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Abstract
Glucose-6-phosphate dehydrogenase deﬁciency (G6PD) is the most common enzyme pathology in humans; it is X-linked
inherited and causes neonatal hyperbilirubinaemia, chronic nonspherocytic haemolytic anaemia and drug-induced acute
haemolytic anaemia. G6PD deﬁciency has scarcely been studied in the northern region of Mexico, which is important because
of the genetic heterogeneity described in Mexican population. Therefore, samples from the northern Mexico were biochemically screened for G6PD deﬁciency, and PCR-RFLPs, and DNA sequencing used to identify mutations in positive samples.
The frequency of G6PD deﬁciency in the population was 0.95% (n = 1993); the mutations in 86% of these samples were
G6PD A−202A/376G , G6PD A−376G/968C and G6PD Santamaria376G/542T . Contrary to previous reports, we demonstrated that
G6PD deﬁciency distribution is relatively homogenous throughout the country (P = 0.48336), and the unique exception
with high frequency of G6PD deﬁciency does not involve a coastal population (Chihuahua: 2.4%). Analysis of eight polymorphic sites showed only 10 haplotypes. In one individual we identiﬁed a new G6PD mutation named Mexico DF193A>G
(rs199474830), which probably results in a damaging functional effect, according to PolyPhen analysis. Proteomic impact of
the mutation is also described.
[García-Magallanes N., Luque-Ortega F., Aguilar-Medina E. M., Ramos-Payán R., Galaviz-Hernández C., Romero-Quintana J. G.,
Del Pozo-Yauner L., Rangel-Villalobos H. and Arámbula-Meraz E. 2014 Glucose-6-phosphate dehydrogenase deﬁciency in northern Mexico
and description of a novel mutation. J. Genet. 93, 325–330]

Introduction
G6PD deﬁciency is the most common of inherited and
clinically signiﬁcant enzyme defects. This disease has a
broad biochemical and genetic heterogeneity and more than
330 million people present this deﬁciency (Nkhoma et al.
2009). Individuals with G6PD deﬁciency are usually asymptomatic; however, massive intravascular haemolysis is
observed after intake of some drugs or chemicals. This
∗ For correspondence. E-mail: eliakymarambula@hotmail.com.

disease is inherited in a recessive X-linked manner, and
clinical manifestations include: drug or food induced acute
haemolytic anaemia (Cappellini and Fiorelli 2008), nonspherocytic chronic haemolytic anaemia, and neonatal hyperbilirubinaemia that could lead to kernicterus and death (De
Gurrola et al. 2008).
The frequencies of G6PD deﬁciency in 10 states of Mexico have been reported previously, with an average prevalence of 0.71% and a total of 18 variants of G6PD identiﬁed (Vaca et al. 1982, 2002; Medina et al. 1997). However, these studies have focussed on the central and southern
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regions, including some states located in the Gulf of Mexico and Paciﬁc Ocean. Conversely, scarce information of the
G6PD deﬁciency has been obtained from the northern region,
which potentially is different considering the heterogeneous
ancestry described throughout the Mexican territory (RubiCastellanos et al. 2009): the European ancestry increases in
the northern region, and in the same way the Amerindian
counterpart increases in the centre and southeast regions.
Therefore, the aims of this study were the following: (i) analyse the prevalence of G6PD deﬁciency in Mexico, including
previously unstudied northern populations; and (ii) increase
the knowledge concerning the genetic and molecular background of this disease in Mexico. Contrary to expectations,
results show a relatively homogeneous G6PD deﬁciency frequency in the total Mexican population; in addition, a novel
mutation named G6PD Mexico DF is described.

Materials and methods
Samples

Three sets of male samples were analysed (groups A, A2
and B). Group A corresponds to 1993 samples from volunteer blood donors whose mother and grandmother were from
the following northern states: Sonora (n = 587), Baja California (n = 670), Baja California Sur (n = 236) and Chihuahua (n = 500). Blood samples were taken from major
hospital(s) located in the main city of each Mexican state
aforementioned, which receive cases from different smaller
cities. Based on the current average prevalence of G6PD deﬁciency described in Mexico (0.71%), the population sample
size allows reliable estimation of G6PD variant frequency in
the northern region. Subgroup A2 comprised 100 individuals
of group A with positive activity during the G6PD deﬁciency
screening, in which the haplotype analysis was performed.
Group B included nine G6PD deﬁcient samples received in
our laboratory from the Hospital General of Mexico (Mexico
city) for molecular analyses.
Biochemical analyses

