Mode 195% CI 295% CI Mode 195% CI 295% CI

Southern Mediterraneansa

Moroccan Arabs 0.0645 0.2959 \0.001 0.3437 0.5140 0.1820
North East Atlas Berbers 0.0682 0.2424 \0.001 0.1678 0.2978 0.0606
Middle Atlas Berbers 0.1249 0.3041 \0.001 0.3245 0.4810 0.1974
High Atlas Asni Berbers 0.0641 0.2578 \0.001 0.3338 0.5258 0.1573
High Atlas Amizmiz Berbers 0.1684 0.4074 \0.001 0.3532 0.5500 0.2006
Mozabite Berbers 0.0996 0.5419 \0.001 0.3769 0.5501 0.2357
Siwa Berbers 0.0005 0.3134 \0.001 0.5109 0.6772 0.3218
South Mediterraneans as a whole 0.1297 0.3267 \0.001 0.3949 0.5423 0.2954

Northern Mediterraneansb

Basque Country 0.0003 0.1918 \0.001 0.0651 0.1785 \0.001
North Spain 0.0002 0.1341 \0.001 0.1108 0.2050 0.0406
Pas Valley 0.0001 0.1320 \0.001 0.0776 0.2043 \0.001
Central Spain 0.0003 0.1459 \0.001 0.1500 0.2692 0.0494
South Spain 0.0004 0.3160 \0.001 0.1253 0.2392 0.0526
South France 0.0003 0.1443 \0.001 0.1253 0.2353 0.0433
Greece 0.0001 0.1305 \0.001 0.0835 0.1822 0.0168
Turkey 0.0002 0.1353 \0.001 0.0938 0.2033 0.0185
North Mediterraneans as a whole 0.0001 0.0891 \0.001 0.0501 0.0782 0.0250

a Parental 1: sub-Saharan Africans, Parental 2: Northern Mediterraneans.
b Parental 1: sub-Saharan Africans, Parental 2: Central Europeans.
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Concerning Northern Mediterraneans, the gene flow
from sub-Saharan Africa was inappreciable for Alu
markers and swung from 6 to 15% for the Alu/STR
haplotypes data calculations. When gene flow in North-
ern Mediterraneans was tested, taking Central Europe
and Southern Mediterraneans as parental populations,
the results were statistically inconsistent, indicating the
limited power of our markers to discriminate gene flow
within Caucasoid populations. Nonetheless, the distribu-
tions of frequencies for the Mediterranean haplotypes
CD4 110(2) and DM 107(2) (Fig. 4A,B) are suggestive of
gene flow processes across this geographical region.

DISCUSSION

This autosomal genetic study carried out in 15 anthro-
pologically well-defined Mediterranean populations was
designed to analyze population relationships and give
complementary insight on that derived from previous
genetic studies (Quintana-Murci et al., 2003; Esteban
et al., 2006; Gerard et al., 2006; Olivieri et al., 2006;
González-Pérez et al., 2007; Tomas et al., 2008).
The high correlation found between genetic distances

from the three sets of markers (Alu, STR, and Alu/STR
haplotypes) demonstrates that the relationship pattern
derived from the autosomal polymorphisms analyzed is
consistent. This pattern identifies Mediterranean popula-
tions as genetically separate from both sub-Saharans
and Central Europeans and allows the identification of a
certain genetic structure between the two shores of the
Mediterranean region. This genetic picture of popula-
tions may be related to geographic factors as indicated
by the high correlation (P \ 0.002) between geographic
and genetic distances (based on Alu markers) found
under the isolation by distance model. The genetic dis-
tinctiveness of Mediterranean populations, as well as the
distinction between Northern and Southern Mediterra-
neans, coincides with results in previous studies (see for
instance, Simoni et al., 1999; Comas et al., 2000; Bosch
et al., 2001). In this general view, it is worth noting the
particular position of two populations (the Spanish Pas
Valley and the Egyptian Siwa Berbers) (see Fig. 2).

These two populations have previously been described as
genetic outliers (Esteban et al., 2006; Moral et al., 2006;
Coudray et al., 2009) due to the orography of the Pas
Valley and the desert surrounding the Siwa Oasis. This
isolation could explain their differentiation by the action
of the genetic drift associated with episodes with low
effective population size, which in the case of Siwa
Oasis, could have enhanced the effect of sub-Saharan
flow (51% from Alu/STR data) through the Nile River
(Fakhry, 1973).
The variance of the autosomal Alu loci frequencies

indicates significant genetic heterogeneity in the Medi-
terranean region (FST 5 3.21%, P \ 0.001) in contrast to
other Alu-based studies that emphasize the homogeneity
of this area, in particular the northern side (Comas et
al., 2000; Tomas et al., 2008). These discrepancies are
likely associated with the different number of markers
used. The Alu polymorphisms of this study also evidence
significant genetic diversity in the northern and
southern shores of the Mediterranean (North: FST 5
1.6%, P \ 0.001; South: FST 5 2.8%, P \ 0.001). The
heterogeneity is maintained even after the assumed
outlying Pas Valley and Siwa samples are removed from
calculations (FST of 1.4%, P \ 0.001 in each shore).
Another remarkable finding is the comparatively higher
heterogeneity in the southern part of the Mediterranean.
This can be explained by longer periods of relative isola-
tion and low population sizes that had been reported
elsewhere for North African populations in comparison
with the Northern Mediterraneans (Fadhlaoui-Zid et al.,
2004).
When we test the consistency of the Mediterranean as

a genetic barrier, the apportionment of Alu genetic
variance failed to recognize any geographic structure for
the population genetic diversity: variation between
North and South (FCT of 2.02%, P \ 0.001) is slightly
lower than that observed within groups (FSC of 2.15%
P \ 0.001). In contrast, the hierarchical AMOVA analy-
sis of the variation of STR and Alu/STR haplotypes is
consistent with a geographic structuring of the popula-
tion gene diversity. In fact, the majority of variance cor-
responds to differences between North and South (within
groups FSC of 0.7%, P\ 0.01, and between groups FCT of
2.2%, P \ 0.001) as compared with the variation within
these geographic groups.
The disparity between the results from Alu loci and

Alu/STR haplotypes, apart from the potential effect
of the different number of independent markers exam-
ined (18 vs. 3), could be related to different mutation
rates and therefore the power to detect ancient or more
recent demographic events. Similar disparities between
these two kinds of markers were found in the admixture
analysis (Table 3).
As far as gene flow analysis is concerned, the variabili-

ty in the markers considered and the statistical methods
available allow the quantification of sub-Saharan gene
flow into the Mediterranean region as indicated in Table
3. The estimates of sub-Saharan gene flow in Southern
Mediterraneans oscillated between 12.9% (Alu loci) and
39.5% (Alu/STR haplotypes), a wide range probably
related with the different mutational nature of the
markers analyzed and with the effect of repeated homo-
plasic mutation in STRs. The presence of sub-Saharan
African traces in the gene pool of North Africans
supports the idea of the permeability of the Sahara de-
sert to human migrations as reported in other studies
for different kinds of markers (see for example, Plaza

Fig. 4. Frequency distribution maps of haplotypes CD4
110(2) (A) and DM 107(2) (B).
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et al., 2003; Arredi et al., 2004; Myles et al., 2005; Cou-
dray et al., 2006). Interestingly, data from mtDNA and
Y-chromosome estimates of sub-Saharan gene flow in
North Africa are similar to that obtained from our Alu
loci set, a value also concordant with that corresponding
to Mozabites in the recent survey of Li et al. (2008)
based on more than 500,000 SNPs. The interpretation of
the disparity in gene flow estimates according to the
kind of marker is difficult, but it might be presumably
be related to the different mutation rates of Alu and
STRs. In any case, the aforementioned consistency with
other studies and markers and the reduced number of
loci analyzed lead to think that Alu/STR estimate might
be artefactual.
Regarding gene flow within the Mediterranean region

and unlike the unilinearly transmitted regions of the ge-
nome, the autosomal markers analyzed do not have
enough power to discern gene flow estimates from south
to north and between western and eastern parts of the
region. Nevertheless, our findings include indirect
indicators of the gene flow that occurred throughout the
Mediterranean region. In Northern Mediterraneans,
traces from sub-Saharan African genes were detected
through admixture analysis (Table 3) suggesting contin-
uous contacts among both Mediterranean shores as it
has been also described in other reports (González-Pérez
et al., 2003; Plaza et al., 2003). The fact that these traces
have been detected in the entirety of the northern shore,
from Spain (10%) to Turkey (9.4%), reinforces the hy-
pothesis that gene flow in this region is probably linked
to the first ancient trans-Mediterranean navigations and
that has been maintained and homogenized through
enduring slave trade that prevailed until the end of
the 17th century (Olesa-Muñido, 1968), rather than
merely reflecting the Islamic expansions of the 8th to
15th centuries.
Another indication of gene flow across the Mediterra-

nean comes from the distribution of specific Alu/STR
combinations such as CD4 110(2) and DM 107(2) haplo-
types. So far, these haplotype combinations almost
exclusively detected in Mediterranean human popula-
tions testify to the existence of specific Mediterranean
trends according to previous records (Esteban et al.,
2004). Although the similar age estimates of 36,000
(95% CI: 3,200–186,000) YBP for the CD4 110(2) and
48,000 (95% CI: 4,550–265,000) YBP for the DM 107(2)
suggest an ancient and coincident origin in the region,
the wide range of confidence intervals and the assump-
tions used by the method does not allow clear state-
ments.
The highest frequencies of CD4 110(2) and DM 107(2)

have been found in the High Atlas region (7 and 5.5%,
respectively) of Morocco, reaching polymorphic frequen-
cies in all the North African samples [barring the Moza-
bites for the CD4 110(2) combination]. They have also
been found in the Iberian Peninsula, scattered along the
northern Mediterranean shore to Greece and Turkey,
and on the main islands of the western Mediterranean
(Majorca, Corsica, Sardinia, and Sicily; González-Pérez
et al., 2007). The CD4 110(2) haplotype has also been
reported in West Saharans and Mauritanians (Flores
et al., 2000) and on five of the seven Canary Islands
(Flores et al., 2001), as well as in Adygei from the North-
ern Caucasus (Tishkoff et al., 1996).
Assuming from their frequency distribution that the

place of origin of these particular haplotypes is located
in the westernmost extreme of North Africa (Fig. 4A,B),

their current ample distribution along both shores of the
Mediterranean most likely reflects the effect of gene flow
across the region since ancient times, even though
specific ages cannot be accurately estimated with our
data. Similarly, specific Mediterranean haplogroups or
clades (U6 and M1b in the mtDNA; EM78 and EM81 in
the Y-chromosome) have also been described for these
populations and dated in Paleolithic times.
In summary, the population information from autoso-

mal data concurs with studies based on uniparental
markers (see for example, Plaza et al., 2003; Achilli et al.,
2004; Olivieri et al., 2006; Cruciani et al., 2007). The
results of this study are consistent with the
following statements: i) human populations in the
Mediterranean present distinctive genetic features from
sub-Saharan and Central European groups; ii) the degree
of heterogeneity in this region is statistically
significant, being relatively higher in Southern Mediter-
raneans, likely in association with their demographic his-
tory; iii) Mediterranean gene diversity is compatible with
ascertained (but only slight) differentiation North vs.
South, to which the different sub-Saharan gene flow has
likely played an important role; iv) the distribution of
some specific Mediterranean Alu/STR haplotypes is indic-
ative of a history of gene flow interactions across this geo-
graphic region. In any case, this study demonstrates the
utility of combined use of autosomal Alu and
STR polymorphisms to detect fine population relation-
ships. Differences in gene flow estimates obtained from
the different groups of markers used strengthened the
necessity of taken into account the particular mutational
nature to explain properly human population events. The
general agreement shown by uniparental and autosomal
data confirms the capacity of human population genetics
to reconstruct, through different tools, the same popula-
tion history-in this case, that of the Mediterraneans.
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Myles S, Bouzekri N, Haverfield E, Cherkaoui M, Dugoujon JM,
Ward R. 2005. Genetic evidence in support of a shared Eura-
sian-North African dairying origin. Hum Genet 117:34–42.

