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ABSTRACT

Background: Analyses of the genomic variation in the western Mediterranean population are being
used to reveal its evolutionary history and to understand the molecular basis of particular diseases.
Aim: To observe the B-thalassemia mutational spectrum in western Andalusia, Spain, in the context of
the Mediterranean. In addition, associations between disease and neutral gene variants within the
B-globin gene (HBB) were also evaluated.

Subjects and methods: This study included 63 unrelated individuals diagnosed with B-thalassemia. In
addition, 97 unrelated, healthy subjects of the same territory were also analysed as proxies of the nor-
mal genetic background. Allele associations and population genetic structure analyses were performed
using different methodologies.

Results: Data have revealed a rather restricted spectrum of B-thalassemia mutations in the analysed
sample. Although the detected variants fit well with the Mediterranean pattern, certain singularities
support a structure of some specific B-thalassemia alleles. The IVSI-1 (G>A) shows a strong regional-
isation. The spatial correlogram revealed a typically narrow wave structure, presumably linked to gen-
etic isolation and genetic drift.

Conclusions: The long history of endemic malaria in the study territory, the rather high consanguinity
rates among its autochthonous population, and other demographic features have been used here to
understand the western Andalusian B-thalassemia molecular portrait.
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Introduction Thalassemias represent a wide and heterogeneous group
of recessive diseases that are the result of partial or total
deletions of globin chains. Depending on the type of
affected chain, we can distinguish, mainly due to their epi-
demiological importance, o- and p-thalassemias (Cao and
Kan 2013). The occurrence of complete deletions in the HBB
gene is considered rare or very rare in human populations.
Currently, population-based studies on this varied group
of blood disorders (haemoglobinopathies) are not exclusively
clinical but were performed to design and apply health poli-
cies (Williams and Weatherall 2012; Yasmeen et al. 2016).
Additionally, the anthropogenetic interest in o- and B-thalas-

Haemoglobin diseases represent some of the most common
pathologies of the human population; ~7% of people are
carriers of mutations in certain genes in the a- and B-globin
chains that cause abnormal synthesis or structure of the tet-
ramers of normal haemoglobin A (HbA, o, B,) in adults
(Weatherall 2010). At present, 733 mutations causing o- or
B-thalassemia are registered in the I/thaGenes (lthanet) data-
base, and nearly 419 have been identified at the B-globin
gene locus (HBB). Most of these mutations are point muta-
tions either within the HBB gene or in the nearest flanking

sequence as a result of the substitution of one single nucleo-
tide by another (SNPs, single nucleotide polymorphisms).
Only a small fraction of mutations have been identified as
deletions or insertions of one or a few nucleotide base pairs
in a DNA sequence. These changes in the globin chains
cause clinical manifestations of congenital haemolytic anae-
mias, with a variable degree of severity.

semias is due to the geographically patterned nature of par-
ticular mutations, with some alleles acting as authentic
genetic markers of specific regions or in well-defined human
populations (Currat et al. 2002; Modell and Darr 2002;
Williams and Weatherall 2012; Taher et al. 2018).

Population genetic studies dealing with p-thalassemia
have been carried out in many continental areas (Cao and
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Galanello 2010). These surveys have repeatedly revealed that
although a high number of B-thalassemia molecular variants
have been characterised in many present-day human popula-
tions worldwide, a restricted representation of those variants
(i.e. 4-10 mutations) reach informative frequencies (>5%) in
the affected populations sampled.

The Mediterranean is a special target region, as B-thalas-
semia disease is prevalent in many of the coastal (littoral)
populations. Data on p-thalassemia mutations across the
Mediterranean have revealed clearly visible genetic variation
patterns, and several fair examples have been found for
CD39 (C>T) and IVS I-110 (G >A) gene variants. The former
exhibits the highest frequencies on the western and central
sides of the basin (Falchi et al. 2005; Monni et al. 2018); how-
ever, the latter is mostly concentrated on its easternmost
extreme side (Tadmouri et al. 1998; Murad et al. 2018).
Signatures of P-thalassemia blood disease in the
Mediterranean seem to be linked to ancient times. Vigano
et al. (2017) documented the earliest case of the CD39 muta-
tion detected to date by analysing aDNA samples from skel-
etal remains buried in Punic and Roman necropolises
(~2,000 years BP) on Sardinia Island.

Within the Iberian Peninsula, molecular studies on B-thal-
assemia are still very few in Spain, and they are limited to
particular geographical areas. The first population genetic
data were published from the 1980s onward (Amselem et al.
1988). Villegas et al. (2001) analysed mutated samples from
different Spanish regions and observed that the five most
frequent B-thalassemia mutations in decreasing order were
CD39, IVS I-1, CD 8/9, IVS I-6, and IVS I-110. Other studies per-
formed in southwestern Spain (Ropero et al. 1994; Villegas
et al. 1996; Ribeiro et al. 1997) interestingly revealed that VS
I-1 was the most frequent mutation registered among
autochthonous affected individuals.

The territory of Huelva, in southwestern Spain, represents
a special “hot spot” within the lberian Peninsula due to its
confirmed long history of malaria among its native popula-
tion (Madoz 1847; Pellicer 1969; Sousa et al. 2014). There are
very old references about malaria in Spain, and mentions of
this infectious disease are known through the Romanisation
of Iberia (between the second century BC and the very
beginning of the fifth century AD). The first field studies in
Spain on malaria started in 1899 and were performed by the
Scottish medical doctor lan MacDonald, in the “Minas del Rio
Tinto,” the important mining area of southwestern Andalusia
(Huelva) (Macdonald 1904) where extensive wetlands have
prevailed until recently. The survey performed by doctors
Huertas and Mendoza (1903) on the epidemiology of malaria
and its prophylaxis in the Extremadura region (Caceres prov-
ince) also deserves attention.

