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Several lines of evidence link glucose-6-phosphate dehydrogenase (G6PD) deficiency to protection from
severe malaria. Early reports suggested most G6PD deficiency in sub-Saharan Africa was because of the
202A/376G G6PD A— allele, and recent association studies of G6PD deficiency have employed genotyping
as a convenient way to determine enzyme status. However, further work has suggested that other G6PD
deficiency alleles are relatively common in some regions of West Africa. To investigate the consequences of
unrecognized allelic heterogeneity on association studies, in particular studies of G6PD deficiency and
malaria, we carried out a case—control analysis of 2488 Gambian children with severe malaria and 3875
controls. No significant association was found between severe malaria and the 202A/376G G6PD A— allele
when analyzed alone, but pooling 202A/376G with other deficiency alleles revealed the signal of
protection (male odds ratio (OR) 0.77, 95% Cl 0.62-0.95, P=0.016; female OR 0.71, 95% Cl 0.56-0.89,
P=0.004). We have identified the 968C mutation as the most common G6PD A— allele in The Gambia. Our
results highlight some of the consequences of allelic heterogeneity, particularly the increased type | error.
They also suggest that G6PD-deficient male hemizygotes and female heterozygotes are protected from
severe malaria.
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Introduction

Geographical, epidemiological and in vitro evidence
support the hypothesis that glucose-6-phosphate dehydro-
genase (G6PD) deficiency confers protection from disease
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caused by the Plasmodium falciparum parasite." G6PD is
a key component in the pentose phosphate pathway,
employed by erythrocytes to handle oxidative damage.
After invasion of host erythrocytes, malaria parasites digest
haemoglobin to provide growing space and to obtain
nutrients. This process releases toxic by-products, inducing
oxidative stress on the cell. G6PD is encoded by a 16.2kb
gene found on the X chromosome. Approximately 160
genetic variants causing clinical deficiency of G6PD have
been characterized.? The geographical distribution of these
deficiency alleles closely reflects populations exposed
historically to endemic malaria.>*
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In 1995, a case—control study of 2039 African children
from The Gambia and Kenya reported that female hetero-
zygotes and G6PD-deficient male hemizygotes were pro-
tected from severe malaria.® Recently, another study of
3197 Malian children (2765 with uncomplicated malaria
and 432 with severe malaria) reported that hemizygous
males, and not heterozygous females, were protected
against severe disease.® Earlier studies indicated generally
that male hemizygotes and female homozygotes were
protected from malaria,®” = although a few authors have
suggested that it is the female heterozygotes who receive
protection.'®~1% A number of methodological issues have
been highlighted to explain these different findings,
including the small sample size of earlier studies, variation
in phenotype definition, choice of controls, village surveys
vs hospital-based studies, age or immune status of subjects
and study location.®'3!*

The 202A/376G G6PD A— allele is considered to be the
most common G6PD deficiency allele in sub-Saharan
Africa. This allele has two non-synonymous single nucleo-
tide polymorphisms (SNPs) at positions 202 and 376 of the
coding sequence,'® and exhibits around 12% of normal
enzyme activity compared with that of the wild-type G6PD
B allele.>'® Haplotypes with only a derived allele at
position 376, and not at 202, mark the G6PD A allele,
which has around 85% of normal enzyme activity. Other
G6PD deficiency alleles are known to exist in sub-Saharan
Africa, but are thought to make up only 5% of the total (an
estimate based on an early study of 20 African Amer-
icans)."”'® Owing to the relative ease of high-throughput
genotyping, modern disease association studies have
employed DNA genotyping, focusing on the G202A/
A376G SNP combination.>® However, a recent study from
Senegal in West Africa found two other common deficiency
alleles in the Sereer population G6PD Santamaria (542T/
376G, 1% frequency) and G6PD Betica-Selma (968C/376G,
10%).%7

The rates of G6PD deficiency in West Africa range around
10-20% or more,'® and yet the 202A allele frequency is
frequently substantially lower (Senegal (Sereer), 1.0%
frequency;'” Sierre Leone (Mende), 3.9%;* Ghana (Fante),
5.7%;* The Gambia (mixed), 5.9%;> Ghana (mixed),
10.5%;* Sierre Leone (Temne), 10.5%;* Mali (Dogon and
Malinke), 15.3%;° Ghana (Ga), 18.9%;* Nigeria (Yoruba),
21.3%*). These discrepancies raise the possibility that
alternative G6PD deficiency alleles may be relatively
common in parts of West Africa, and may sometimes
outnumber the 202A/376G G6PD A— allele. We set out to
investigate whether the allelic heterogeneity of G6PD
deficiency could complicate genetic association studies of
severe malaria susceptibility. We carried out a population-
based association analysis of 2488 Gambian children with
severe malaria and 3875 controls. We genotyped G6PD
G202A and A376G along with the three other G6PD
variants, studied in Senegal.'” The Gambia is geographi-
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cally close to Senegal in West Africa, contains members of
the Sereer ethnic group and is one of the three populations
studied previously in large genetic association studies.’

Methods

Patient samples were collected as part of the ongoing
epidemiological studies regarding severe malaria at the
Royal Victoria Hospital, Banjul, The Gambia. Cases were
children (mostly <5 years of age) presenting with an
evidence of P. falciparum on blood film and clinical features
of severe malaria, such as cerebral malaria (CM), severe
malarial anaemia (SMA), or another severe complications,
such as respiratory distress or death.'®?° CM was defined as
a significant impairment of consciousness (Blantyre coma
score <3) not attributable to convulsions, hypoglycaemia,
meningitis or another cause.’’ SMA was defined as
haemoglobin concentration <S5 g/dl or packed cell volume
<15%. The distribution of phenotypes among the cases
was: CM (63.8%), SMA (19.1%), both CM and SMA (11.3%)
and others (mostly respiratory distress) (5.8%). Controls
were cord blood samples obtained from birth clinics in the
same regions as the cases. All DNA samples were collected
and genotyped after obtaining approval from the relevant
research ethics committees and informed consent from
participants. The majority (84.2%) of participants are from
four self-reported ethnic groups (Mandinka, 34.7%; Fula,
18.0%; Jola, 17.0%; Wollof, 14.5%; others, 15.8%, includ-
ing Sereer, 3.1%), consistent with the ethno-demographics
of The Gambia.