Nei M. 1987. Molecular evolutionary genetics. New York: Co-
lumbia University Press.

Nishimura DY, Murray JC. 1992. A tetranucleotide repeat for
the F13B locus. Nucleic Acid Res 20:1167.

Norwich JJ. 2007. The Middle Sea: a history of the Mediterra-
nean. London: Secker and Warburg.
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11  The Ins and Outs of Population Relationships in 
 West-Mediterranean Islands: Data from Autosomal 
 Alu polymorphisms and Alu/STR compound 
 systems 
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Josep Santamaria, Magdalena Gaya-Vidal, Esther Esteban. 
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11.1 Relacions poblacionals a les illes del Mediterrani occidental:        
 dades de polimorfismes Alu i sistemes compostos Alu/STR 
 

Aquest treball continua el plantejament metodològic expressat en l’article anterior 

inclòs en aquesta tesi doctoral. La metodologia de base és la determinació de la variació de 

dues bateries de marcadors de naturalesa genètica diferent i que per tant poden aportar 

explicacions complementàries a l’hora de la reconstrucció poblacional de les poblacions 

humanes: una bateria de 18 elements Alu autosòmics y l’element específic del cromosoma 

Y (YAP) i els tres sistemes autosòmics compostos Alu/STR (dels loci CD4, FXIIIB i DM).  

L’estudi ha estat aplicat, en aquesta ocasió i de manera més concreta, a la descripció 

de la variació genètica d’aquests marcadors en les grans illes del Mediterrani occidental i en 

la seva interpretació dins del marc evolutiu de les poblacions humanes específiques de la 

conca mediterrània. 

Les illes del Mediterrani occidental han representat des d’antic un veritable pal de 

paller molt destacat a l’hora de comprendre adequadament els estudis arqueològics, 

històrics i antropològics duts a terme, com a conseqüència d’un paper central i actiu en el 

desenvolupament i història de les principals civilitzacions mediterrànies. Tot i això, les 

dades genètiques disponibles encara són escasses, especialment a l’hora d’interpretar el seu 

grau de diferenciació interna i d’establir el tipus de relacions poblacionals humanes que 

presenten amb la resta de grups humans de la regió. 
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Així, i més concretament, les poblacions estrictament analitzades per aquest estudi, 

han estat un total de set: Mallorca, Còrsega interior, litoral occidental de Còrsega, Sardenya 

interior, litoral occidental de Sardenya, Sicília occidental i Sicília oriental. La base de dades 

obtinguda s’ha completat amb les dades complementàries disponibles per a les poblacions 

continentals mediterrànies amb l’objectiu de deduir i interpretar les relacions humanes 

globals esmentades a la regió. 

L’anàlisi genètic d’aquestes poblacions insulars mostra, especialment per a la bateria 

de 18 elements Alu polimòrfics estudiats, un grau considerablement elevat d’heterogeneïtat 

genètica tant interna com entre les diferents illes. A més a més, cal destacar que la 

diferenciació global entre illes (Fst 2,2 %) és, fins i tot, superior a l’observada per al conjunt 

de poblacions continentals mediterrànies (europees i nord-africanes) pels mateixos 

marcadors. 

Les dades obtingudes a partir dels càlculs de divergències poblacionals i l’elevada 

heterogeneïtat suggereixen que el patró genètic actual d’aquestes poblacions insulars 

conserva característiques diferenciadores que es remuntarien als primers pobladors humans 

de les mateixes, en el període paleolític. 

D’altra banda, i en contraposició amb la informació aportada exclusivament pels 

elements Alu, la variació mostrada pels marcadors STR i pels haplotips Alu/STR –

marcadors amb taxes de mutació superiors i més afectats per les vicissituds poblacionals 

recents– indica un grau d’homogeneïtat més marcada, suggerint que, com a mínim des del 

neolític, el flux gènic ha estat actuant força contínuament en tot el Mediterrani occidental. 

Finalment, les dades que obtenim dels resultats poden ser indicatius també de certs 

aspectes particulars. En aquest sentit, caldria destacar un efecte important de la deriva 

genètica i l’aïllament poblacional des de ben antic a Sardenya, un grau de flux gènic nord-

africà considerable representat per diferents haplotips típicament berbers a Sicília 

(especialment a la part més occidental) i unes intenses relacions històriques recents de 

Còrsega, Mallorca i la Sicília més oriental amb les poblacions humanes continentals de la 

riba mediterrània europea. 
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11.2 Informe del director sobre la participació del doctorand 
 
 

 
 
 
 

El Dr. Pedro Moral Castrillo, Professor Titular del Departament de Biologia 

Animal de la Universitat de Barcelona i director de la tesi doctoral “Variació genètica i 
evolució d’elements Alu recents en poblacions humanes. Inferències biodemo-
gràfiques i filogeogràfiques” presentada pel doctorand Emili González Pérez, desitja 

fer constar que la participació del doctorand en l’elaboració de l’article “The Ins and Outs 
of Population Relationships in West-Mediterranean Islands: Data from Autosomal 
Alu polymorphisms and Alu/STR Compound Systems” publicada per la revista Journal 

of Human Genetics, ha consistit en les següents tasques principals: 

 

- Processament de mostres: extracció de DNA de les mostres poblacionals 

utilitzades en el treball (100 %) 

- Disseny del treball i selecció de marcadors analitzats, conjuntament amb 

el Dr. Pedro Moral  

- Genotipatge d’insercions Alu i STRs / Seqüenciacions (100 %) 

- Elaboració de les bases de dades de resultats (100 %) 

- Anàlisi estadística dels resultats, conjuntament amb la Dra. Esther 

Esteban  

- Redacció de l’article (amb la Dra. Esteban i el Dr. Moral)  

 Complementàriament, cal assenyalar que cap dels coautors d’aquest article ha 

utilitzat, ni implícitament ni explícitament, els resultats d’aquest treball per a l’elaboració 

d’una altra tesi doctoral. En conseqüència, aquest treball forma part, en exclusiva, del 

treball de recerca en el que s’emmarca la tesi del doctorand Emili González Pérez. 

 
 
 
 
 
Signat: Dr. Pedro Moral Castrillo 
Barcelona, 29 de setembre de 2009 
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Abstract The islands of the West Mediterranean have

played a central role in numerous archaeological, historical

and anthropological studies due to their active participation

in the history of main Mediterranean civilisations. How-

ever, genetic data failed to fit in both their degree of

internal differentiation and relationships. A set of 18 Alu

markers and three short tandem repeats (STRs) closely

linked to the CD4, F13B and DM Alu have been analysed

in seven samples from Majorca, Corsica, Sardinia and

Sicily to explore some of these issues. Our samples show a

high genetic heterogeneity inside and among islands for the

Alu data. Global differentiation among islands (FST 2.2%)

is slightly higher than that described for Europeans and

North Africans. Both the estimated divergence times

among samples and the high population heterogeneity

revealed by Alu data are compatible with population dif-

ferences since the first islands’ settlement in the Paleolithic

period. However, the high within-population diversities

and the remarkable homogeneity observed in both STR and

Alu/STR haplotype variation indicated that, at least since

Neolithic times, gene flow has been acting in west Medi-

terranean. Genetic drift in west-coast Sardinia and gene

flow in west Sicily have contributed to their general dif-

ferentiation, whereas Corsica, Majorca and east Sicily

seem to reflect more recent historical relationships from

continental south Europe.

Keywords Alu insertions � Alu/STR haplotypes �
Human populations � Mediterranean peopling

Introduction

The Balearic archipelago and the islands of Sardinia,

Corsica and Sicily are enclosed in the westernmost part of

the Mediterranean basin by the Iberian Peninsula and the

Strait of Gibraltar to the west, North Africa to the south and

the Strait of Messina and the Italic Peninsula to the east.

This region covers an area of about 0.85 million km2 that

embraces a set of populations closely related not only by

geography but also by historical relationships, probably

since their initial peopling in middle and upper Paleolithic

times. Their common historical background includes

numerous and almost continuous waves of settlements and

conquests by several mainland civilisations. This coming

and going of populations in a close geographical area has

constituted a challenge for archaeologists, historians, eth-

nologists and anthropologists alike. The latter have been

particularly interested in determining the degree of genetic

relationships of a set of populations that, even having a
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common past of invaders for centuries, still preserve some

remarkable differences.

In Majorca, the largest island of the Balearic archipel-

ago, archaeological data suggest peopling since the

Paleolithic period. The island was occupied by the Carth-

aginians before passing to the Romans, who installed a

long period of prosperity. From 707, the island was

increasingly attacked by Muslim raiders from North Africa.

Two centuries later, the Caliphate of Cordoba conquered

Majorca, ushering in a new period of prosperity for the

island. In the thirteen century, the Catalano–Aragonese

launched an invasion with 15,000 men and 1,500 horses,

annexing the island to the kingdom. In the archipelago, the

mother tongue is the Balearic variation of Catalan, a

Romance language spoken in a large part of the former

territories of this kingdom. From a genetic point of view,

recent data from mtDNA haplotype variability (Picornell

et al. 2005) suggest a high similarity among Majorca, other

Balearic islands and Spanish populations historically rela-

ted with the Catalano–Aragonese kingdom. This affinity

points to an important gene flow from the mainland without

significant bottlenecks involved in the colonisation of the

island.

Corsica and Sardinia formed a single land mass in early

Paleolithic times. They are now separated by a straight of

about 12 km wide. As a result of this close vicinity, these

two islands share a common background despite the fact

that for many centuries, the contact with different Medi-

terranean invaders was apparently limited to the coastal

flatland territories of the islands. Carthaginians and

Romans pushed the indigenous people into the central

region of the islands, which explains the fact that, in the

case of Sardinia, the centre is the most conservative region

linguistically and genetically (Piazza et al. 1988; Cappello

et al. 1996). In regards to the vernacular languages, the

inhabitants of both islands speak Romance languages, but

in the case of Corsica, the language shows a high affinity

with the Tuscan dialect although with some internal dif-

ferentiations, whereas Sardinian is a clearly distinct

Romance language, preserving traces of the indigenous

pre-Roman languages of the island until this very day.

These two islands also share some demographic features,

likely a product of their abrupt geography, that have mod-

eled their genetic structure mainly due to the effect of

isolation and genetic drifting. Until the eighteenth century,

Sardinia had a population that rarely exceeded 400,000

inhabitants. It was even lower in Corsica: 100,000 inhab-

itants until the end of the eighteenth century (Day 1987;

Gatti 1995; Simi 1997). Genetic studies conducted in

Corsica and Sardinia, although numerous, failed to coincide

in data. Some studies based on classical markers indicate

genetic similarity (Memmi et al. 1998; Vona et al. 2003),

whereas others emphasise their genetic heterogeneity

(Calafell et al. 1996). More recently, DNA studies have

added more data without conclusive results. Francalacci

et al. (2003) conducted a survey of Y-chromosome haplo-

types in several samples from Corsica, Sicily and central

Sardinia. Their main findings underline the differentiation

of Sardinians and Sicilians from other Mediterraneans,

whereas Corsica remains more similar to continental Italy

and French samples, excluding the possibility of significant

gene flow from central Sardinia to north-central Corsica.