In the Mexican population sample from the North (group A),
detection of the enzymatic deﬁciency was performed by the
ﬂuorescent spot test (Beutler et al. 1979).
Molecular analyses

In individuals from all groups (A, A2 and B), genomic
DNA was extracted from peripheral blood leucocytes using
the Gustincich method (Gustincich et al. 1991). Based on
the previous detection of G6PD mutations in Mexican populations (Vaca et al. 1982, 2002; Medina et al. 1997),
G6PD-deﬁcient individuals from groups A and B were
tested for the following variants: G6PD A−202A/376G , G6PD
A−376G/968C , G6PD A−376G/680T , G6PD Seattle844C , G6PD
Mediterranean563T , G6PD Santamaría376G/542T and G6PD
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Canton1376T . Exons were ampliﬁed by PCR with previously
reported primers (Beutler et al. 1991), followed by restriction
analyses with the NlaIII, FokI, BspEI, MboII, BstNI, NlaIII,
NciI and AﬂIII enzymes to detect nucleotide (nt) substitutions
202G>A, 376A>G, 542A>T, 563C>T, 680T>A, 844G>C,
968T>C and 1376G>T, respectively.
The G6PD-deﬁcient individuals with negative results for
these mutations were evaluated through PCR ampliﬁcation
of exons 2–11; PCR products were screened by means of
the single strand conformational polymorphism (SSCP) technique, according to Arámbula and Vaca (2002). Exons displaying mobility shift were sequenced to identify the mutation causing G6PD deﬁciency.
Haplotype analyses in all samples included four silent
polymorphisms and the following four disease-causing mutations on G6PD gene: intron 5 (PvuII), nt 1116 (PstI), intron
11 (NlaIII), and nt 1311 (BcII), using proper restriction
enzymes, following Vaca et al. (2002) and Vulliamy et al.
(1991). PCR ampliﬁcations were subjected to electrophoresis
in 7.5% polyacrylamide gels followed by silver staining.

Data analyses

Allele and haplotype frequencies were estimated by the gene
counting method. Exact tests were carried out to evaluate
population differentiation by pairwise comparisons and to
check homogeneity among all populations based on allele
or haplotype distributions. P values were empirically determined by 20,000 simulations. The software TFPGA was
employed for these purposes (Miller 1997). In addition, we
employed the software PolyPhen-2 to predict the functional
effects of this mutation in humans.

Results
We identiﬁed a total of 19 G6PD-deﬁcient individuals
(0.95%) in the studied northern population sample of Mexico
(table 1). A total of 28 G6PD-deﬁcient samples were found,
including 19 individuals from group A (68%), and nine from
group B (32%). Among these samples, mutation was identiﬁed in 24 deﬁcient patients, 22 of which presented the variant
G6PD A−202A/376G (15 from group A and seven from B), one
G6PD Santamaría542T (group A), and one G6PD A−376G/968C
(group B).
In four individuals (three from group A and one from
group B), the mutations were not found by means of
the PCR-RFLP technique. These samples were submitted
to SSCP identifying an electrophoretic mobility shift in
the exon 4 of only one sample, leading to its sequencing. Results revealed the mutation X55448:c.193A>G that
changes the amino acid threonine for alanine at position
65 (p.Thr65Ala). This mutation has not been previously
reported in literature, hence, we called it G6PD Mexico
DF193A>G (rs199474830). The PolyPhen analysis gave two
main predictions regarding the functional effect of this
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Table 1. Results of biochemical screening and molecular analysis of G6PD deﬁciency in population samples from four northern Mexican
populations and Mexico City.

State (sample size)

Biochemical screening
Deﬁcient (n)
Per cent

A

B

Molecular analysis
C

D

E

Baja California (670)
Baja California Sur (236)
Chihuahua (500)
Sonora (587)
Mexico City (9)
Total (1993)

3
1
12
3
9
28

3
1
8
3
7
22

−
−
1
−
−
1

−
−
−
−
1
1

−
−
−
−
1
1

−
−
3
−
−
3

0.45
0.42
2.4
0.51
−
0.95

A, G6PD A−202A/376G ; B, G6PD Santamaría542T ; C, G6PD A−376G/968C ; D, G6PD Mexico DF193G ; E, unknown.