Tartessians already exploited mineral deposits of the Rio
Tinto. When the Tartessian kingdom collapsed around the
second half of the sixth century BC, a period of the
Carthaginian rule followed until Roman dominion began by
the second century BC. Roman colonisation was intense in
the Guadalquivir Valley (Baetica), where many cities were
founded, and Rio Tinto mineral deposits were deeply
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exploited by Romans using a new mining technique (further
details are provided in Calderdn et al. 2006).

Both the prehistory and history of Huelva have been
largely documented through numerous sites. Important arch-
aeological sites of human settlements (e.g. Phoenicians and
Tartessians, eighth century BC) were established there
(Fernandez-Jurado et al. 1997) with fair evidence of high
metal trade activity (e.g. silver) with Greeks settled in other
neighbouring Mediterranean areas.

Over the last decade, the extent of human genetic diver-
sity in Andalusia, the large southernmost region of Spain,
has been thoroughly investigated. Andalusians originating on
the western and eastern sides of the region from Huelva and
Granada Provinces, respectively, have been studied for differ-
ent genetic polymorphisms and genomic regions (Ambrosio
et al. 2012; Fortes-Lima et al. 2014; Hernandez et al. 2015,
2017, 2019, 2020, among others). Primary conclusions that
have been drawn from these studies include the following:
(i) Western Andalusians from Huelva have a high incidence
and diversification of African maternal lineages when com-
pared to their eastward relatives in Granada and other
Iberian populations; (ii) The diversity of maternal and pater-
nal lineages in the region indicates that these populations
have integrated multiple migrations from the Mediterranean
space; and (iii) Transcontinental ancient contacts between
North African and Iberian populations surrounding the mari-
time region of the Gibraltar Strait seem to date from the
early Holocene onwards. Therefore, data would support the
existence of an ancient, frequently denied bridge connecting
the Maghreb and Andalusia with conspicuous signals of the
African genome across the Atlantic facade of the
Iberian Peninsula.

This work aims to provide molecular results of a study of
B-thalassemia in a well-defined sample from southwestern
Spain (Huelva Province). The obtained results will reflect the
inherent characteristics of the studied territory and popula-
tion. Moreover, particular attention is paid to the diversity of
the HBB gene in the context of the presence and frequency
of neutral mutations shared in both mutated and control
samples with the same population origins, searching for
allele associations. The spectrum of detected B-thalassemia
mutations has been combined with those found in other
Iberian, Mediterranean non-lberian, and southwestern Asian
populations for analysis of genetic affinities and structure. In
this respect, special attention is paid to the northwestern
African populations, the nearest neighbour of the coastal
lands of the southern Iberian Peninsula.

Subjects and methods
The studied area and sampled population

The wide region of Andalusia (87,268 km?) is administratively
divided into seven provinces, among which is that of Huelva,
the autochthonous population that is the focus of our study.
Huelva Province shapes the westernmost end of the south-
ern coast of Spain and borders southern Portugal (the
Algarve Portuguese region). On its north side, Huelva is geo-
graphically adjacent to the Extremadura region, with Seville
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Figure 1. Secular trend of demographic size (N) registered in the province of
Huelva. The proportion of the Huelva demographic size regarding the Andalusia
region as a whole is plotted in grey colour. On the top, a map of the lIberian
Peninsula showing the location of Huelva Province within Andalusia, Spain.

and Cadiz Provinces to the east and the Atlantic Ocean to
the south (see Figure 1). The main rivers of Huelva Province
are the Odiel and the Tinto, which join to form “the ria” in
Huelva city, the provincial capital.

Since the eighteen century until the present, the popula-
tion growth rate of the province of Huelva has followed the
same pattern as the whole Andalusia region, that is, of
increasing over time [Instituto Nacional de Estadistica, INE;
http://www.ine.es]. Nevertheless, it has repeatedly registered
the smallest demographic size (34.40 inhabitants/km? as
average) of all the Andalusian Provinces [http://www.ine.es],
a singular condition that has remained largely stable over
the years (Figure 1).

This study included 63 unrelated subjects of Huelva origin
who were diagnosed with B-thalassemia at the Service of
Haematology and Hemotherapy of Juan Ramén Jiménez
Hospital located in Huelva city. One member of this group
(JNR) took responsibility for the blood sample collection. The
B-thalassemia sample set was composed of 41 females and
22 males (mean age: 56+ 19years; range: 10-91 years).
Haematological and serological parameters of each individual
were recorded, including mean levels of red blood cell count
(RBC), haemoglobin concentration, packed cell volume (PCV),
mean corpuscular volume (MCV), mean corpuscular haemo-
globin (MCH), serum ferritin, HbA2 and foetal haemoglobin
(HbF) (see for details Cao and Kan 2013). The obtained
results were included in files designed for each donor.
Clinical diagnosis relied on microcytic anaemia combined
with normal ferritin serum values and increased levels of
haemoglobin A2 (HbA2).

In addition to the recruited B-thalassemia samples, p-glo-
bin gene variation was also studied in 97 unrelated, healthy
subjects of Huelva origin (39% females, 61% males; mean
age: 56+ 12years, range: 34-84) as proxies of the normal
genetic background in the geographic area. These control
individuals were randomly drawn from the global, general

stock of samples collected by us in several fieldwork cam-
paigns in Huelva province. This DNA material, which was also
obtained from total blood, has been used in our published
studies on human genomic diversity in western Andalusia.