Data from mtDNA (Morelli et al. 2000) have also demon-

strated a remarkable discontinuity among central Sardinians

and both north Sardinians and Corsicans. On the other hand,

a different mtDNA study (Falchi et al. 2006) found genetic

similarities among Iberian, Corsican and Sardinian popu-

lations. This study confirms the fact that most mtDNA

haplogroups in these samples coalesced in Paleolithic dates.

Information from autosomal markers also gives controver-

sial results; the maternal genetic similarities among Iberian,

Corsican and Sardinian populations seem to be reflected in

the high frequencies of ß039 thalassemic mutation (Falchi

et al. 2005), whereas a multilocus analysis of autosomal

microsatellites (Tofanelli et al. 2001) suggests a remarkable

genetic differentiation between Sardinia and Corsica.

The particular position of Sicily in the centre of the

Mediterranean has made the passage through it easier for

peoples from virtually all of the Mediterranean and beyond.

Before the Roman conquest, Sicily was occupied by rem-

nants of the autochthonous populations of Sicani, Elymi,

and Siculi (Indo-European populations that arrived

between the second and first millennium BC), as well as by

Phoenicians (tenth to eighth century BC) and Greeks

(eighth century BC). The Sicilian language has inherited

vocabulary and grammatical forms from these earliest

settlers of the island as well as from the later colonists and

conquerors. In view of their heterogeneous background, the

subject of genetic relationships between populations on the

island of Sicily is controversial. Some studies based on

classical polymorphisms, and later on autosomal DNA

markers (Calò et al. 2003; Ghiani et al. 2002; Piazza et al.

1988; Romano et al. 2003), indicated that Sicily is genet-

ically heterogeneous, with a considerable East–West

gradient compatible with population settlements occurring

at different times. Other authors (Rickards et al. 1998) state

that there was no clear geographic clustering within Sicily,

rejecting an East–West differentiation.

Although the genetic information here summarised is

extensive and covers everything from classical polymor-

phisms to uniparental and autosomal DNA, as far as we

know, none of these studies have tested the four main

islands with samples including different geographical

areas inside each one jointly. This is the context in which

we are presenting our work. We analysed a set of eight

autosomal Alu polymorphisms and three short tandem

1000 J Hum Genet (2007) 52:999–1010
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repeats (STRs) closely linked to the CD4, F13B and DM

Alu markers in seven regions of Majorca, Sardinia, Cor-

sica, and Sicily. We selected these particular markers for

two main reasons, the first being the widely contrasted

informative nature of Alu insertions for the study of

human populations (Watkins et al. 2001) due to their

stability, low mutation rate and known ancestral state, and

the second due to the remarkable degree of information

provided by Alu markers linked with STRs. The latter are

very effective for estimating divergence between popula-

tions, although their mutation rate involves a certain

degree of homoplasy that can mask the true genetic rela-

tionships. Information on haplotype frequencies, together

with STR variation on ancestral Alu allele background

compared with STR variation on the derived Alu alleles,

has been used to estimate fine genetic relationships

between human populations, not only on a large geo-

graphical scale (Tishkoff et al. 1996; Ramakrishnan and

Mountain 2004), but also at a microgeographical level

(Flores et al. 2000; Esteban et al. 2004).

The main objectives of this work are: (1) exploration of

the degree of internal variability of Corsica, Sardinia and

Sicily for comparison of the results with previous studies

that suggested different heterogeneity levels inside these

islands, (2) analysis of the genetic relationships among the

four islands by maximum usage of different genetic

markers such as Alu and STRs and (3) use of the qualitative

information provided by the Alu/STR haplotypes to deter-

mine the amount of external gene flow received in the

islands as a result of their historical background.

Material and methods

A total of 360 unrelated and healthy autochthonous indi-

viduals from seven well-defined rural areas of Majorca,

central Sardinia, west-coast Sardinia, central Corsica, west-

coast Corsica, east Sicily and west Sicily were analysed.

Samples were obtained with the informed consent of the

participants, whos four grandparents were born in the same

region. The geographical position of the samples is detailed

in Fig. 1.

Eight human-specific Alu insertion polymorphisms

(DM, HS2.43, B65, PV92, D1, F13B, A25 and TPA25)

were typed using the primers and polymerase chain reac-

tion (PCR) amplification conditions previously described in

Stoneking et al. (1997) and Edward and Gibbs (1992), with

minor modifications. As for STRs, CD4 consists of a

pentanucleotide (TTTTC)n repeat amplified according to

Tishkoff et al. (1996), with minor modifications. This STR

maps approximately 9 kb from the Alu marker. The F13B

STR is a tetranucleotide repeat (TTTA)n at 4 kb of the Alu

marker. Amplification conditions were as described in

Nishimura and Murray (1992), with slight modifications.

The DM (CTG)n repeat was amplified according to Brook

et al. (1992). In this case the Alu polymorphism is located

5 kb telomeric to the repeat. After amplification with

fluorescent-labeled primers, PCR products were pooled and

electrophoresed on an ABI PRISM 3700 DNA sequencer

(Applied Biosystems, Foster City, CA, USA). Genescan

and Genemapper 3.0 programs (ABI PRISM, Applied

Biosystems) were used to generate fragment sizes and

Fig. 1 Geographical position of

the seven insular samples and

other west Mediterranean

groups used in comparisons
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genotypes. Different selected individuals were sequenced

for each STR to confirm size lengths and assign the correct

repeat number for comparisons with data generated by

other authors.

Allele frequencies were computed by direct counting,

and Hardy–Weinberg equilibrium was tested by an exact

test (Guo and Thomson 1992). Standard gene diversity

indices by populations and locus were estimated according

to Nei (1987). Locus frequency distributions were com-

pared by an exact test for population differentiation. The

program PHASE was used to generate, by means of a

Bayesian statistical method, estimates of haplotype fre-

quencies. The v.2.1 implements extensions of the original

methods described in Stephens et al. (2001) and Stephens

and Donnelly (2003). Linkage disequilibrium estimates

between the STR and their respective Alu were quantified

using the adaptation of Black and Krafsur (1985) algo-

rithms contained in the computer program GENETIX 4.05

(Belkhir et al. 1996–2004). The apportionment of genetic

variance was checked by analysis of molecular variance

(AMOVA) through the ARLEQUIN computer package

(Excoffier et al. 2005). Locus-by-locus fixation indices

(FST, FSC and FCT) were averaged to obtain a global value.

The statistical significance of these averages was checked

by combining probabilities (Sokal and Rohlf 1997).

Apart from the seven samples included in this study, data

from other European and North African samples, mainly

from the Mediterranean basin, were collected from the lit-

erature. For our seven samples, we reached a database of 18

Alu polymorphisms by linking this work to a previous one

conducted by our research team (Caló et al. 2005), but the

available literature allowed us to create a database of 20

Mediterranean groups only for the following Alu: APO,

B65, PV92, D1, F13B, A25, TPA25 and ACE. These sam-

ples (see Fig. 1 for geographical location) come from the

works of Stoneking et al. (1997), Comas et al. (2000) and

Garcia-Obregon et al. (2006, 2007). The consulted popula-

tion data from CD4, F13B and DM STRs was obtained from

the ALFRED database (Rajeevan et al. 2005).

Population relationships were approached by means of

FST-related genetic distances analyses (Reynolds et al.

1983) using the PHYLIP 3.6 package (Felsenstein 1989)

and depicted through multidimensional scaling from the

distance matrix. Genetic distances (dl)2 for STR data

according to Goldstein et al. (1995) were calculated by the

computer program Microsat 2 (written by E. Minch and

available from: http://www.hpgl.stanford.edu). Population

divergence times were estimated according to Goldstein

et al. (1995), who proposed an equation to calculate

divergence time among two samples by dividing the esti-

mated value of the (dl)2 distance by twice the product of

the mutation rate (b) and the constant size variance (x)

of mutational jumps considering a generation time of

25 years. For divergence time calculations, we assumed

that x is constant with a value of 0.04 (1/25) and b value of

2.8 ( 10–4 (Chakraborty et al. 1997). The time obtained is

expressed in years before present (YBP).

Results

Variability in west Mediterranean Islands

Alu polymorphisms

Allele frequencies for the eight Alus are shown in Table 1.

In general, all loci were in Hardy–Weinberg equilibrium

after Bonferroni correction (excepting D1 in west Sicily)

and showed significant gene diversity differences (Kruskal–

Wallis test p \ 0.001). In regards to FST values, only the

PV92 loci showed moderate genetic differentiation (FST of

6.7%). Although the samples from Sicily and Sardinia

occupied extreme positions in the population variation

ranges (see Table 1) for some loci, when average hetero-

zygosities were compared, the Kruskal–Wallis test indicated

no remarkable differences (p = 0.873) among our samples.

Pairwise population comparisons across the eight loci

revealed a remarkable degree of heterogeneity (significant

p values for 17 comparisons out of 21) disrupted only for

four population comparisons that failed to show significant

differences: west-coast Corsica with both central Sardinia

and Majorca, and central Corsica with east Sicily and

Majorca. The locus that showed the highest number of

significant population comparisons (11 out of 21) was

consistent with the genetic differentiation revealed by FST

values, PV92. A nonhierarchical AMOVA yielded an

average FST in west-Mediterranean islands of 2.2%

(p \ 0.001). Inside Sardinia, the level of population

genetic variance (FST of 5.5%, p \ 0.001) was even higher

than that observed for the whole of the islands. Both the

low number of samples and the extreme allele frequencies

shown by the two Sardinian samples in almost all loci

probably accounted for this FST value. However, the same

pattern was observed when we recalculated FST using

information from 18 Alu polymorphisms: average FST

(3.7%, p \ 0.001) inside Sardinia was triple that observed

among islands (1.3%, p \ 0.01).

STR gene diversity and Alu/STR compound systems

Allele size frequencies of CD4, F13B and DM microsatel-

lites are available as supplementary material from the Web

site of the journal. Overall, the three distributions were in

Hardy–Weinberg equilibrium after Bonferroni correction,

with the only exception of DM STR being in central
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Sardinia. Allele diversity values and some statistical

parameters of allele size distributions, including STR var-

iation on derived chromosomes, are reported in Table 2.

Heterozygosity values in the three STRs showed similarly

notable levels of within-population variation, but no sig-

nificant population differences were detected in neither

diversity values or allele size frequencies. STR variation in

the CD4- and DM-derived chromosomes (those Alu-) was

extremely lower in all cases, according to previous

knowledge about the distribution of these compound sys-

tems in modern humans (Tishkoff et al. 1996, 1998). On the

contrary, STR variation in the derived F13B chromosomes

(those carrying the Alu insertion) was high and very similar

to that described for the general variation of this STR.

Alu/STR haplotype frequencies are reported in Tables 3,

4 and 5 for CD4, F13B and DM markers, respectively. In the

three compound systems, Alu and STR alleles were in

linkage disequilibrium. Agreeing with that observed for the

STR distributions, our samples showed high levels of within-

population diversity but weak population differences.