mutation: (i) probably damaging with a score of 0.979 (sensitivity, 0.76; speciﬁcity, 0.96); and (ii) possibly damaging
with a score of 0.903 (sensitivity, 0.69; speciﬁcity, 0.90).
The proteomic analysis of the mutation G6PD Mexico
DF193A>G starts with the location of the amino acid Thr65
that is situated in the second β-strand of the β–α–β motif
of the coenzyme domain. This side chain contacts with other
residues as well as with the peptide backbone that might contribute importantly to the conformational stability of β–α–β
motif, where the conserved catalytic NADP-binding site is
located (ﬁgure 1). In the crystallographic structure of the
human G6PD enzyme, variant Canton (Au et al. 2000), the
hydroxyl group of Thr65 forms a H-bond with the main
chain carbonyl group of Pro62, stabilizing the turn connecting the α-helix with the second β strand of the β–α–β motif

Figure 1. Structural environment of Thr65 in human G6PD. (A)
Cartoon representation of the crystallographic structure of human
glucose-6-phosphate dehydrogenase (variant Canton R459L), complexed with structural NADP+ (PDB ID 1QKI). Residue Thr65 is
represented in stick format and coloured in red. Structural NADP+
is represented in space-ﬁlled format. (B) Structural environment of
Thr65 in the native structure of human G6PD, the same protein
of panel A. Residue Thr65 is represented in stick format and the
Van der Waals radio of its atoms is represented in dotted format
and coloured in red. The residues forming the walls of the nonpolar pocket in which Thr65 is placed in the native folding are identiﬁed and are represented in space-ﬁlled format. (C) Cartoon representation of the segment of G6PD, the same protein represented
in A, spanning from His27 to Leu75. Residues Pro62 and Thr65
are represented in stick format and the H-bond formed between
the hydroxyl group of Thr65 and the main chain carbonyl group
of Pro62 is represented as a dotted line in black. The molecular
graphics ﬁgures were prepared with PyMOL.

(ﬁgure 1 C). Since the side chain of Ala lacks a H-bond donor
group, the Thr65Ala mutation eliminates the aforementioned
H-bond and by this way it might destabilize the β−α−β
folding. Thr65Ala mutation might also be destabilizing by
causing a packing defect. In the native state of the G6PD
human protein, Thr65 is buried in a pocket formed by several nonpolar residues, as Phe34, Phe56, Pro62, Phe66 and
Ile67, among others (ﬁgure 1 B). The shorter side chain of
Ala might not ﬁll optimally the pocket, loosening the domain
packing by disrupting the interaction network that stabilizes
it. Mutations leading to a packing defect in globular proteins
are generally associated with decreased thermodynamic stability, although the magnitude of the destabilizing effect is
context dependent (Eriksson et al. 1992). Thus, we postulate that Thr65Ala mutation might lead to an unstable coenzyme union site region of the enzyme, due to the combined
effect of the suppression of a peptide backbone H-bond and
by disrupting the domain packing.
Finally, the haplotype analysis with eight polymorphic
sites was performed in 99 individuals of subgroup A2 with
the G6PD B variant, one with G6PD A+376G , 22 with G6PD
A−202A/376G , one with G6PD A−376G/968C , one with G6PD
Santamaria376G/542T and one with G6PD Mexico DF193A>G .
In the present study, only 11 among the 256 possible haplotypes were found (table 2); this is consistent with the
strong linkage disequilibrium between silent and other G6PD
coding sequence polymorphisms.

Discussion
Biochemical analyses

The biochemical result (0.95%) is slightly higher than the
report of Vaca et al. (2002), who reported a frequency of
0.71% for 10 states from different regions of the country.
The frequency of G6PD-deﬁcient individuals in the northern states studied here (Sonora, Baja California and Baja
California Sur) was 0.47% in 1493 blood donors. A previous study in northwestern Mexico to detect inborn errors of
erythrocyte metabolism in blood donors revealed a similar
frequency (0.37%) (Vaca et al. 1982). On the other side,
Chihuahua reached the highest frequency (2.4%) with
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Table 2. G6PD haplotypes in population samples from four northern Mexican populations and Mexico City.

Variant

Haplotype

E-4
202A
NlaIII

E-5
376G
FokI

E-6
542T
BspEI

E-9
968C
NciI

I-5
611G
PvuII

E-10
1116G
PstI

E-11
1311T
“BclI”

I-11
93C
NlaII

n

Per cent

I
II
III
IV
V
VI
VII
VIII
IX
X
XI

−
−
−
−
−
−
+
+
−
−
−

−
−
−
−
−
+
+
+
+
+
−

−
−
−
−
−
−
−
−
−
+
−

−
−
−
−
−
−
−
−
+
−
−

−
−
−
−
−
+
+
−
−
−
+

+
+
+
−
+
+
+
+
+
+
+

−
+
−
−
+
−
−
−
−
−
+

−
+
+
+
−
+
+
+
+
+
+

71
15
5
1
7
1
21
1
1
1
1

56.8
12
4
0.8
5.6
0.8
16.8
0.8
0.8
0.8
0.8

G6PD B
G6PD B
G6PD B
G6PD B
G6PD B
G6PD A376G
G6PD A−202A/376G
G6PD A−202A/376G
G6PD A−376G/968C
G6PD Santamaria542T
G6PD Mexico DF193G
n, number of chromosomes.