Informed consent was obtained from all participants, as
well as details on the geographic origin of their families and
personal medical history. The Bioethics Committees at the
Complutense University of Madrid and the Juan Ramon
Jimenez Hospital of Huelva approved the research protocols
used for this study.

SNP genotyping within the f-globin gene (HBB)

DNA samples from individuals clinically diagnosed with
B-thalassemia  were  genotyped at the Molecular
Anthropology Laboratory (Complutense University of Madrid)
and the Service of Haematology and Hemotherapy of San
Carlos Clinic Hospital (Madrid). In both thalassemia and nor-
mal subjects, DNA was isolated from blood samples by
standard isopropanol precipitation.

The B-globin gene was amplified using the following two
pairs of primers: 1D: 5-CCT AAG CCA GTG CCA GAA G-3’
(from nt —160 to + —142) and CD2: 5-GAC CTC CCA CAT
TCC CTT TT-3’ (from nt +1659 to + 1643) (all nt positions
are provided relative to the CAP site=nt1 from NCBI
GenBank®). For both reactions, we used 35 cycles and a
melting temperature of 55°. PCR products were purified by
using SPEEDTOOLS PCR Clean-Up kit (Biotools) and then
treated with the ABI PRISM™ BigDye® Terminator V1.1 Cycle
Sequencing Ready Reaction Kit (PE Applied BioSystems,
Foster City, CA, USA) with the B1D and CD2 primers for
sequencing following the manufacturer’s instructions. The
sequences were analysed on the ABI PRISM™ 310 Genetic
Analyser (PE Applied Biosystems).

Each mutation was confirmed manually, and they were
scored relative to the P-globin reference sequence
(NG_000007.3) by using BioEdit (Hall 1999). Nomenclature for
polymorphisms was set according to the online HbVar data-
base (http://globin.bx.psu.edu/hbvar/menu.html) and ITHANET
(http://www.ithanet.eu/). Due to technical errors during the
genotyping process, two samples were discarded from the
total sample set (n=63).

Statistical and genetic data analysis

Allele frequencies were estimated by direct gene counting
(Hartl and Clark 2006). The Hardy Weinberg equilibrium (HWE)
has been calculated using the HWChisq function from the R
Hardy-Weinberg library. None of the loci showed significant
deviations from HWE in either the thalassemia or con-
trol samples.

An updated database of B-thalassemia studies in contem-
poraneous Mediterranean populations was constructed (see
Table S1). Country codes used are those officially published
in  www.nationsonline.org/oneworld/country_code_list.htm.
Populations were coherently selected following two criteria:
geography and the minimum number of chromosomes ana-
lysed (>35). Five different population groups were
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established: lberian Peninsula (n=9), Central and Eastern
Europe (European Mediterranean) (n=11), Near/Middle East
(n=5), Northern Africa (n=4), and Southwestern Asia
(n=28). Only those most frequent B-thalassemia gene variants
among Mediterranean populations were compiled. Therefore,
the database entailed mutation data from 68,180 PB-thalas-
semia independent chromosomes from 37 populations.

Variation patterns of mutation frequencies were graphic-
ally observed by means of stacked histograms at different
geographical scales. Likewise, surface interpolation maps of
the frequencies of B-thalassemia mutations CD39, IVS I-110,
and IVS |-1 across the Mediterranean were obtained using
ArcGIS v.10.3 software using Ward's linkage algorithm. The
existence or absence of a particular spatial genetic structure
associated with these selected B-thalassemia mutations was
further proven through a classical spatial autocorrelation ana-
lysis, which executes one allele at a time. Moran’s | autocor-
relation coefficient, which is an average correlation among
populations as a function of distance k (Epperson 2003), was
estimated using PASSaGE v0.2 software (Rosenberg and
Anderson 2011).

ARLEQUIN v 3.5.1.2 (Excoffier and Lischer 2010) was used
for Analysis of Molecular Variance (AMOVA), which aims to
hierarchically explore population genetic differentiation by
means of the F parameter and its fixation indices: Fsr (gen-
etic differences within populations), Fcr (between population

Table 1. Types and frequencies of p-thalassemia mutations in western
Andalusia (Huelva province).

Number Homozygous/ Frequency
Mutations Chromosomes Heterozygous (%)
VS I-1 (G>A) 30 1/28 52.63
(D39 (CAG > GAG) 17 0/17 29.82
VS I-110 (G>A) 5 0/5 8.77
VS 1I-745 (C>G) 4 0/4 7.02
VS I-6 (T>CQ) 1 0/1 1.75

The number of chromosomes and genotypes identified in the analysed
affected sample are also shown.
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groups) and Fsc (among populations within
(Holsinger and Weir 2009).

Lineal discriminant analysis (LDA) and multidimensional scal-
ing (MDS), the latter of which is based on Fsr genetic distances,
were mainly used to determine the genetic clustering of the
population panels used here as references for comparisons. To
perform the mentioned statistical multivariate procedures, free
open access R software was used (R Core Team 2020).

groups)

Results

We did not find any deleterious variants in five of the sam-
ples from patients previously diagnosed with B- thalassemia.
In this set, we performed an analysis of a-thalassemia condi-
tions by using a reverse hybridisation assay for the rapid and
simultaneous detection of the 21 most frequent a-globin
mutations with the commercial Alpha-Globin StripAssay Kit
(ViennaLab Diagnostic GmbH, Vienna, Austria) (Puehringer
et al. 2007). Only one of these individuals was finally classi-
fied as thalassemia, harbouring a deletion of 3.7 kb in ao-thal-
assemia genes (-->” /o).