The number of different CD4 haplotypes in Sardinia and

Sicily (seven and nine, respectively) exceeded in number

those found in Corsica and Majorca due to the presence of

some African characteristic combinations (Alu—with both

alleles of five and eight repeats) in the former populations. In

the particular case of east Sicily, these haplotypes accounted

for a frequency of 5.6%. Another haplotype (Alu-/10 repeats

allele) characteristic of Berber groups (Flores et al. 2000;

Table 1 Alu insertion frequencies in west-Mediterranean islands

Alu Sardinia

centre

Sardinia

west

coast

Corsica

centre

Corsica

west

coast

Sicily

east

Sicily

west

Majorca FST per

locus

Variation ranges

reviewed populations

DM (2N) 100 74 92 90 80 92 110 Loci not included in the

reviewed literatureAlu+ 0.607 0.300 0.695 0.567 0.787 0.576 0.527 0.030

H 0.485 0.442 0.428 0.497 0.339 0.494 0.503 p = 0.043

HS2.43 (2N) 100 98 102 76 102 100 114 0.02 SE Morocco – 0.28

C SardiniaAlu+ 0.280 0.061 0.137 0.158 0.069 0.130 0.096 0.030

H 0.407 0.116 0.239 0.269 0.129 0.228 0.176 p = 0.020

B65 (2N) 100 46 102 94 102 96 106 0.47 Navarre (Spain) –

0.73 AlgeriansAlu+ 0.520 0.630 0.598 0.489 0.569 0.583 0.575 0

H 0.504 0.476 0.485 0.505 0.485 0.491 0.493 NS

PV92 (2N) 98 90 102 94 98 90 112 0.04 W Sicily – 0.40 S

MoroccoAlu+ 0.122 0.389 0.245 0.138 0.112 0.044 0.087 0.067

H 0.217 0.481 0.374 0.241 0.201 0.086 0.307 p = 0.009

D1 (2N) 100 46 102 94 102 96 114 0.11 WC Sardinia –

0.53 W SicilyAlu+ 0.310 0.109 0.323 0.415 0.422 0.531 0.342 0.029

H 0.432 0.198 0.442 0.491 0.492 0.503 0.454 p = 0.031

F13B (2N) 100 84 102 96 102 94 114 0.29 W Morocco – 0.62

Greek CypriotsAlu+ 0.370 0.333 0.451 0.583 0.471 0.372 0.500 0.009

H 0.471 0.450 0.500 0.491 0.503 0.472 0.504 NS

A25 (2N) 100 92 102 94 102 94 114 0.06 C Sardinia – 0.23

SE MoroccoAlu+ 0.060 0.109 0.137 0.096 0.108 0.202 0.114 0

H 0.114 0.196 0.239 0.175 0.194 0.326 0.204 NS

TPA25 (2N) 100 66 96 94 86 92 114 0.33 WC Sardinia –

0.64 W SicilyAlu+ 0.500 0.333 0.542 0.596 0.465 0.641 0.570 0.012

H 0.509 0.451 0.502 0.487 0.504 0.465 0.494 p = 0.052

Average H 0.392 0.351 0.401 0.394 0.356 0.383 0.392 Among Islands average

FST 0.022

SD 0.147 0.153 0.109 0.140 0.161 0.155 0.141 p \ 0.001

CD4 Data from Calo et al. (2005)

Alu+ 0.694 0.786 0.716 0.837 0.598 0.700 0.693

Previously described CD4 Alu frequencies on these samples have been included for posterior use in CD4 Alu/STR haplotype calculations

(Table 3). Variation ranges according to data from the reviewed literature for 20 European and North African populations

2N number of chromosomes analysed, H Nei’s nonbiased gene diversity NS not significant
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Esteban et al. 2004) was also found in central Sardinia

(1.2%), east Sicily (2.5%) and, with more remarkable fre-

quencies, in west Sicily (4%). The pattern of F13B

haplotype frequencies was very similar among islands

excluding the comparison between west-coast Sardinia and

west-coast Corsica (p = 0.04). Some haplotypes were

common to all groups, whereas some others were found

scattered in certain samples; however, none of these par-

ticular haplotypes were detected in Majorca. DM haplotypes

also showed a similar pattern of high within-population

diversity combined with great population homogeneity.

Leaving aside some occasional differences, the

remarkable genetic heterogeneity within and among islands

detected for the set of Alu markers did not match up with

the global homogeneity detected for STR variation and

Alu/STR haplotype frequencies. Furthermore, in west-

Mediterranean islands, the FST values deduced from STR

variation in the three loci as a whole (FST = 0.01%) or from

the three Alu/STR compound systems (FST = 0.02%) were

not significantly different from zero.

Genetic relationships in the west-Mediterranean basin

Global relationships in our samples were assessed through

FST-related genetic distance matrices for 18 Alu polymor-

phisms and three Alu/STR combinations and through (dl)2

distances for the three STRs. In all matrices, distance

values were significantly different from zero in more than

90% of cases. Alu and Alu/STR distance matrices were

positively correlated (Mantel test, r = 0.763, p = 0.041)

and underlined the genetic differentiation of west-coast

Sardinia and west Sicily [see Fig. 2a for the multidimen-

sional scaling (MDS) plot based on Alu data]. The first

dimension of the MDS plot based on (dl)2 distances

(Fig. 2b) clearly distinguished two population clusters,

with west-coast Sardinia and west Sicily as the most dif-

ferentiated samples within each group. Figure 2b also

contains estimates of divergence times among samples; the

two main population clusters showed a time separation of

around 25,000 YBP, whereas the divergence inside each

group was considerably lower.

Table 2 Variation of CD4, F13 and DM microsatellites in west-Mediterranean islands

Global STR variation STR variation on derived Alu chromosomes

2N No. alleles Mean Variance Allele range H 2N No. alleles Mean Variance Allele range H

CD4 pentanucleotide

Sardinia C 90 4 6.75 4.70 5–10 (5) 0.677 27 3 6.11 0.64 5–10 (6) 0.140

Sardinia WC 94 6 7.61 6.14 5–12 (5) 0.724 26 1 6.00 – 6 0.000

Corsica C 94 5 6.91 5.00 5–11 (5) 0.718 31 2 5.93 0.06 5–6 (6) 0.121

Corsica WC 96 6 7.12 5.77 5–12 (5) 0.683 19 1 6.00 – 6 0.000

Sicily east 94 6 6.84 4.61 5–12 (6) 0.704 36 3 6.14 0.98 5–10 (6) 0.248

Sicily west 96 6 7.57 5.73 5–12 (10) 0.724 28 3 6.53 2.11 5–10 (6) 0.304

Majorca 100 4 6.83 5.06 5–11 (5) 0.684 26 1 6.00 – 6 0.000

F13B tetranucleotide

Sardinia C 72 4 8.74 1.63 6–10 (10) 0.720 10 2 8.57 0.70 9–10 (10) 0.520

Sardinia WC 76 4 8.84 1.36 6–10 (9) 0.713 27 3 8.88 0.64 8–10 (8/9) 0.658

Corsica C 94 5 8.80 1.54 6–10 (10) 0.708 41 4 8.32 0.57 7–10 (8) 0.468

Corsica WC 96 4 8.64 1.39 6–10 (8) 0.680 56 3 8.46 0.54 8–10 (8) 0.487

Sicily east 88 5 8.58 1.69 6–10 (8) 0.729 41 4 8.44 0.80 7–10 (8) 0.570

Sicily west 92 5 8.73 1.54 6–10 (10) 0.685 35 4 8.74 0.96 7–10 (8) 0.580

Majorca 94 5 8.74 1.68 6–11 (10) 0.734 44 3 8.54 0.53 8–10 (8) 0.558

DM trinucleotide

Sardinia C 94 13 9.75 26.95 5–31 (5) 0.760 32 4 9.68 12.16 5–13 (12) 0.101

Sardinia WC 94 15 10.91 33.15 5–29 (5) 0.799 67 6 12.13 6.33 5–15 (12) 0.015

Corsica C 96 12 9.43 35.13 5–33 (5) 0.704 28 6 12.57 2.18 8–15 (13) 0.014

Corsica WC 96 13 10.02 33.37 5–29 (5) 0.732 41 6 11.51 10.81 5–20 (13) 0.083

Sicily east 94 14 10.82 38.77 5–26 (5) 0.784 19 3 12.05 0.61 11–13 (12) 0.157

Sicily west 96 13 10.02 30.41 5–27 (5) 0.762 35 7 12.43 6.37 5–21 (13) 0.036

Majorca 114 14 11.05 34.27 5–30 (5) 0.796 48 6 10.89 12.61 5–21 (13) 0.063

Allele range in number of repeats. In parentheses: modal allele

2N number of chromosomes, No. alleles number of different alleles, variance in repeat number, H Nei’s nonbiased gene diversity
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Heterogeneity within west-Mediterranean islands has

been examined in a wider context (Fig. 3a) to determine its

true significance. FST-related genetic distances among our

samples and a set of related populations for 8 Alu

polymorphisms ranged from the lowest value of 0.0018

between two Spanish samples (northeast Spain and Navarre)

to the highest 0.1379 (between west-coast Sardinia and west

Sicily). Average genetic distances inside west-

Table 3 CD4 Alu/short tandem repeat (STR) haplotype frequencies and global gene diversity

Haplotypes with the Alu insertion

5 (85) 6 (90) 8 (100) 9 (105) 10 (110) 11 (115) 12 (120)

Sardinia C 0.3736 ± 0.0042 0.0593 ± 0.0059 0.2375 ± 0.0038 0.0227 ± 0.0002

Sardinia WC 0.3022 ± 0.0023 0.0286 ± 0.0053 0.0132 ± 0.0001 0.3405 ± 0.0043 0.0524 ± 0.0017 0.0394 ± 0.0001

Corsica C 0.3466 ± 0.0008 0.0123 ± 0.0045 0.2518 ± 0.0052 0.0488 ± 0.0062

Corsica WC 0.4355 ± 0.0047 0.0104 ± 0.0001 0.3008 ± 0.0036 0.0417 ± 0.0001 0.0104 ± 0.0001

Sicily east 0.2946 ± 0.0059 0.0500 ± 0.0094 0.1875 ± 0.0074 0.0423 ± 0.0017 0.0106 ± 0.0001

Sicily west 0.2761 ± 0.0021 0.0122 ± 0.0041 0.0292 ± 0.0054 0.3209 ± 0.0049 0.0319 ± 0.0006 0.0318 ± 0.0012

Majorca 0.4162 ± 0.0087 0.0164 ± 0.0044 0.2495 ± 0.0080 0.0452 ± 0.0019

Haplotypes without the Alu insertion

5 (85) 6 (90) 8 (100) 10 (110) Global GD

Sardinia C 0.0128 ± 0.0042 0.2816 ± 0.0059 0.0125 ± 0.0038 0.7751 ± 0.0254

Sardinia WC 0.2214 ± 0.0053 0.8154 ± 0.0227

Corsica C 0.0256 ± 0.0076 0.3068 ± 0.0045 0.7881 ± 0.0238

Corsica WC 0.1971 ± 0.0030 0.7387 ± 0.0338

Sicily east 0.0352 ± 0.0059 0.3330 ± 0.0094 0.0211 ± 0.0012 0.0253 ± 0.0074 0.8193 ± 0.0196

Sicily west 0.0111 ± 0.0021 0.2431 ± 0.0041 0.0408 ± 0.0048 0.8211 ± 0.0194

Majorca 0.2564 ± 0.0044 0.7501 ± 0.0369

STR alleles are expressed in number of repeats; parentheses show the size in base pairs. Haplotypes with frequencies lower than 1% are excluded

Table 4 F13B Alu/short tandem repeat (STR) haplotype frequencies and global gene diversities

Haplotypes with the Alu insertion

7 (176) 8 (180) 9 (184) 10 (188)

Sardinia C 0.2503 ± 0.0143 0.0529 ± 0.0105 0.0846 ± 0.0129

Sardinia WC 0.1329 ± 0.0083 0.1296 ± 0.0114 0.0985 ± 0.0128

Corsica C 0.0205 ± 0.0033 0.3056 ± 0.0063 0.0585 ± 0.0095 0.0592 ± 0.0086

Corsica WC 0.3925 ± 0.0125 0.1094 ± 0.0092 0.0813 ± 0.0087

Sicily east 0.0341 ± 0.0001 0.2800 ± 0.0148 0.0623 ± 0.0120 0.0895 ± 0.0114

Sicily west 0.0109 ± 0.0001 0.2028 ± 0.0185 0.0353 ± 0.0101 0.1310 ± 0.0170

Majorca 0.2729 ± 0.0061 0.1266 ± 0.0151 0.0603 ± 0.0144

Haplotypes without the Alu insertion

6 (172) 8 (180) 9 (184) 10 (188) Global GD

Sardinia C 0.1101 ± 0.0036 0.0552 ± 0.0143 0.1554 ± 0.0105 0.2904 ± 0.0129 0.8279 ± 0.0237