respect to the rest of the states analysed in this study and
previous reports, including the states of Nayarit (1.26%),
Veracruz (1.17%) and Guerrero (1.03%) (Vaca et al. 2002).
A high frequency of G6PD deﬁciency has been claimed
for Mexican states with historically known inﬂuence of
African ancestry, like those on the Paciﬁc shore and the Gulf
of Mexico (Medina et al. 1997; Vaca et al. 2002). Although
G6PD-deﬁciency prevalence in Mexico seems slightly heterogeneous (P = 0.02748), the distribution is homogeneous
when the high frequency G6PD deﬁciency in the northern
state of Chihuahua is excluded (2.4%; P = 0.48336). The elevated frequency of G6PD deﬁciency observed in Chihuahua
probably is explained by the African slaves recruited to work
in mines after the Spanish conquest. In fact, during the XVII
and XVIII centuries, reduction of local native population by
epidemics and wars forced conquerors to import manpower,
followed by documented interracial marriages (Indians and
free Mulatto, Blacks and Indians, Spanish and Blacks, among
others) (Guevara 2011). In addition, African ancestry may
have come to Mexico via the Spaniards (Rubi-Castellanos
et al. 2009), who also received African lineages from Middle
East and North Africa.
Molecular analyses of G6PD-deﬁcient samples

Previous studies regarding G6PD deﬁciency in Mexico agree
with our ﬁndings in general (Vaca et al. 2002) and selected
populations (Medina et al. 1997), reporting 58% and 79%
for the G6PD A−202A/376G mutation, respectively. Conversely,
in a previous study, Vaca et al. (2002) found 42 individuals
with G6PD A− variants, 16 of them with G6PD A−376G/968C ,
meanwhile Medina et al. (1997) reported 15 G6PD A− individuals and ﬁve of them as G6PD A−376G/968C . These frequency differences may be due to heterogeneous African
admixture, because most of the deﬁcient persons in our
study come from the Paciﬁc and North shore states, which
could have a different African ancestry in which the G6PD
A−202A/376G variant is more common. We particularly note
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the smaller inﬂuence of the European variants such as the
G6PD A−376G/968C variant that reaches polymorphic frequencies in Spain, and G6PD Santamaria376G/542T that is more frequent in Spain and Canary Islands (Vaca et al. 2002). Table 1
shows sample distribution of the G6PD A−202A/376G and
G6PD Santamaria376G/542T variants observed in this study.
G6PD A−202A/376G presented a 1.6% frequency in the Chihuahua state. This is a class III variant with a 10 to 60%
residual enzymatic activity regarding the normal reference;
thus, patients do not require strict treatment like the class I
and II variants, only some drug restriction is needed to prevent haemolysis. In Sonora, Baja California and Baja California Sur states, this is the unique G6PD variant observed
with frequencies of 0.45, 0.42 and 0.51%, respectively.
PCR-SSCP and DNA sequencing

In four individuals (three from group A and one of
group B), mutations were not found by means of the
PCR-RFLP technique. These samples were submitted to
SSCP identifying an electrophoretic mobility shift in the
exon 4 of only one sample, leading to its sequencing. Results revealed the mutation X55448:c.193A>G that
changes the amino acid threonine for alanine at position 65 (p.Thr65Ala). This mutation has not been previously reported in literature, thus we named it G6PD Mexico DF193A>G (rs199474830). Another pathogenic variant
(near of G6PD Mexico DF193A>G ), G6PD Amazonia185C>A
described by Hamel et al. (2002), causes a change Pro62His
(class III); G6PD Musashino185C>T described by Hirono et al.
(1997), that changes Pro62Phe (class III); and ﬁnally G6PD
Songklanagarind196T>A described by Laosombat et al. (2005)
that causes change of Phe66Ile (class II). Based on the biochemical analyses result, using the program Provean 1.0 and
comparing with another G6PD mutations, we were able to
infer its pathogenic effect. In the remaining three samples,
the mutation responsible for the G6PD deﬁciency remains to
be identiﬁed.
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Proteomic analysis of the new mutation

Interpopulation comparison of G6PD variants

In one individual we identiﬁed a new G6PD mutation
named Mexico DF193A>G (rs199474830), which according to
PolyPhen analysis results in a probably damaging functional
effect, which is in agreement with the deeper proteomic analysis carried out of the mutation (ﬁgure 1). Although probably
this mutation has a very low frequency in the Mexican population, we can predict a signiﬁcant health impact in the males
of the family receiving this mutation. The geographic extent
of this mutation in our country deserves further research.