The sequencing of the gene revealed a total of five patho-
genic mutations, listed in sequence order: IVS I-1 (G>A), IVS
-6 (T>Q), IVS I-110 (G > A), CD39 (CAG > GAG), and IVS II-745
(C>G). In addition to these deleterious variations, neutral
polymorphisms (CAP +20C>T, CD 2 CAC> CAT [His > His],
IVS 1I-16, IVS 1I-74 T> G, IVS 1I-81 C>T, IVS 1I-666 C>T) were
also detected in both patients and control groups. Last, one
of the patients harboured a neutral mutation on one
chromosome at position 71,839 (A>C) that, to our know-
ledge, has not been previously described elsewhere.

Figure 2 shows a-globin and HBB gene cluster arrange-
ments on chromosome 16 and chromosome 11, respectively.
The structure of the HBB gene as well as the position of the
11 most common p-thalassemia mutations (in black bold)
identified in Mediterranean populations are also shown. The
position of the seven neutral mutations found in both

CAP+20
C>T

cD2
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5
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Figure 2. Schematic structure of a-globin and B-globin gene families. Boxes outlined in black represent functional genes (expressed genes) in each cluster. The
B-globin gene (HBB) is zoomed showing its exon-intron structure as well as the genomic locations of the most common -thalassemia mutations (in black bold)
found in the Mediterranean. The set of neutral mutations identified in the present study are highlighted in grey bold.
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Table 2. Frequencies of neutral mutations detected along the B-globin gene for the groups of patients and controls with family origins in western

Andalusia (Huelva).

Patients (n =48)

Controls (n=97)

Homozygous/ Number Frequency Homozygous/ Number Frequency

Mutations Heterozygous alleles (%) Heterozygous alleles (%)

CAP +20C>T 0/4 4 417 0/0 0 0.00
CD 2 CAC> CAT [His > His] 39/8 86 89.58 62/32 156 80.41
VS II-16 39/8 86 89.58 63/30 156 80.41
WS II-74 T>G 9/23 41 4217 17/48 82 4227
VS II-81 C>T 1/8 10 10.42 1/29 31 15.98
VS 1I-666 C>T 38/9 85 88.54 61/32 154 79.38
71839 0/1 1 1.04 0/0 0 0.00

affected and control samples is displayed (in grey bold) on
the upper side of the HBB gene.

The molecular analysis of the 56 affected individuals
revealed five mutations, and their estimated frequencies in
decreasing order are shown in Table 1. IVS/-1 (G > A) was the
most common allele (52.6%), followed by CD39 (CAG > TAG)
(29.8%). Both gene variants account for over 80% of the total
affected alleles. Other B-thalassemia mutations identified but
at frequencies <10% were IVS |-110 (G > A) (8.8%), IVS II-745
(C>G) (7%), and IVS I-6 (T > C) (1.8%). Among the total num-
ber of patients examined, only one individual was identified
that carried IVSI-1 on both chromosomes, whereas the rest of
the patients were heterozygous (thalassemia trait pheno-
types), which is normally asymptomatic. The unusually high
representation of the B-thalassemia IVS I-1 (G>A) allele in
southwestern Spain is consistent with other earlier fieldworks
from in the region (52.23%: Ropero et al. 1994; Benito et al.
1996). In Portugal, IVS I-1 exhibits a positive cline in the
north-south direction: 17% (N) vs. 34% (S) (Cabeda et al.
1999; Faustino et al. 1999).

Table 2 presents the number and types of non-disease-
causing mutations (neutral mutations) that have been identi-
fied within the B-globin gene locus in both affected and
unaffected (healthy) Andalusian study samples. The data
show similar patterns (shared genetic background) in both
population groups, which is fair evidence of the good strat-
egy adopted in the sampling process.

A further prospective analysis aimed to detect possible
associations between disease and neutral mutations allowed
us to determine that four individuals (8.33% of the total sam-
ple) having the CAP + 20 C> T neutral mutation also carried
the IVS 1I-745 C > G disease mutation (7.02% of the total sam-
ple). However, CAP + 20 (C>T) was not identified in the
control sample, which comprised 97 individuals (n=194
chromosomes). The application of the 2-sample test for
equality of proportions for the neutral mutations of Table 2
concludes that there are significant differences (p values<
0.05) in the frequency of the CAP + 20 mutation between
both groups. However, similar comparisons for the rest of
the mutations were not significant. Given the low frequen-
cies of CAP + 20 C>T and IVS II-745 C> G in human popula-
tions, it would be highly unlikely that they would be found
by random chance in the genome of any subject and even
far more unlikely to be associated. By using association rules
analysis together with the Apriori algorithm (Aggarwal 2015)
our data have revealed that when an individual harbours the
B-thalassemia IVS I-745 (C> G) gene variant, the probability

that a CAP + 20 (C>T) neutral mutation is present in his
(her) genome is multiplied by 12 times. This outcome is in
accordance with that observed in other similar B-thalassemia
population studies, mainly in Mediterranean populations
(Orkin et al. 1982; Ropero et al. 2013; Cherry et al. 2016;
among others).