Sardinia WC 0.0832 ± 0.0012 0.0477 ± 0.0083 0.2592 ± 0.0114 0.2487 ± 0.0128 0.8294 ± 0.0204

Corsica C 0.0821 ± 0.0050 0.1224 ± 0.0095 0.3450 ± 0.0086 0.7763 ± 0.0273

Corsica WC 0.0832 ± 0.0011 0.0450 ± 0.0125 0.0468 ± 0.0092 0.2416 ± 0.0087 0.7726 ± 0.0288

Sicily east 0.1136 ± 0.0002 0.0722 ± 0.0148 0.0967 ± 0.0117 0.2514 ± 0.0114 0.8239 ± 0.0217

Sicily west 0.0865 ± 0.0021 0.1776 ± 0.0185 0.0951 ± 0.0101 0.2603 ± 0.0170 0.8239 ± 0.0193

Majorca 0.1157 ± 0.0037 0.1180 ± 0.0151 0.2907 ± 0.0144 0.8236 ±0.0206

STR alleles are expressed in number of repeats; parentheses show the size in base pairs
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Mediterranean islands (average distance dm = 0.044) were

considerably higher than the average distances among

southwestern Europeans (dm = 0.010) and North Africans

(dm = 0.013). On average, west-Mediterranean islands

showed the highest between-group distance with North

Africans (0.045). The fraction of genetic variance resulting

from differences among these two groups measured through

the across-loci average FCT value was 1.79% (p \ 0.001).

When population relationships were depicted through an

MDS plot (Fig. 3a), west-coast Sardinia, central Sardinia

and west Sicily occupied a peripheral position in the upper

part of the graphic, whereas the other samples were closely

related to the Spanish and French samples. The Sardinian

differentiation may be explained by the fact that, in com-

parison with the whole population correlation between

distance from centroid and heterozygosity (Fig. 3b), they

showed less heterozygosity than that expected under the

Harpending and Ward (1982) model, suggesting either a

greater influence of genetic isolation or smaller effective

population size.

Discussion

For west-Mediterranean islands, the autosomal Alu and

STR data reported here are the first to be described and

jointly discussed in order to shed light on some of the most

controversial issues of west-Mediterranean population

relationships, namely, the internal degree of heterogeneity

within islands, the particular affinities and/or differences

among islands, the amount of external gene flow received

and finally, the divergence times among these regions.

Concerning Alu markers, the seven west-Mediterranean

samples show noticeable levels of genetic diversity, with

Fig. 2 a Plot of multidimensional scaling (MDS) (stress = 0.008)

applied to the FST genetic distance matrix based on 18 Alu markers.

b Plot of MDS (stress \ 0.001) applied to the (dl)2 genetic distance

matrix based on three short tandem repeats (STRs). Years before

present (YBP) estimated through the distance values are indicated for

the main groups; for averaged YBP, standard deviations (SDs) are

indicated in parentheses

Fig. 3 a Plot of multidimensional scaling (MDS) (stress = 0.091) applied to the FST genetic distance matrix based on eight Alu markers. b
Position of west-Mediterranean islands in the heterozygosity vs. distance from the centroid plot based on Alu polymorphisms
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the only exceptions being east Sicily and west-coast

Sardinia, wich have the lowest average heterozygosities.

Genetic differentiation inside and among islands is extre-

mely high as can be deduced from both the results of

pairwise population comparisons (17 out of 21 cross-loci

population comparisons are statistically significant) and

global FST values. A general trend to low gene diversity in

Sardinia (Fig. 3b) joined with discrepant patterns of Alu

allele frequencies among samples could be consistent with

such differentiation. The global degree of differentiation

among islands (2.2%, p \ 0.001) is even slightly higher

than that reported in Europeans (1.9%) or North Africans

(1.5%, Comas et al. 2000; 2.3%, Gonzalez-Perez et al.

2003) for a comparable set of Alu markers and samples.

West-coast Sardinia and west Sicily are clearly differ-

entiated from all samples (Figs. 2a, 2b, 3a). The action of

genetic drift in relatively small population groups could

have contributed to their differentiation. Although we

cannot ignore that historical, linguistic and some genetic

evidence (Piazza 1988) in Sardinia point to differences in

population settlements among central and coastal areas due

to the confinement of the original population, the Nuragici,

into the internal regions as a result of the Carthaginian and

Roman invasions. In the case of Sicily, historical records

also indicate an important retreat of the original Sicanian

population due to the arrival of the continental Italian Si-

cels. Our results concur with evidence based on Y-

chromosome haplotypes (Francalacci et al. 2003) and

mtDNA (Morelli et al. 2000) that point out Sardinia and

Sicily as the most differentiated populations in the west-

Mediterranean basin.

The relative heterogeneity among the remaining insular

samples revealed by the plot based on 18 Alu markers

(Fig. 2a) is less evident when other Mediterranean groups

are added to the MDS analysis. The proximity of Corsica,

Majorca and east Sicily to continental samples indicated by

the set of eight Alu markers (Fig. 3a) has also been sug-

gested by data from mtDNA (Falchi et al. 2006; Picornell

et al. 2005).

Genetic differentiation in west-Mediterranean islands is

not evident by STR variation. Although all samples show

notable levels of within-population diversity, neither sig-

nificant population differences nor remarkable levels of

genetic variance have been detected in any of the three

analysed STRs. The discrepancies observed between

results indicated by Alu markers and STR variation may

derive from the different nature of these two polymor-

phisms. The former are unique events far from the effect of

random fluctuations caused by mutation and probably

reflect the ancestral origin of populations. A population

split from this ancestral group with enough time to accu-

mulate STR variation due to the high microsatellite

mutation rates, together with the homogenising effect of

gene flow, could explain the observed discrepancies in

genetic heterogeneity and FST values among these two

genetic markers.

Gene flow among west-Mediterranean islands and

beyond seems to have been outstanding. STR variation on

the three loci coincide in showing high heterozygosity

values in all samples; in most cases, STR variation

parameters are higher than those reported for mainland

Europeans (Tishkoff et al. 1996, 1998; Esteban et al. 2004).

Insularity has not acted as a strong barrier to gene flow, at

least among west-Mediterranean islands and mainland

southern Europe, according to the merged historical back-

ground of these samples. However, historical records also

point out North African influences. We have not detected

any remarkable affinity among west-Mediterranean islands

and North Africans. But this fact does not exclude some

particular examples of African gene flow. Traces of African

contributions to the gene pool of some islands can be

deduced from the frequency of several CD4 Alu/STR

haplotypes. The relatively high contribution of African-

characteristic haplotypes in Sicily (8.16% in the east sample

and 5.16% in the west sample) in comparison with the other

islands (less than 2.5%) agrees with the strategic geographic

position and the historical background of this island. Maj-

orca, however, which was under Islamic rule for more than

three centuries, does not exhibit any trace of African hapl-

otypes. This fact agrees with other genetic data (Picornell

et al. 2005) reinforcing the historical evidence that docu-

mented an important repopulation of the island by

Spaniards after the Catalano–Aragonese conquest.

We conclude with some data of divergence times among

samples, even though these estimations represent maxi-

mum values, because they are based on the assumption that

the measured STR variation has developed locally, and we

know that gene-flow processes in the west Mediterranean

could have added some bias to time calculations. Time

estimates (Fig. 2b) separate our samples by a time range of

around 24,259 ± 6,211 YBP in two groups: central Sardi-

nia, central Corsica, west-coast Corsica and west Sicily vs.

west-coast Sardinia, east Sicily and Majorca. An average

date of 5,973 ± 2,815 YBP separates west Sicily and west-

coast Corsica from the remaining populations inside their

respective groups. These dates are compatible with the

population heterogeneity revealed by Alu data, suggesting

that some differences among our samples could be traced

back to the first settlement of the islands, likely reflecting

genetic drift and/or genetic isolation processes. On the

other hand, the high within-population diversities and the

remarkable STR and Alu/STR homogeneity among islands

suggest that, at least since Neolithic times, gene flow has

been active in the west-Mediterranean basin. Genetic drift

in west-coast Sardinia and gene flow in west Sicily have

probably stressed their general genetic differentiation.
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12.1 Canvi genètic a la població polinèsica d’Illa de Pasqua:          
 evidències aportades per polimorfismes d’inserció Alu 
 

El darrer dels treballs experimentals recollits en els resultats d’aquesta tesi doctoral 

utilitza l’aproximació ja comentada anteriorment a partir de l’anàlisi genètica d’una bateria 

de polimorfismes genètics Alu, per ser aplicada a l’estudi antropogenètic i evolutiu d’una 

població humana molt particular. Es tracta d’un estudi novedós sobre les característiques 

biològiques de la població autòctona de l’Illa de Pasqua, sobre les seves vicissituds 

històriques recents i sobre les possibles inferències per intentar clarificar l’origen dels 

pobladors polinèsics i el model de poblament més escaient. 

L’origen dels pobladors i habitants de les nombroses illes de la Polinèsia i l’Oceà 

Pacífic ha estat durant molt de temps, i encara actualment, un dels temes més controvertits 

i difícils d’afrontar per l’antropologia i la genètica de poblacions humanes. Amb la intenció 

de reconduir aquesta problemàtica, en el decurs del projecte d’aquesta tesi es va considerar 

interessant aplicar l’estudi de nous marcadors autosòmics com les insercions Alu–mai 

estudiats abans per a la població de l’Illa de Pasqua– per tal d’obtenir pistes sobre la història 

recent i l’origen dels pobladors de la Polinèsia més remota. 

Així, van ser analitzades un total de 18 polimorfismes d’inserció Alu en una 

completa mostra humana de l’Illa de Pasqua, constituïda per un total de 88 individus 

nadius. Aquesta població global va ser subdividida en dos grups, en funció de les 

genealogies disponibles als registres religiosos de l’illa des de finals del segle XIX: una 

subpoblació estava formada per individus 100 % descendents de llinatges rapanui (els 
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pobladors nadius originals d’Illa de Pasqua) i una altra subpoblació configurada per 

individus que en les darreres quatre generacions haurien tingut algun ancestre no rapanui 

(europeu o amerindi, principalment). Aquesta particular caracterització inicial de la població 

analitzada ens va permetre disposar d’una mostra equivalent als illencs habitants de l’illa a 

finals del segle XIX (individus rapanui, sense pràcticament mestissatge extern teòric) i una 

mostra característica de la barreja genètica que ha patit la població original, especialment 

des de mitjans del segle XX. 

L’anàlisi genètica ha permès confirmar, a una escala biològica, aquesta diferenciació 

entre els dos grups d’habitants de l’illa, permetent-nos utilitzar els resultats per tal d’inferir 

processos demogràfics i històrics sobre l’origen i l’evolució d’aquesta població insular 

aïllada al bell mig del Pacífic. 

Les dades demostren una participació equivalent de gens externs amerindis i 

europeus en la població autòctona de l’illa de finals del segle XIX, i amb una creixent i 

accelerada contribució del pool genètic europeu durant el segle XX, especialment marcada a 

partir de la dècada dels seixanta. Cal destacar, a més, que aquestes dades mostren l’evident 

petjada genètica ja deixada en la població nativa original (finals del segle XIX) pels 

colonitzadors europeus i per l’efecte de l’intens comerç d’esclaus polinèsics durant aquell 

segle, una petjada i un contacte que haurien tingut un paper decisiu en el declivi de la 

població i que la va abocar a gairebé una extinció en tota regla. 