The G6PD variants found in the North region of Mexico have
been observed in Portuguese, African, Brazilian and Spanish
populations, but with different frequencies. Manco et al.
(2007) analysed 70 unrelated G6PD-deﬁcient patients, and
found G6PD A−202A/376G as the most common mutation
(63.4%); all these samples present the FokI/PvuII/BspHI/
PstI/1311/NlaIII (+/+/−/+/−/+) haploype. Our results are
similar for majority of A− alleles reported in sub-Saharan
Africa. This is consistent with the Africa origin hypothesis
of the G6PD A−202A/376G variant by malaria-selective pressure (Ruwende et al. 1995; Tishkoff et al. 2001). The G6PD
Santamaria376G/542T is another variant described in this study;
Manco et al. (2007) and Hamel et al. (2002) have found this
mutation in Portuguese and Brazilian populations, respectively. The same haplotype has been found in all G6PD
Santamaria376G/542T cases, suggesting a common origin for
this variant in all countries. Comparison of G6PD variants
found in Mexico with respect to Asian populations with elevated frequencies of G6PD mutations such as those found in
India (Chalvam et al. 2011), did not offer signiﬁcant matches
given the low gene ﬂow between Asia and America after the
European contact.

Intrapopulation comparison of G6PD haplotypes

In those individuals who presented the G6PD B variant, ﬁve
different haplotypes were found (I through V), the most frequent haplotypes were I and II present in 56.8 and 12% of
the samples, respectively. In another study, two more haplotypes were found for this variant (Vaca et al. 2002), besides
the ﬁve haplotypes here described. In our study, the sample with the G6PD376G nondeﬁcient variant had the haplotype VI. The haplotypes VII and VIII were found in samples
with the variant G6PD A−20A/376G and haplotype VII was
the most frequent with 16.8%. Conversely, Vaca et al. (2002)
and Medina et al. (1997) found haplotype VII on samples
with G6PD A−202A/376G variant with frequencies of 9.21%
and 75%, respectively.
The sole African origin of G6PD A−202A/376G has been
associated with the PvuII/PstI/1311/NlaIII haplotype (+/+/
−/+ haplotype VII of this research), independently of the
individual ethnic origin. This statement is conﬁrmed by
our results because unrelated samples presented the same
haplotype and came from different states of the country.
Variant G6PD A−376G/968C has been identiﬁed in Mexico
and South of Europe, and has been associated with two haplotypes: −/+/−/+ or −/+/−/− (Medina et al. 1997; Hamel
et al. 2002; Vaca et al. 2002). In this study, the sample presented the haplotype IX (−/+/−/+), reported on the majority of analyses in Mexicans, and in agreement with the
Spanish inﬂuence that has contributed to the present day
genetic pool of the Mexican population (Rubi-Castellanos
et al. 2009).
When the variant G6PD Santamaria376G/542T was analysed, the haplotype X was found, similar to that observed in
the Spanish population (Pinto et al. 1996). The sample with
the novel mutation Mexico DF193A>G , presented in this article, had the haplotype +/+/+/+, previously not reported or
associated with any other variant, reinforcing the view that it
constitutes a new mutation.
In agreement with historical records (Rubi-Castellanos
et al. 2009), haplotypes found in the northern region of
Mexico reveal that the G6PD deﬁciency was imported from
Europe and Africa, probably during and after the Spanish
conquest involving the African slave trading, because the
G6PD variants and haplotypes identiﬁed here correlate with
mutations previously described in these populations (G6PD
A−202A/376G and G6PD Santamaria376G/542T , respectively).

Conclusion
The overall prevalence of G6PD deﬁciency in northern Mexico was 0.95%. Contrary to previous reports, we demonstrated that G6PD deﬁciency distribution is relatively homogeneous throughout the country; the sole exception being elevated frequency of G6PD deﬁciency that does not involve
a coastal population (Chihuahua: 2.4%). As previously
reported, speciﬁc deﬁcient G6PD variants are commonly
found in the Mexican population, such as G6PD A− . A
new G6PD variant named Mexico DF193A>G is described,
including the structural and functional impact in the protein.
Our ﬁndings are in agreement with historical records that
involve both European and ‘principally’ African origins for
the presence of G6PD variants in Mexico.
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