Furthermore, the same four subjects presented similar
genotypes (heterozygous) for the mutation arrays: CAP +20:
C>T; CD2: T>C; IVS I-1: G; IVS I-6: T; IVS I-110: G; CD39: C;
VS lI-16: G>C; IVS I-81: C€>T; IVS 1I-666: C>T; IVS II-745:
C>@G; 71839: A. This finding suggests a shared origin, and
when we referred to the family background of these people,
they were all born in a small area (1270 km?) within Huelva
Province known as “la Comarca del Condado.” Likewise, the
analysis of the control population sample allowed us to
observe that 61 individuals out of 97 analysed (62.89% of
the total sample) shared the haplotype CAP +20: C; CD2: C;
IVS I-1: G; IVS I-6: T; IVS I-110: G; CD39: C; IVS II-16: C; IVS 1I-81:
C; IVS II-666: T; IVS II-745: C; 71839: A. The high population
frequency of this haplotype is a particularity and is likely
associated with the study population and zone. The allelic
associations and statistical values in both patients and con-
trol samples are provided in Table S2.

Haematological and serological parameters, as clinical
indicators of B-thalassemia diagnosis, were obtained and
results are shown in Table S3. CD39, one of the most severe
mutations in terms of biomedical impact significantly influ-
enced some values when compared to clinically derived
effects from the rest of the identified B-thalassemia muta-
tions in the present study. This outcome seems to give sup-
port to the fact that although the type of mutation is what
marks the underlying degree of severity (Thein 2013), other
secondary factors could influence the phenotype, determin-
ing the effects of varying severity associated with the disease
(Joly et al. 2014). In addition, special interest arises from the
only identified /VS I-1 homozygous individual, which showed
significantly low levels of RBC and HbA, against high rates of
MCV, MCH, and ferritin serum.

The extent of the relationship among haematological and
serological parameters associated with B-thalassemia patients
was evaluated by means of a heatmap, and the constructed
correlation matrix is shown in Figure S1. The data suggest
that haematocrit values are positively and significantly
related (Spearman’s correlation, r>0.70) to haemoglobin
concentration and RBC. The same is true between MCV and
MCH (r=0.90). Nevertheless, most of the other pairwise cor-
relation assessments tended to be less intense, both in a
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Figure 3. B-thalassemia mutation frequencies (in percentages) and their distributions across the Iberian Peninsula (a), the Mediterranean and the southwest of

Asia (b). Information about the populations used in Table S1.

positive and negative sense. When applying a discriminant
analysis (DA) to the five characterised B-thalassemia muta-
tions together with their associated haematimetric values,
the results strongly emphasise that no clear differences
appear among mutations. The DA (plot not shown) displays
a clear overlap among affected individuals carrying specific
variants. The success rate of the constructed discriminant
equations, by applying a cross-validation method, was 37.5%.
Figure 3(a) depicts variation patterns in B-thalassemia
alleles across the Iberian Peninsula, differentiating Spain and
Portugal. As expected, CD39 was the most frequent gene
variant in most of the sampled Iberian populations (~45% as
average). Nevertheless, in southwestern Spain, the predomin-
ance of IVSI-1 (50-53%) among its autochthonous population
is fairly demonstrated. In the adjacent Portuguese Algarve,
the frequency of the IVS I-1 allele is somewhat lower (34%).
Portugal shows interesting differences in B-thalassemia
allele profiles among its three major geographical regions in
accordance with its history. Northern Portugal is the most
distinctive, with high frequencies of CD6 mutations (31%)
and rather modest values of CD39 (24.6%) (Ribeiro et al.
1997; Cabeda et al. 1999). To our knowledge, the

B-thalassemia CD6 gene variant has not been detected in
central and southern Portugal, although its presence has
been found in polymorphic frequencies in southwestern
Spain (3.05%) (Ropero et al. 1994). This finding should be
interpreted in terms of genetic signals of population con-
nectivity from ancient times being long maintained through
shared borders from medieval times. Curiously, in eastern
Spanish Mediterranean areas (e.g. Valencia, Balearic islands),
the CD6 mutation is well represented (12.5-18.6%) (Pérez
et al. 1998; Lopez-Escribano et al. 2013).

Figure 3(b) shows geographical patterns of spatial distri-
butions  of  PB-thalassemia  mutations  across  the
Mediterranean, where a large and rich amount of genetic
data are available today. The stacked histogram shows a
general view of how strong the genetic contrast is among
the geographic groupings established here. Comparatively,
B-thalassemia allele profiles in southwestern Asian popula-
tions are very distinct from those exhibited by Mediterranean
populations, even when referencing the most Eastern
Mediterranean populations.

CD39 and IVSI-110 mutations are paradigmatic because of
their peculiar genetic geography. Both the west and the
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central Mediterranean are distinguished by the high and
widespread prevalence of CD39, with the exception of cases
from Sardinia and Corsica Islands, where the mentioned dis-
ease allele reaches modal frequencies (>90%: Rosatelli et al.
1992; Falchi et al. 2005). In contrast, the IVSI-110 registers its
maximum representation in the eastern Mediterranean (e.g.
Turkey, Greece, Cyprus, Egypt, and Near/Middle East) with
frequencies ranging between 34 and 45% (Tadmouri et al.
2001; Kalleas et al. 2012; Aydinok et al. 2018). The IVS I-1710
mutation concentrates the highest values in Cyprus (~75%)
(Colah et al. 2010).