La comparació de la variació genètica d’elements Alu obtinguda en aquesta població 

amb les dades disponibles per altres poblacions de la regió donen un suport clarament 

preferent als models de poblament del Pacífic anomenats del Voyaging Corridor, que 

postulen que els humans prepolinesis tindrien el seu origen principal en el sud-est asiàtic i 

en les poblacions humanes de la Wallacea, més que no pas en poblacions de l’Àsia oriental 

estricta (Taiwan i Filipines) que havien estat els candidats tradicionalment postulats per 

molts antropòlegs. 

Aquest estudi ha permès demostrar la importància que el procés sistemàtic de 

mostreig i la caracterització exhaustiva de la població durant el mateix, pot arribar a tenir en 

la correcta interpretació de les relacions que mostren els resultats de l’anàlisi genètica en 

detall. Així, ha estat possible desentrellar algunes de les particularitats que han afectat a la 

història recent d’una població humana tan particular com l’Illa de Pasqua i com es va 

desenvolupar el seu procés de poblament més probable. 
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12.2 Informe del director sobre la participació del doctorand 
 
 

 
 

 
 

El Dr. Pedro Moral Castrillo, Professor Titular del Departament de Biologia 

Animal de la Universitat de Barcelona i director de la tesi doctoral “Variació genètica i 
evolució d’elements Alu recents en poblacions humanes. Inferències biodemo-
gràfiques i filogeogràfiques” presentada pel doctorand Emili González Pérez, desitja 

fer constar que la participació del doctorand en l’elaboració de l’article “Genetic Change 
in the Polynesian Population of Easter Island: Evidence from Alu Insertion 
Polymorphisms” publicada per la revista Annals of Human Genetics, ha consistit en les 

següents tasques principals: 

 

- Processament de mostres: extracció de DNA de les mostres poblacionals 

utilitzades en el treball (100 %) 

- Disseny del treball i selecció de marcadors analitzats, conjuntament amb 

el Dr. Pedro Moral  

- Genotipatge de marcadors d’inserció Alu i seqüenciacions (100 %) 

- Elaboració de les bases de dades de resultats (100 %) 

- Anàlisi estadística dels resultats (100 %) 

- Redacció de l’article, conjuntament amb el Dr. Moral  

 

 Complementàriament, cal assenyalar que cap dels coautors d’aquest article ha 

utilitzat, ni implícitament ni explícitament, els resultats d’aquest treball per a l’elaboració 

d’una altra tesi doctoral. En conseqüència, aquest treball forma part, en exclusiva, del 

treball de recerca en el que s’emmarca la tesi del doctorand Emili González Pérez. 

 
 
 
 
 
Signat: Dr. Pedro Moral Castrillo 
Barcelona, 29 de setembre de 2009 
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Genetic Change in the Polynesian Population of Easter
Island: Evidence from Alu Insertion Polymorphisms

E. González-Pérez, E. Esteban, M. Via, C. Garcı́a-Moro, M. Hernández and P. Moral∗
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Summary

The origin of Pacific islanders is still an open issue in human population genetics. To address this topic we analyzed a

set of 18 Alu insertion polymorphisms in a total of 176 chromosomes from native Easter Island inhabitants (Rapanui).

Available genealogical records allowed us to subdivide the total island sample into two groups, representative of the

native population living in the island around 1900, and another formed by individuals with some ancestors of

non-Rapanui origin. Significant genetic differentiation was found between these groups, allowing us to make some

biodemographic and historical inferences about the origin and evolution of this geographically isolated island

population. Our data are consistent with equivalent and recent contributions from Amerindian and European

migrants to the 1900s Rapanui population, with an accelerated increase in the European gene flow during the

20th century, especially since the 1960s. Comparative analysis of our results with other available Alu variation data

on neighbouring populations supports the “Voyaging Corridor” model of Polynesian human settlement, which

indicates that pre-Polynesians are mainly derived from Southeast Asian and Wallacean populations rather than from

Taiwan or the Philippines. This study underlines the importance of sampling and taking into account historical

information in genetic studies to unravel the recent evolution of human populations.

Keywords: Alu insertions, Easter Island, Polynesian origins, Pacific peopling, human populations

Introduction

Geographically, the Polynesian Easter Island (as named

by European explorers in 1722, Isla de Pascua in Spanish,

Rapanui in Polynesian, and ‘Te Pito o TeHenua’ or “the

navel of the world” by its inhabitants) is the world’s most

isolated inhabited place. This volcanic triangular island

lies in the Austral group in Eastern Polynesia, 2,300

miles west of South America, 2,500 miles southeast of

Tahiti, 4,300 miles south of Hawaii and 3,700 miles

north of Antarctica. Due to its geographic isolation and

particular culture (the “moai” huge stone carved figures)

it has attracted the interest of anthropologists for a long

time. It is generally accepted that this island has however

∗Corresponding author: Prof. Pedro Moral, Unitat

d’Antropologia, Facultat de Biologia. Avda. Diagonal, 645.

08028-Barcelona, Spain. Phone: +34 934 021 461; Fax: +34

934 035 740; E-mail: pmoral@ub.edu

been colonized for only 1,500 years, in one of the most

recent processes of modern human expansion.

Archaeological and linguistic data place the coloniza-

tion of Easter Island around 400-500 AD, with settlers

likely coming from the Marquesas Islands or Mangavera.

The subsequent growth of the small initial population

gave rise to a particular and complex culture centred

on the cult of their ancestors (McCall, 1996). The pop-

ulation growth, along with the limited environmental

resources and an unstable ecological equilibrium, un-

leashed a crisis in the 16th century, leading to an impor-

tant reduction in the size of the population and a change

of the dominant culture (Moai abandonment). The ar-

rival of the Dutchman J. Roggeveen in 1722 started a

period of contact with Europeans that, finally, led to

the decline of the native population. It is well doc-

umented that the Rapanui population suffered an ex-

treme reduction from an initial size of around 2,000 to

only 110 in 1877, as a result of foreign exploitation and
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exposure to introduced epidemics (Flenley, 1993).

Although no genetic evidence of this bottleneck has

been found (Martinson et al. 1993), historically this re-

duced population group should be regarded as the origin

of the current Rapanui, together with likely later foreign

influences. Chilean sovereignty in 1888, the sheep and

cattle-raising concessions to foreigners or the arrival of

German marines and English prisoners in 1915, help

to illustrate these potential influences. Demographic

data indicate that until 1965 the Rapanui population

maintained a strong endogamy, and afterwards the is-

land opened significantly, increasing its size to 2764 is-

landers by 1992, mainly due to Chilean immigration

(Hernández et al. 2000).

The reconstruction of Polynesian ancestry has been

approached by archaeologists, linguists and genetic an-

thropologists leading to different conflicting hypothe-

ses that make this issue a highly disputed topic in the

elucidation of the evolution of present-day human pop-

ulations. The generation of new data on the genetic

structure of the most extreme population within Poly-

nesia, the Rapanui, may be useful in answering some of

the questions still raised by this controversy.

Among the different hypotheses (see, for instance,

Diamond, 1988; Dyen, 1971; Heyerdahl, 1950;

Oppenheimer & Richards, 2001; Terrell & Welsch,

1997) two basic models of Polynesian origins currently

have major support. The ‘Out of Taiwan’ model (also

known as the ‘Express Train to Polynesia’) associates the

ancestors of Polynesians with a fast Neolithic expan-

sion of Austronesian-speaking rice agriculturalists from

South China/Taiwan, and is mainly based on linguistic

and cultural evidence. A modified version of this model,

the “Slow Boat” model (Kayser et al. 2000), proposes a

Taiwan or East Asia origin for Polynesians with exten-

sive admixture with Melanesians. The main alternative

model, the ‘Voyaging Corridor’, postulates somewhere

in the Southeast Asia islands (the Wallacea region) as the

homeland of today’s Polynesian ancestors, with a demo-

graphically more stable spreading, with contacts made

through maritime journeys, initially at short distances

and later at greater distances. Finally, the model called

“Entangled Bank” suggests a primarily Melanesian ori-

gin for Polynesians (Terrell & Welsch, 1997).

A good number of previous anthropological and

molecular studies focused on the topic of human

settlement of the Pacific. Cranial morphology data have

suggested similarities between Polynesians and SE Asians

(Pietrusewsky, 1997), as well as closer affinities of Pa-

leoamericans with SE Asians and Polynesia than with

mainland Asia (Brace et al. 2001; González-José et al.

2003). Most genetic evidence is consistent with a prox-

imal biological origin for Pacific populations in the

Wallacea region (Serjaeantson & Hill, 1989), including

globin genes (Hill et al. 1985), Y-chromosome markers

(Kayser et al. 2000; Capelli et al. 2001; Hurles et al.

2002) and some mtDNA studies (Sykes et al. 1995;

Oppenheimer & Richards, 2001). Other mtDNA data

have been interpreted as supporting affinities of Poly-

nesians with Taiwanese populations (Redd et al. 1995;

Melton et al. 1995; Lum et al. 1998) and these re-

searchers insist there is still the possibility of limited gene

flow between Native Americans and Polynesian popu-

lations (Cann & Lum, 1996). In this context the present

analysis, dealing with up-to-date and previously unused

markers, aims to find new genetic evidence to test the

origin of Polynesians.

Here we provide, for the first time, data on 18 Alu in-

sertion polymorphisms in the Easter Island population.

The use of neutral autosomal polymorphisms, such as

Alu insertions, whose frequency variation is only de-

pendent on drift and migration (and not mutation), and

whose ancestral state is known, is a powerful tool in

the study of human populations (Watkins et al. 2001).

These markers have been determined in two genealog-

ically well documented subsamples of the current island

population, which can be associated with two historical

periods of this population. The objectives of this work

are: 1) to investigate the autosomal genetic composition

of the Easter Island populations; 2) to assess the amount

of change in the gene pool of this island population that

is attributable to recent demographic events; 3) to de-

tect genetic affinities with other geographically and/or

historically related populations, in order to gain new

insights into the general model of Polynesian human

settlement.

Materials and Methods

A group of 88 unrelated autochthonous individuals

from Easter Island was analysed. The samples were ob-

tained in collaboration with the authorities of the Hanga
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Figure 1 Location of population samples used for comparison purposes in this study. Alu

frequency data sources are indicated in the text. Abbreviations: RAPA = RR Rapanui

sample, SAMO = Samoa, JAVA = Java, PHIL = Philippines, TAIW = Taiwan, TENG =
Nusa Tengaras, MALA = Malasia, CHIN = China, TAMI = Tamil, INDI = India,

AUST = Australia, PNGH = Papua New Guinea Highlands, PNGC = Papua New

Guinea Coastal, ALAS = Alaska, MVSK = Mvskoke, MAYA = Maya, BRET = Bretons,

FRAN = France, SPAI = Spain, SWIS = Swiss.

Roa Hospital and came from unrelated healthy blood

donors. Informed consent was obtained from all subjects

participating and the study was approved by the ethical

committee of the University of Barcelona. The available

genealogical records for these individuals, coming from

family reconstructions from parish and civil archives in

Hanga Roa between 1937 and 1996, document their

grandparental origins and allowed subdivision into two

subsamples: one formed by subjects of Rapanui ances-

try (n = 54) and the other comprising individuals with

some non-Rapanui ancestor (n = 34).

