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Abstract Glucose-6-phosphate dehydrogenase (G6PD)
deficiency protects from severe forms of malaria. It is
interesting therefore to analyze the molecular basis
underlying G6PD deficiency in regions such as the
Mediterranean basin where malaria was present for a
long time in history. Here we report on the genetic
characterization of G6PD deficiency among inhabitants
of one Mediterranean region—the Dalmatian region of
south Croatia. We analyzed 24 unrelated G6PD-defi-
cient male subjects. Molecular testing revealed several
different mutations: G6PD Cosenza 9, G6PD Mediter-
ranean 4, G6PD Seattle 3, G6PD Union 3, and G6PD
Cassano 1. Furthermore, we have identified one novel
G6PD variant that we named G6PD Split. This variant
is caused by a nucleotide change 1442 C fi G leading to
the amino acid substitution 481 Pro fi Arg and is
characterized by moderate enzyme deficiency (class III
variant). This study reveals a higher prevalence (37.5%)
of the Cosenza mutation in the Dalmatian region than
anywhere else previously investigated and overall shows
the considerable molecular heterogeneity underlining
G6PD deficiency that can be observed in Mediterranean
populations.
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Introduction

Glucose-6-phosphate dehydrogenase (G6PD) is an
X-linked enzyme that is present in all cells and is in-
volved in the detoxification of oxidizing agents. G6PD
deficiency is linked to diverse clinical phenotypes,
including neonatal jaundice, drug-induced hemolysis,
favism, and chronic nonspherocytic hemolytic anemia
(Vulliamy et al. 1992; Beutler 1994). It is estimated that
approximately 400 million people around the world are
affected with G6PD deficiency. The majority of deficient
individuals live in tropical and subtropical regions in
which malaria is endemic or where malaria has been
eradicated only recently. This distribution of G6PD
deficiency as well as functional analysis of deficient
erythrocytes and epidemiological data has indicated that
G6PD deficiency has a protective role against malaria
(Luzzatto et al. 1969; Ruwende et al. 1995; Mehta et al.
2000). Thus, studying the molecular basis of G6PD
deficiency in malaria-affected parts of the world is of
special interest. Until now, over 140 different mutations
of the G6PD gene have been identified (Beutler and
Vulliamy 2002). Most of these are single missense
mutations; no large deletions or frameshift mutations
have been described, probably because such mutations
are incompatible with life (Mehta et al. 2000).

The Dalmatian region of south Croatia is a part of
the Mediterranean basin once known to have endemic
malaria. Prevalence of G6PD deficiency among high
school students of this region is 0.44%, which is lower
than in other Mediterranean populations, such as
Sardinia, Malta, or Greece (Krželj et al. 2001). Previous
molecular analysis identified only the G6PD Mediter-
ranean variant among G6PD-deficient individuals
(Terzić et al. 1998) while no other molecular variants
were characterized in this region. Since molecular

Marin Barišić, Jelena Korać, Ivana Pavlinac, and Vjekoslav Krželj
contributed equally to this work
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characterization underlining G6PD deficiency in inhab-
itants of the Croatian Adriatic coast were greatly
insufficient, we conducted a more comprehensive genetic
analysis of 24 unrelated male subjects with G6PD defi-
ciency.

Materials and methods

Genetic analysis was performed on 24 unrelated indi-
viduals with low G6PD activity. Individuals with low
enzyme activity were collected from the clinical records
of Clinical Hospital Split, having being hospitalized with
favism (15 cases) or were collected during the screening
of high school students for G6PD deficiency (9 cases) as
a part of a study intended to determine incidence of
G6PD deficiency in Southern Croatia (Krželj et al.
2001). All individuals included in the study were
inhabitants of the Dalmatian region of south Croatia.

G6PD activity was determined by a spectrophoto-
metric method using a commercially available kit
(Randox Laboratories, UK). DNA was isolated from
peripheral blood using standard phenol/chloroform
extraction procedures. The entire coding region of the
G6PD gene was amplified by PCR in nine fragments
(exons 2, 3+4, 5, 6+7, 8, 9, 10, 11+12, 12+13) and
analyzed by SSCP as described previously (Calabro et al.
1993). In order to determine the genetic change in
samples that showed a shifted migration on SSCP gels,
the relevant exon was reamplified and sequenced (Mi-
crosynth AG, Switzerland). Having identified mutations
by DNA sequencing, other samples were tested for the
presence of the respective mutations by restriction en-
zyme digestion. The study was approved by the Ethical
Committee of the Clinical Hospital Split.