IVSI-110 seems to be evolutionarily older than the CD39
mutation. The study of Chen et al. (1990) showed the nearly
exclusive association of IVSI-110 with ancestral haplotype |
(see for further details Orkin et al. 1982). Nevertheless,
Tadmouri et al. (2001) who analysed B-thalassemia samples
from the Anatolian Peninsula, observed that the IVSI-170
allele was associated with six different haplotypes, among
which haplotype | was predominant. The haplotype diversity,
greater than any other disease mutation in the B-globin
gene, indicates the existence of recombination events among
haplotypes, a process that requires an extended number of
generations. Furthermore, the authors suggested that the
geographical origin of the IVSI-170 allele could be in Turkey,
coinciding with the beginning and spread of agriculture dur-
ing the Neolithic, which was introduced in southeastern
Europe via Anatolia by the middle of 7000 BC (Hofmanova
et al. 2016; Mathieson et al. 2018). The subsequent spread of
the IVSI-110 allele throughout the rest of the Mediterranean
could be strongly influenced by the numerous settlements of
Greek and Phoenician colonies scattered along its coasts
(Cao et al. 1989; Perrin et al. 1998), including those of Iberia.

Figures 4(a—c) depict contour maps for the three selected
B-thalassemia mutations: CD39, [IVS-110, and IVSI-1. As
expected, the (D39 surface map (Figure 4(a)) exhibits a
decreasing frequency in a west-east direction across the
Mediterranean and shows a consistent pattern of regional gen-
etic structure. The spatial autocorrelation analysis fairly confirms
this, with the largest positive Moran’s / values (/=0.83+0.12; p
values = 0.00) observed between pairs of populations at the
shortest distances and subsequent positive correlations declin-
ing very sharply until reaching the x-intercept. At distances
~2000 km, all correlations become negative and generally sig-
nificant with no tendency for / values to persist, decreasing fur-
ther as distance classes increase. Such profiles are generally
interpreted as signals of subtle clines in allele frequencies,
which would strongly suggest a typical model of isolation by
distance (Legendre and Fortin 1989; Manel et al. 2003).

Comparatively, the IVSI-110 surface map (Figure 4(b))
yielded a longitudinally opposed pattern compared with that
shown by the CD39 mutation. Modal frequencies are strongly
concentrated in the highly diversified eastern Mediterranean,
with a descending trend towards the western side of the
basin. Therefore, a repeating correlogram shape as above is
mapped but with some punctual differences. For the three
first distance classes, Moran’s | correlations had smaller but
significant positive values (/=0.51-0.27; p values < 0.01),
with the tendency to be moderately sharp when
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Figure 4. Surface maps of B-thalassemia mutations CD39 (a), IVSI-110 (b), and
IVSI-1 (c). Spatial autocorrelation analysis correlograms with significant values of
Moran’s | after Bonferroni correction are shown. Significant points are indicated
as filled circles (p values = 0.05).

approaching zero. At distances larger than 2000 km, the cor-
relogram profile provides support to that direction in the
spatial differentiation of IVS [-110 frequencies across the
Mediterranean.

Figure 4(c) reveals the strong regionalisation of the IVS |-1
mutation in the southwest of the Iberian Peninsula irrespect-
ive of its wide presence throughout Europe and northern
Africa. The correlogram produced from the corresponding
surface map turned out to be very different from the other
two exemplified cases. The existence of one single point,
which is identified by the largest positive Moran’s | correl-
ation value (/=0.59+0.11; p values= 0.00) at the shortest
distance class (0-500 km), just where the mutation frequency
increases considerably, represents a distinctive feature. The
rest of the relationships among populations were slightly
negatively correlated and encompassed steady oscillations
around zero as geographic distance classes were greater.
These types of correlograms, typically known as a “narrow
wave” spatial structure (Legendre and Fortin 1989), are pre-
sumably linked to evolutionary processes related to genetic
isolation, inbreeding, and genetic drift.

The spatial population genetic structure of B-thalassemia
alleles was further examined by means of hierarchical
AMOVA (see Table 3). When the whole Mediterranean popu-
lation dataset (n =29) was considered as one group, a highly
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Table 3. Genetic structure of Mediterranean populations based on mutational frequencies of B-thalassemia.

Fixation index

Population groups Fsr P-value Fer P-value
Mediterranean Basin (19)* 0.2797 0.0000%***

Western Mediterranean (10) vs. Eastern Mediterranean (9) 0.3306 0.0000*** 0.1541 0.0097**
Iberian Peninsula (9) 0.0842 0.0000***

Iberian Peninsula (9) vs. Maghreb (3) 0.1332 0.0000%** 0.0505 0.0322*
Iberian Peninsula (9) vs. Northwestern Africa® (2) 0.1546 0.0000%*** 0.0716 0.0752 (ns)
Southern Iberia“ (4) vs. Maghreb (3) 0.1770 0.0000*** 0.1050 0.0459*
Southern lberia (4) vs. Northwestern Africa (2) 0.1918 0.0000*** 0.1222 0.0635 (ns)
Southern Spain® (3) vs. Maghreb (3) 0.1952 0.0000%** 0.1206 0.0889 (ns)
Southern Spain (3) vs. Northwestern Africa (2) 0.2014 0.0000%*** 0.1235 0.2101 (ns)

“Number of population per region
PMorocco + Algeria

‘Southern Portugal + Western Andalusia (present study) + Eastern Andalusia (Granada) + Extremadura region
d ; - -
Western Andalusia (present study)-+Eastern Andalusia (Granada) -+Extremadure region

ns: not significant; *P < 0.05; **P < 0.01; ***P < 0.001

significant genetic structure was observed (Fsy = 0.2797, p val-
ues < 0.001). This finding is in accordance with the proven
genetic differentiation between western/central vs. eastern
Mediterranean populations (Fc; = 0.1541, p values< 0.01). In
contrast, when genetic analyses were performed following a
latitudinal orientation north/south (e.g. southern Iberia/north-
western Africa), Fcr values were, in general, nonsignificant or
the level of significance was low. These results again suggest
the genetic affinity among human populations settled on the
opposite coasts of the western extreme of the Mediterranean.