Eighteen human specific Alu insertion polymor-

phisms (TPA25, ACE, APO-A1, FXIIIB, PV92, D1,

CD4, B65, Sb19.3, Sb19.12, A25, HS2.43, HS4.69,

HS4.32, DM, Yb8NBC120, YbNBC125, and YAP)

were typed using primers described previously (Arcot

et al. 1995, 1996; Batzer & Deininger, 1991; Watkins

et al. 2001; Edwards & Gibbs, 1992). The conditions

for PCR amplification were as described in Stoneking

et al. (1997) and Edwards & Gibbs (1992) with minor

modifications.

Allele frequencies were computed by direct count-

ing, and Hardy-Weinberg equilibrium was checked by

an exact test (Guo & Thomson, 1992). Gene diversity by

population and locus was calculated according to Nei’s

formula (Nei, 1987), and locus frequency distributions

were compared by an exact test for population differ-

entiation. Estimates were obtained using the Arlequin

statistical package (Schneider et al. 2000).

For comparison purposes Alu variation data from

other populations (Figure 1) were collected from the lit-

erature (Arcot et al. 1996; Stoneking et al. 1997; Melton

et al. 1998; Novick et al. 1998; Battilana et al. 2002) in

an attempt to cover the main population groups related

to the origin and history of the Rapanui. Actually, the

great dispersion of Alu human population data available

to date led us to a mandatory compromise to maximize

both the number of markers and populations. Conse-

quently, we finally used data for 8 polymorphic Alu

insertions from a total of 23 populations correspond-

ing to different geographical areas: SE Asia (3 popula-

tions from the Taiwanese group: Taiwan, Philippines,

and China; and 4 from the Wallacea region: Malaysia,

Molucas, Nusa Tengara and Java); Polynesia (2 popula-

tions: Samoa and Rapanui); Australia and New Guinea

(3 populations: Australian Aborigines, Papua New

Guinea Highlands and Papua New Guinea Coast);

America (2 populations from North America: Alaska

and Mvskoke; 1 from Central America: Maya; and 4

from South America: Ache, Cain, Guarani, and Xa-

vante); and Europe (4 populations: Bretons, French,

Swiss, and Spaniards).
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Fst-related genetic distances were calculated between

pairs of populations according to Reynolds et al. (1983)

and represented in a neighbour joining tree (Saitou &

Nei, 1987) using the PHYLIP 3.6 package (Felsenstein,

1989). The topology of the tree was assessed through

1000 bootstrap iterations. The genetic relationships be-

tween the examined populations were also depicted by

principal components analysis (PCA) from the correla-

tion matrix of the Alu frequencies.

Delaunay network analysis was used to identify prin-

cipal boundaries or regions of sharp genetic change

(Brassel & Reif, 1979). In accordance with the rules

of this analytical process we defined a subset of pairs

of contiguous populations connected by edges. Genetic

distances between each pair of samples were allocated

to each edge, and high genetic distances were joined to

trace the principal genetic boundaries in the South-East

Asia and Pacific region.

The proportions of genetic admixture in the Ra-

panui population were calculated by gene flow estimates

obtained by the ADMIX 1.0 program (Bertorelle &

Excoffier, 1998).

Results

Frequencies of the 18 human-specific Alu polymor-

phisms in the two subgroups from Easter Island (RR,

all known ancestors of Rapanui origin, and NR, some

non-Rapanui ancestors) are presented in Table 1. All

loci were polymorphic in all populations, except for the

HS2.43 locus for which the insertion allele was absent

in the Rapanui lineage (RR). All Hardy-Weinberg tests

in the two lineages studied showed no departures from

equilibrium (Table 1).

Variability within the Present Rapanui

Population

Gene diversity values were relatively high according

to the maximum expected values for biallelic markers

(Table 1). Significant differences in heterozygosity be-

tween loci were present (Kruskal-Wallis test, p = 0.014),

but not between the two Easter Island subgroups (p =
0.681). However, the RR subsample showed a certain

trend towards lower gene diversities (in 9 out of the 18

loci analysed, while the remaining values are equivalent)

than the mixed NR subgroup. The average gene diver-

sities by population confirmed this trend, with values of

0.287 in the RR group vs. 0.334 in the NR subsample.

When locus genotype distributions between the two

Easter Island subgroups were compared significant dif-

ferences were present for four of the 18 loci: DM (p

= 0.0092), FXIIIB (p = 0.0001), ACE (p = 0.0089)

and APO (p = 0.0099). Also a global test based on the

distribution of the whole set of the markers examined

yielded a significant value (p = 0.0008, χ 2 = 69.046,

d.f.= 36), indicating the existence of remarkable ge-

netic heterogeneity within the present Easter Island

population.

Notes on the Genetic Changes in the Rapanui

Island Population During the Last Century

Concerning the heterogeneity detected within the cur-

rent Easter Island population, genetic distance and ad-

mixture analyses can provide additional information on

the genetic changes experienced in the island popula-

tion during the last century and those that are likely

occurring at present.

Table 2 shows a summary of the average genetic dis-

tances between the two Easter Island subsamples and

population groups from SE Asia, the Taiwanese group,

Australian and Melanesian group, Americans, and

Europeans. The RR Rapanui group presented the lowest

distance from SE Asians, followed by that from Ameri-

cans, while the distances with other groups were almost

or more than twice larger. The same distance pattern

was observed for the NR Rapanui subsample, but in

this case the magnitude of the distance values was al-

ways around a half of the RR group, in agreement with

an expected loss of differentiation in the recent Easter

Island population due to a migration effect.

In order to shed some light on the direction of the re-

cent genetic changes within Easter Island, an analysis of

the admixture proportions of Polynesian, American and

European genes into the two subpopulations of the Ra-

panui was carried out. The respective bootstrapped con-

tributions were mPolyn = 0.493 ± 0.342, mAmer = 0.211

± 0.334, and mEurop = 0.296 ± 0.115 into the RR

Rapanui subpopulation, and mPolyn = 0.265 ± 0.297,

mAmer = 0.251 ± 0.285, and mEurop = 0.484 ±
0.137 into the NR Rapanui subgroup. Likely due to
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Table 1 Alu insertion frequencies in two

population samples of Rapanui Pacific is-

land (RR = Rapanui lineage and NR =
Non Rapanui lineage) (2N sample size in

number of typed chromosomes)

Alu element Lineage 2N Alu + Heterozygosity H-W (p)

TPA 25 NR 58 0.47 0.51 0.71

RR 94 0.49 0.50 0.25

ACE NR 58 0.69 0.44 0.21

RR 94 0.86 0.24 1

APO A1 NR 68 0.59 0.49 0.08

RR 108 0.41 0.48 0.40

FXIIIB NR 62 0.65 0.47 0.44

RR 86 0.93 0.13 0.17

PV92 NR 54 0.52 0.51 0.46

RR 80 0.46 0.50 0.52

D1 NR 56 0.38 0.48 1

RR 78 0.53 0.50 0.52

CD4 NR 52 0.94 0.11 1

RR 82 0.95 0.09 1

B65 NR 62 0.45 0.50 1

RR 84 0.49 0.50 1

YAP (N = n◦ ) NR 9 0.00 0.00 -

RR 16 0.00 0.00 -

Sb19.3 NR 58 0.76 0.37 0.64

RR 100 0.68 0.44 0.21

Sb19.12 NR 58 0.09 0.16 1

RR 94 0.02 0.04 1

A25 NR 62 0.05 0.09 1

RR 92 0.09 0.16 1

HS2.43 NR 58 0.01 0.03 0.78

RR 86 0.00 0.00 -

HS4.69 NR 58 0.34 0.46 0.69

RR 84 0.44 0.50 1

HS4.32 NR 62 0.39 0.48 0.45

RR 92 0.39 0.48 0.23

DM NR 60 0.32 0.44 0.67

RR 94 0.15 0.25 0.57

Yb8NBC120 NR 52 0.27 0.40 0.63

RR 74 0.15 0.26 0.57

Yb8NBC125 NR 32 0.06 0.12 1

RR 40 0.05 0.10 1

Table 2 Average genetic distances between Rapanui subsamples and other population groups

SE Asian Taiwanese Australia &

Islands (5)1 group (3) New Guinea (3) Americans (3) Europeans (4)

(dm = 0.051) (dm = 0.065) (dm = 0.096) (dm = 0.045) (dm = 0.018)

RR Rapanui 0.106 0.179 0.244 0.129 0.214

NR Easter Island 0.044 0.099 0.138 0.078 0.102

SE Asians — 0.098 0.212 0.061 0.141

Taiwanese — 0.328 0.116 0.170

Austr & NG — 0.335 0.184

Americans — 0.144

dm: average genetic distance within each population group.
1in brackets the number of populations within each group.
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Table 3 AMOVA analysis: Apportion-

ment of the Alu frequency variance in

population groups potentially related to

the Rapanui origin by geographic and/or

historical grounds (All data with signifi-

cant p-values <0.0001)

among among populations total between

groups (%) within groups (%) populations (%)

1Pop. gr. 1 11.35 5.99 17.34
1Pop. gr. 2 10.30 6.61 16.93

1Population subdivisions and included samples:

Pop gr. 1) Europe (Bretons, French, Swiss, and Spaniards), SE Asia plus Pacific

(China, Taiwan, Philippines, Malaysia, Moluccas, Nusa Tengaras, Java, Samoa,

Rapanui); Australia and New Guinea (Australia, PNG Coastal, and PNG

Highland), and America (Alaska, Muskoke, Maya, Ache, Caingang, Guarani, and

Xavante).

Pop gr. 2) Taiwanese group (Taiwan, Philippines, and China), SE Asian Islands

plus Pacific (Malaysia, Moluccas, Nusa Tengaras, Java, Samoa, Rapanui), Australia

and New Guinea (with the same samples than before), and America (idem).

random factors (sample sizes and stochastic variation be-

tween loci), the only statistically significant values corre-

sponded to the European contributions. The remarkable

difference in this contribution between the two Easter

Island subsamples (almost twice higher in NR than RR

subgroup) indicates that the introduction of European

genes might have been one of the main factors in the ge-

netic changes that occurred in the population of Easter

Island during recent times.

According to these results, and in order to avoid the

potential effects of migration in the last century, only the

RR Rapanui subsample was used in the following anal-

ysis as being representative of the autochthonous popu-

lation living in the island at the beginning of 1900s. In

contrast, the NR Rapanui subgroup can be used com-

paratively to approach changes in the island genetic pool

due to recent migration.

Genetic Origin of the Autochthonous Rapanui

Population of the Last Century

In order to find out what Alu polymorphisms tell us

about the origin of the Rapanui population our sample

was compared with other geographical and/or histori-

cally related population groups from the Pacific area and

Europe. According to the extant hypotheses of Polyne-

sian ancestry, Alu insertion frequencies for eight loci

analyzed were compiled from the literature for several

samples from East Asia, Southeast Asian Islands and the

Wallacea region, Australia and New Guinea, Polynesia

and America. To check the usefulness of these markers

for genetic differentiation of these population groups

an AMOVA analysis was performed, in order to deter-

mine the apportionment of the allele frequency vari-

ance. This analysis was carried using different popula-

tion groupings as detailed in Table 3. In the first step

representatives of the major outside groups related to

the ancestry of the Rapanui, including Europeans, were

considered to get a general picture of the Alu variation.