Results and discussion

Among our study subjects we found five different
mutations (Table 1): nine cases of G6PD Cosenza
(37.5%), four of G6PD Mediterranean (16.6%), three of
G6PD Seattle (12.5%), three of G6PD Union (12.5%),
one of G6PD Cassano (4.2%), and one novel mutation.
Three samples (12.5%) remained uncharacterized. These
uncharacterized samples were screened several times by

SSCP using different experimental conditions, but we
found no indication as to where the mutation lies. They
had enzyme activities of 7%, 20%, and 20%, respec-
tively, and they did not have favism.

The G6PD Cosenza mutation, which is the most
prevalent in our study sample, was initially described in
a neighboring region of Calabria, southern Italy, and is
caused by a 1376 G fi C nucleotide change leading to a
459 Arg fi Pro amino acid substitution (Calabro et al.
1993). This mutation belongs to the group of severe
G6PD deficiencies (enzyme activity less then 10%) often
associated with hemolysis. Of the nine subjects we
identified with this mutation, seven had favism—acute
hemolysis following the ingestion of fava beans—while
nobody have had chronic hemolysis. Thus far, G6PD
Cosenza has been described in different parts of Italy
(Calabro et al. 1993; Cappellini et al. 1996; Alfinito et al.
1997; Martinez di Montemuros et al. 1997) and in Iran
(Mesbah-Namin et al. 2002), but its prevalence was ra-
ther low at around 2% and 7% of the deficient subjects,
respectively. Here we report higher prevalence (37.5%)
of G6PD Cosenza than anywhere else. We do not know
whether this distribution of the Cosenza variant is due to
a common ancestry or an independent origin in the
Mediterranean basin and Middle East. This could be
resolved by studying additional markers in the G6PD
gene.

Another three variants of G6PD associated with se-
vere forms of G6PD deficiency were identified in this
survey: G6PD Mediterranean (563 C fi T), G6PD
Union (1369 C fi T), and G6PD Cassano (1347
G fi C). All patients with those mutations had favism
and very low enzyme activity. The G6PD Mediterranean
variant was initially described around the Mediterra-
nean Sea but has since been described in different ethnic
groups around world (Vulliamy et al. 1988). It is inter-
esting to emphasize that all individuals from our study
with G6PD Mediterranean mutation had concomitant
silent C fi T transition at the position 1311, which is
often found in Europe but not in Asia (Terzić et al.
1998). This could suggest an independent origin of
G6PD Mediterranean mutation in Europe and Asia, or
it could represent crossover or population admixture
(Beutler and Kuhl 1990). G6PD Union has been de-
scribed worldwide while G6PD Cassano was found in
neighboring Italy and Greece (Rovira et al. 1994;
Menounos et al. 2000). Our findings fit into the scheme
of world distribution of these mutations. The only
mutation with a moderate enzyme activity found in our
population was G6PD Seattle, which is described
worldwide (Rodrigues et al. 2002; Vaca et al. 2002).

We have identified a novel nucleotide substitution at
the position 1442 C fi G leading to amino acid change
481 Pro fi Arg, located in the bO sheet (Naylor et al.
1996). This is a substitution of an uncharged amino acid
proline to charged arginine just in front of a fully con-
served tyrosine residue. According to the G6PD struc-
tural data, proline at the position 481 is not involved in
enzyme subunit dimerization or NADP+ binding and

Table 1 Features of the G6PD variants identified in Croatia

Mutations Number of cases Enzyme activitya Favism

Cosenza 9 (37.5%) 9.5% 7
Mediterranean 4 (16.6%) 2% 4
Seattle 3 (12.5%) 2.7% 0
Union 3 (12.5%) 2.3% 3
Casano 1 (4.2%) 5% 1
Split 1 (4.2%) 30% 0
Uncharacterized 3 (12.5%) 15.7% 0

aExpressed as a percentage of normal enzyme activity
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does not create substrate binding site (Au et al. 2000;
Kotaka et al. 2005). This suggests that the described
amino acid change has less important functional con-
sequences, which are in parallel with detected enzyme
activity of 30% (class III variant). We named this vari-
ant G6PD Split.

In conclusion, our study has identified one novel
variant, G6PD Split, and highlights the molecular het-
erogeneity of G6PD deficiency in the Dalmatian region
of south Croatia. The situation is rather unusual for
countries in this region of the Mediterranean basin in
that G6PD Cosenza rather than G6PDMediterranean is
the predominant variant.
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