Likewise, genetic clustering among Mediterranean popula-
tions and their neighbouring southeastern Asian populations
has been explored by means of lineal discriminant analysis
(LDA) and multidimensional scaling (MDS). The LDA in Figure
5(a) shows three well-structured population clusters, which
fairly show the differential weight of particular B-thalassemia
gene variants among Mediterranean regions and their neigh-
bours. Linear discriminant 1 (LD1) separates all
Mediterranean populations from those of southwestern Asia,
with the CD8/9 mutation and “other mutations” showing the
highest correlation values, —0.570 and —0.926, respectively.
The latter concerns mutations locally regionalised in south-
western Asia. LD2, however, seems to strongly distinguish
western/central Mediterranean populations from their rela-
tives on the eastern side. The group of populations, which
are located on the negative direction of axis 1, are domin-
antly conditioned by the CD39 mutation (r=0.533), while the
eastern Mediterranean population, on the positive side of
LD2, reveals high correlation values associated with the IVS /-
110 (r=0.707) and CD37 (r=0.607) mutations.

The MDS genetic map, which was constructed using Fsr gen-
etic distances (Figure 5(b)), illustrates topologies similar to those
above for the major Mediterranean population groups, with the
CD39 and IVSI-110 mutations being responsible for their relevant
genetic structure. The privative presence of punctual B-thalas-
semia alleles in southwestern Asian and Near/Middle Eastern
countries makes these populations genetically different from
their neighbourhood (Hassan et al. 2010; Moatter et al. 2012).

Discussion

The considerable variation at the B-globin gene locus in the
Mediterranean has shown conspicuous spatial patterns for
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Figure 5. Lineal Discriminant (LD) (a) and Multidimensional Scaling (MDS) (b)
analyses show genetic clustering patterns of Mediterranean and other neigh-
bouring populations based on types and frequencies of B-thalassemia muta-
tions. See information about the populations used in Table S1.

some particular mutations across the basin. This scenario is
also confirmed on more restrictive geographical scales, such
as the Iberian Peninsula, where an important variation in fre-
quencies and types of B-thalassemia variants has been
observed among territories and populations.

The present work has revealed a rather restricted spec-
trum of pB-thalassemia mutations in the analysed sample
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from western Andalusia (Huelva Province, Spain).
Nevertheless, although the detected gene variants fit well
with the Mediterranean pattern, certain singularities were
perceived in the identified allele profile that supports a struc-
ture of some specific B-thalassemia alleles. This portrait is
convergent when exploring human genomic diversity pat-
terns in well-defined, non-mutated samples from the same
population, mainly based on haploid polymorphisms
(e.g. mtDNA).

B-thalassemia is the most frequent haemoglobinopathy in
Spain, as it is still found in most Mediterranean coastal popu-
lations. Southwestern Spain is considered a key epidemio-
logical area due to the relatively high prevalence of this
genetic recessive disorder, affecting approximately 1% of
births. The shown scenario parallels consistently with the
long and shared secular history of endemic malaria in the
zone. Huelva Province is one of the last Spanish cores where
cases of severe malaria appeared until the Sixties of the past
century (Sousa et al. 2014). After the Spanish Civil War, mal-
aria showed an important rebound effect (Avello 1950).

In this context, there is strong empirical evidence that
malaria can explain the high frequencies of B-thalassemia
heterozygosity as it seems to be selectively protective (posi-
tive selection) against malaria infection (Kariuki and Williams
2020). Nonetheless, in addition to malaria, other relevant fac-
tors related to specific territorial population dynamics them-
selves [e.g. demography, prolonged customary
consanguineous marriages and their biological consequences
(inbreeding levels) among others] can also influence the fre-
quency and maintenance of recessive allele diseases in par-
ticular geographical areas (Modell et al. 2007).

Over the last three centuries, the population size of
Huelva Province has only represented 6-7% of the total
Andalusia population. This demography, together with the
deeply rooted and sustained ruralism of its autochthonous
population, has been able to influence mating system pat-
terns, especially on related marriages, generating local gen-
etic structure.

Consanguinity population studies in Andalusia are very
scarce (Calderdn et al. 2018; Gamella & Nanez-Negrillo 2019).
Pinto-Cisternas et al. (1979) observed that rates of first-cousin
marriages (M22) in Huelva Province in 1911-1943 were very
close to those of second cousin marriages (M33), respect-
ively: 23.08 vs. 23.58 by 1000 marriages. Consequently, the
M22/M33 ratio (preferentiality index) turned out to be highly
deviated (0.979) from the theoretical proportions (0.25) under
Hardy-Weinberg equilibrium (random mating). The mean
inbreeding coefficient,FF, of the Huelva general population,
was 0.00209, a figure relatively high assuming that after the
Spanish Civil War (1936-1939) consanguinity started declin-
ing significantly all over Spain. Hence, consanguineous mar-
riages in the study population would have historically
signified an important component of its marital structure.
This marital behaviour has been further supported through
genome-wide analyses (GWAs) using a panel of 2.5 million
SNPs. A longer genome with ROH (runs of homozygosity)
fragments; a higher number of long ROHs (>5 Mb) as signals
of recent inbreeding, and a higher genomic inbreeding

coefficient, Fron, seem to distinguish Huelva genomes from
other southern Iberian populations, including southern
Portuguese (Calderdn et al. paper in progress).