In the second round Europeans were excluded, and the

SE Asian plus Pacific group was subdivided into a Tai-

wanese and other group to check for specific hypotheses

on the origin of Polynesian colonization. In both cases

the across loci average fraction of genetic variance re-

sulting from differences between populations was highly

significant, with values (17.31% and 16.93%, see Table

3) of the same order of magnitude as the overall values

of between population genetic diversity on a worldwide

scale (Cavalli-Sforza & Feldman, 2003). More interest-

ingly, when populations were classified into groups, as

specified in Table 3, the fraction of the genetic variance

attributable to differences between groups was higher

than that among populations within groups for most of

the loci (five out of eight). In the same way the aver-

age fraction of variance among groups was higher than

within groups, suggesting the usefulness of these mark-

ers for distinguishing between the established population

groups. The fact that the same pattern of apportionment

of the genetic variance was present in the two population

subdivisions analyzed allows us to discard the possibil-

ity of a specific effect due to the inclusion of extremely

differentiated populations (in this case Europeans), in

the context of Pacific populations. An additional anal-

ysis of genetic diversity carried out within each pop-

ulation group (data not shown) indicated that Euro-

peans were the most homogeneous group, while the Alu
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Figure 2 Neighbour-joining tree of the genetic distance

matrix based on Alu insertion loci for Rapanui and other human

populations. Bootstrap supports are indicated along the nodes.

allele distributions between the populations within the

remaining groups were significantly different.

The relationships between the inhabitants of Easter

Island and other human groups, assessed by Fst ge-

netic distances, are depicted in the neighbour-joining

tree in the Figure 2. The tree divides the populations

into three main groups: Europe, Australia and New

Guinea, and the remainder. The nodes separating the

two first groups have strong bootstrap support after 1000

iterations (>70%). The third group is internally less

consistent and includes the populations from SE Asia,

the Pacific and America. In this cluster the SE Asian

and Wallacea populations show an undifferentiated po-

sition, while the Taiwanese group (Taiwan and Philip-

pines) becomes detached and potentially related with

Amerindian populations (Maya). Finally, the Polynesian

group (Samoa and Rapanui) is joined to the Java popu-

lation from the Wallacea region.

To avoid constrictions of bifurcating models under-

lying any tree representation, population genetic rela-

tionships among Pacific populations (excluding Euro-

peans) were also assessed through principal components

analysis. The first two principal components (PC) ac-

counted for 68.2% of the genetic variance observed and

their representation in Figure 3 shows a Pacific popu-

lation pattern similar to that of the neighbour-joining

Figure 3 Plot of the two first principal components on the

variation of 8 Alu polymorphisms in Rapanui and other SE

Asian, Pacific and American populations.

tree. The first PC underlies the differentiation of Aus-

tralian and New Guinean populations that is determined

mainly by the D1, TPA25, and FXIIIB frequencies (with

absolute correlations higher than 70%). The second

PC shows the clear separation of the Taiwanese group

(Taiwan and Philippines) from Polynesians, with most

SE Asian and American populations showing an inter-

mediate position. The RR Rapanui sample appears par-

ticularly close to Samoa (Polynesia) and also related to

Java (Wallacea).

A similar picture was obtained from the Delaunay

analysis, which imposes the principal genetic bound-

aries over the map (Figure 4). The first two genetic

boundaries split the Australians and Melanesians from

all others and from each other. The third boundary dis-

tinguished the Taiwanese group, indicating that the Alu

variation is more consistent with a Polynesian origin

from the Wallacea region than other models such as the

“Fast Train” or the “Entagled Bank”.

Discussion

This paper, focusing on the variation of 18 Alu insertion

polymorphisms in Easter Island, should be considered

in the context of other previous studies on the genetic

characteristics of this population (such as Cruz-Coke,

1988; Etcheverry, 1967; Hagelberg et al. 1994; Hurles

et al. 2003; Lum et al. 1998; Serjeantson et al. 1989) but
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Figure 4 Delaunay triangulation between Pacific populations

based on genetic distances from Alu insertion polymorphisms.

The first (I), second (II), and third (III) most significant

boundaries recognized are indicated as dashed lines. Arrows

indicate the most suitable scenario for population expansions

(1: human arrival to SE Asia between 45,000 and 20,000 years

BP; 2: settlement of the Wallacea region through the

Holocene; 3: expansion and peopling of Near and Remote

Polynesia from 3,500 to 700 years BP).

with two remarkable novelties. This is the first time that

a large battery of Alu polymorphic elements has been

determined in this Pacific population. Furthermore, this

is also the first time that two genealogically different

samples from the same population have been analyzed

jointly. The differentiation between these two samples

was clearly established on the basis of personal infor-

mation, and confirmed by genealogical records available

from a demographic study carried out on the same pop-

ulation (Hernández et al. 2000). The features of the two

Easter Island samples analyzed allowed a direct approach

to both the current population heterogeneity and po-

tential changes in the genetic pool of the Island that have

occurred during the last century and that are possibly

occurring at present.

The autosomal markers examined show the exis-

tence of clear genetic differentiation within the cur-

rent Easter Island population. This variation appears

from the simple comparison of marker distributions,

and seems to be statistically consistent since differences

were actually present in 22.22% of the comparisons,

a value clearly exceeding the 5% expected by chance.

The genetic distance between the two Easter Island

samples (0.051) was equivalent to the average distance

among SE Asian and Pacific populations, and more

than three times higher than that among Europeans (see

Table 3), confirming the diversity within modern Easter

Islanders.

According to the features of the samples analyzed this

differentiation might only be attributable to the effects

of recent (last century) migration. Such an effect is con-

sistent both with the detected increase of gene diversity

in the NR sample, and the approximately 50% reduction

of genetic distances between this sample and all exter-

nal population groups as compared with the RR island

sample. Also the mutation stability of the Alu markers

and the relatively short time period (one century) cov-

ered by the samples analyzed, points out migration as the

most plausible explanation. These results are concordant

with recent demographic studies showing an important

and progressive increase in the exogamy rate during the

20th century (Hernández et al. 2000).

Although the lack of a defined phylogeography for

Alu markers imposes clear restrictions on our ability to

identify the main sources of migration into the island,

indirect evidence can be obtained from the admixture

analysis we carried out. This analysis shows a European

contribution in the NR island sample around twice

greater than in the RR Rapanui group (m = 0.484

vs. m = 0.296), suggesting that European gene flow

might have been one of the most apparent change fac-

tors in the Alu island gene pool. The introduction of

European genes into Polynesia is a well known event,

historically documented from the 18th century onward,

and has been noted in several Oceanic islands from Y-

chromosome variation studies (Hurles et al. 2002; Un-

derhill et al. 2001). In most cases this was mainly through

males and based on small initial numbers, but its genetic

effect has been enhanced by particular island condi-

tions (small population sizes, different resistance to epi-

demics, etc.). In the case of Easter Island the putative

European immigration, suggested by the autosomal ge-

netic differentiation between the two current samples,

most likely reflects the cumulative effects of initially

limited arrivals since the political annexe to Chile in

1888, which increased remarkably by the 1960s with the

opening of the island to the rest of the world. Accord-

ing to demographic data, by this time the most impor-

tant source of migrants was mainland Chile, and hence

the arrival of European genes could have been through
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Chilean people with a substantial European genetic

component.

Concerning genetic traces on the origin of the Ra-

panui population living in Easter Island around a cen-

tury ago (represented by the RR sample), the Alu poly-

morphisms indicate a greater affinity to SE Asian pop-

ulations. The significant apportionment of the genetic

variance among geographic/population groups detected

indicates that the eight Alu insertion polymorphisms

used for comparisons have enough power to resolve dif-

ferences among SE Asian, Taiwanese group, American

and European populations; that is, the outside popu-

lation groups related to Polynesian ancestry in general,

and the origin of Rapanui islanders in particular. Genetic

distance and PC analyses show the similarity of the Ra-

panui to SE Asians and Wallacean populations, as well

as their clear differentiation both from Europeans and

Australians and Melanesians. The highest genetic affin-

ity with SE Asian populations is concordant with previ-

ous studies of globin variants (Hill et al. 1989), and some

more recent data on the mtDNA and Y chromosome

(Kayser et al. 2000; Oppenheimer & Richards, 2001),

but in contrast with other data suggesting higher affin-

ity of Polynesians with Taiwanese groups (for example

initial mtDNA studies: Lum et al. 1998; HLA system:

Hagelberg et al. 1999). Although later differentiation of

the Taiwanese group through drift, and other effects, in

the past 5,000 years cannot be discarded (Melton et al.

1998), our results give overall support to the Polynesian

settlement model named ‘Voyaging Corridor’ or ‘Slow

Boats to Polynesia’ (Oppenheimer & Richards, 2001).

This model places Polynesian ancestors among the pop-

ulations coming from the seafarers in the Wallacea re-

gion. The expansion of these seafarers would have been

taking place before the arrival of the Neolithic in the

region. The main tool implicated in these expansions is

the canoe, which would have allowed the advance of the

expansion wave towards nearby Polynesia as a first step,

with subsequent journeys of longer distances towards the

remote islands of Polynesia such as Rapanui. This model

implies an intermediate passage in Coastal Melanesia,

with a certain degree of admixture between local pop-

ulations and Polynesian ancestors. The Alu markers are

consistent with a gene flow of 15% (data not shown)

into the Polynesian gene pool from Coastal, but not

Figure 5 Alu diversity among five Pacific populations,

ordered according to their geographic position. The thin lines

indicate standard errors of diversity measures.

from Highland, Melanesia, adding independent support

to the model.

Argued genetic evidence supporting a western ances-

try for Polynesians is the west-to-east cline of decreas-

ing diversity throughout the Pacific, which has been

described using different loci (Martinson et al. 1993).

However, when Alu marker distributions were com-

pared the Rapanui exhibited a remarkably high diversity,

which was also detected with other markers (Hurles et al.

2003), and is not consistent with its geographical posi-

tion (Figure. 5) and demographic history. This higher-

than-expected diversity among Rapanui at the beginning

of the 20th century might likely be accounted for by his-

toric events relating to the Peruvian slave trade through-

out Polynesia in the second half of the 19th century. This

episode implied initially a strong depopulation (by up

to 80%) of many islands, included Rapanui, and a final

disastrous repatriation that cost the lives of numerous

Polynesians (Maude, 1981). This repatriation entailed

the arrival in Rapanui of liberated slaves from different

Polynesian islands and of Americans, most likely with

a considerable degree of European admixture, immedi-

ately prior to the population crash which was mainly

caused by epidemics. Although the number of people

repatriated was relatively low they had a significant con-

tribution to the succeeding generations of Rapanui, due

to their relative resistance (as witnessed by their survival
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despite the poor slave working conditions and the

voyage) to the disease that caused the epidemic, ac-

cording to historical records (Maude, 1981; McCall,

1996). The diverse origins of the immediate ancestors

of the Rapanui at the end of the 19th century explain

the relatively high Alu diversity observed in the con-

text of Pacific populations. Since most of the repatriated

were Polynesians of diverse origins, the genetic affinities

shown by the Alu markers are revealing both traces of

the original human settlers of Polynesia and the effects

of historical events that determined the gene pool of the

modern Rapanui.

With regard to the potential relationships of Rapanui

with Native Americans (Heyerdahl, 1950), as suggested

elsewhere by genetic data (Cann & Lum, 1996) and by

minor cultural traits (Green, 2000), the autosomal loci

examined failed to shown any special genetic affinity

supporting significant prehistoric contacts between the

Rapanui and those populations. The Native American

samples considered here showed closest genetic distances

with SE Asian populations, leaving open the question

of the different origins of human migrations that settled

the American continent.

In summary, our study with Alu insertion polymor-

phisms has shown the existence of genetic heterogeneity

in the current Rapanui population, illustrating the po-

tential impact that recent migratory events might have

had in changing the gene pools of relatively small hu-

man groups, such as those living in certain islands. It also

emphasizes the need to integrate historical information

in analyses to understand the genetic history of human

groups, independent of the variation rate of the mark-

ers used. Finally, it stresses the importance of accurate

sampling for human population studies, to gain insights

into the nature and timing of changes that have affected

human groups.
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