Given the cascade of signals about the strong relation-
ships among western Mediterranean populations, based on
both classical and DNA polymorphisms, it makes sense in the
context of the present survey to know the extent of B-thalas-
semia gene variants shared by this human metapopulation.
All the pB-thalassemia mutations detected in the analysed
sample of Andalusians from Huelva are present in northwest-
ern Africans, although allele frequencies are significantly dif-
ferent for particular cases. Nevertheless, B-thalassemia
haemoglobin disorder is highly heterogeneous in North
Africa, representing an identity mark of its native popula-
tions. Such a wide variation in mutation diversity is not
observed among Iberian populations.

IVSI-1 (G>A), the most predominant B-thalassemia allele
in southwestern Spain (present study), is also present in
northwestern Africans but at much lower frequencies (e.g.
8.5-12%). Hypotheses about where IVSI-1 arose and where it
started spreading have given rise to lively debate. In Iberia
(Amselem et al. 1988), Sicily (Giambona et al. 2011), Tunisia
(Jouini et al. 2013), Turkey (Tadmouri et al. 2001), and
Lebanon (Makhoul et al. 2005), the IVSI-1 mutation has been
found to be associated with a single, unique B-globin cluster
haplotype (haplotype V). Nevertheless, in Algerian and
Moroccan samples (mainly from Berber origin), it has also
been found to be preferentially linked with haplotype V and,
to a lesser extent, to other specific haplotypes. Given this
genetic background among western Maghrebian autoch-
thonous populations, Bennani et al. (1994) and Lemsaddek
et al. (2004) have suggested a local ancient origin centred in
the region from where the IVSI-1 allele there would have
migrated to neighbouring areas such as the Iberian
Peninsula during the long-lasting Islamic Arab/Berber occu-
pation. Although non-haplotype data are available for the
Andalusian study sample, in Portuguese, the [VSI-1 allele
mutation has been observed in association with the same
haplotypes as in northwestern Africans (Osorio 2015). In this
regard, the positive selection on heterozygous B-thalassemia
in past malarial populations could permit the successful
spreading of the [VS/-1 allele by migratory movements
towards localised areas of the Iberian Peninsula. The history
of malaria in Europe seems to be a Holocene development
(Sallares 2006). The prevalence of specific environmental con-
ditions (i.e. malaria) in Huelva has been linked to population
demography features until recently, all contributing to the
incidence and rise of specific B-thalassemia genes, generat-
ing local genetic structure. Along this line, it would be highly
interesting to explore whether [VSI-1 spread along the
Atlantic facade of the Iberian Peninsula from a high-fre-
quency area, as it is the westernmost extreme of Andalusia,
following the south-north “Via de la Plata”. However, the
available information on /VSI-1 mutation frequencies in the
westernmost Iberian populations is still very limited.

The relatively moderate frequency of the IVSI-1 disease
allele among eastern Andalusians from Granada (22%), a pro-
portion that represents less than half of that reported in their



relatives from Huelva, deserves attention. The territory of
Granada has never been identified as a malarial area, and its
demography is different from that of western Andalusia. The
complex history of Granada could have had a notable gen-
etic impact on its autochthonous genomes. There, the Nazari
Kingdom (thirteenth to fifteenth centuries) extended Islamic
domination for two and a half centuries longer than in the
rest of Spain. After the conquest of the Nazari Kingdom in
1492 and the expulsion of the Moriscos from Spain (descend-
ants of the Muslim population), at the beginning of the
seventeen century, the influence of the Maghreb gene pool
in Andalusia, particularly in Granada, was substantially modi-
fied. Complex episodes of repopulation, colonisation, and
population amalgamation processes with “old Christian” peo-
ple from Castile, mainly from northern Meseta, Aragon,
Galice, and even Portugal, occurred in the region (Caro-
Baroja 1995). Therefore, all these intricate population move-
ments could have significant effects on the genetic compos-
ition in Eastern Andalusia.

Genetic differentiation between western and eastern
Andalusians has also been observed for the B-thalassemia
IVS I-110 allele, the anthropogenetic marker of the eastern
Mediterranean. Andalusians from Granada register frequen-
cies of the IVSI-110 allele ~27% (modal value within the
Iberian Peninsula), whereas in Huelva Province, it varies from
9 to 12% (Molina et al. 1994; present study). The increased
genetic influence of the eastern Mediterranean into the east-
ern Andalusian genetic structure is consistent with that indi-
cated by other human genetic diversity studies in the region
(Ambrosio et al. 2012; Hernandez et al. 2015, 2017, 2019).

The information provided here on the number and types
of mutations detected in a well-defined B-thalassemia sam-
ple from western Andalusia reflects the high interest in inte-
grating multidisciplinary approaches (i.e. demographic,
marital structure and environmental, among others) for a
better understanding of the disease, which ultimately will
help to establish well-founded health-care strategies.
Likewise, the joint analysis of genetic variation associated
with diseases (both common single-gene disorders and com-
plex, multifactorial diseases) with that observed from genetic
polymorphisms (with non-adaptative significance) within a
population, represents modern research areas that not only
uncover the implications of the types of mutations affecting
human health but also provide insights into recent evolu-
tionary histories.
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