Genomic DNA samples underwent whole genome
amplification through either Primer Extension Pre-ampli-
fication (PEP)?> or Multiple Displacement Amplification
(MDA),?® before genotyping on a Sequenom MassArray
genotyping platform.?*? Details of the genotyped SNPs
are documented in Figure 1 and Table 1. The G6PD G202A
and A376G SNPs were genotyped in all 6363 samples. The
additional three SNPs (A542T, G680T and T968C) were
genotyped in a subset (1999 cases and 620 controls).

TO68C A542T G202A

ol

G680T  A376G
«——— 16.18kb o >

Figure 1 G6PD exons and relative positions of coding variation
studied. The G6PD gene is coded on the negative strand of the X
chromosome. The gene is, therefore, drawn from Exon 1 (right) to
Exon 13 (left). The position of the 5 single nucleotide polymorphisms
studied are marked with arrows, and annotated by their cDNA position
and alleles (see Table 1, for more details).
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Table 1 Properties of the G6PD polymorphisms genotyped

Chromosome: coordinate® Ref SNP identifier Coding DNA position® Alleles® Amino acid position Residue change
X:153417411 rs1050828 202 G/A 68 V/IM
X:153416686 rs1050829 376 A/G 126 N/D
X:153415849 rs5030872 542 AT 181 D/V
X:153415534 d 680 G/T 227 R/L
X:153414434 d 968 T/C 323 L/p

INCBI 36 assembly of the human genome (November 2005).

®The originally described cDNA position. These cDNA positions vary according to the G6PD transcript and genome build. We refer to these
designations for continuity in this paper, and include here the rs numbers, if assigned, and their chromosomal coordinates. (http://www.ensembl.org/
Homo_sapiens/geneview?gene = ENSG00000160211). RefSNP accession ID (rs number).

“Negative (coding) strand, ancestral/derived); 202A/376G is a G6PD A— allele, 376A is the G6PD B allele, 542T/376G is the G6PD Santamaria allele,
680T/376G is a G6PD A— allele and 968C/376G is the G6PD Betica-Selma allele.

“Not in dbSNP.

Table 2 Minor allele frequencies and allelic/genotypic-based tests of association for the G6PD polymorphisms

MAF Allelic-based tests of association Genotype-based tests of association®
Polymorphism® Allele  Control SM - Alleles OR 95% ClI P-value  Genotypes  OR 95% ClI P-value

(3875) (2488)
[1897] [1294]
HbS S 0.075 0.013 SvsA 0.16 0.12 0.21 <0.001 ASvsAA 0.12 0.08 0.19 <0.001

G202A - Male
G202A - Female

A 0.027 0023 AvsG 082 0.59 1.14 0234 AvsG 0.88 0.55 1.42  0.602
A 0.029 0022 AvsG 073 0.52 1.03 0070 AAvsGG 3.14 0.49 20.16  0.228
AGvsGG 076 0.53  1.10  0.144
A376G — Male G 0.318 0293 GvsA 089 0.79 099 0039 GuvsA 0.89 0.76  1.05 0.172
A376G — Female G 0319 0298 GvsA 091 0.81 1.01 0.089 AGvsAA 098 0.84  1.15  0.809
GGvsAA 0.85 065  1.11  0.232

(620)  (1999)

[336] [1050]

A542T- Male T 0.024 0.010 TwvsA 039 020 0.77 0.006 TvsA 0.43 0.16 1.15 0.092
A542T - Female T 0.019 0.005 TvsA 0.27 0.11 0.63 0.003 ATvsAA 0.26 0.10 0.67 0.005
T968C — Male C 0.070 0.052 CvsT 0.72 050 1.03 0.070 CuwvsT 0.63 0.378 1.07 0.085
T968C — Female C 0.086 0.056 CvsT 0.63 044 0.89 0.010 CCvsTT 0.62 0.13 3.01 0.551

CTvsTT  0.62 0.41 0.95 0.027

(), total sample size; [], number of males; MAF, minor allele frequency; CC, case—controls; OR, odds ratio; Cl, confidence interval; SM, severe malaria.
“Adjusted for HbS and ethnicity (Fula, Jola, Mandinka, Wollof, other).
202A is the G6PD A— allele and 376A is the G6PD B allele.

Sequenom genotyping for the sickle variant (HbS, rs334)
was carried out for all samples as described previously.?®
Genotype calling was carried out using an automated
algorithm, followed by visual inspection to assess quality.
As the proportion of male heterozygotes was low (0.2%),
they were removed from the analysis. The rate of genotype
call discordance in the 10% of samples replicated was low

maximization algorithm. Statistical analysis was carried out
using the R software package (http://www.r-project.org).

Results
We genotyped the G6PD SNPs, G202A and A376G, in 2488
children with severe malaria and 3875 cord blood controls

(0.2%). No deviations from the Hardy-Weinberg equili-
brium (Supplementary Table 1) were observed in popula-
tion controls (P>0.05). The SNP and haplotype association
analysis was undertaken using logistic regression, with an
adjustment for the potentially confounding effects of
ethnic groups (Fula, Jola, Mandinka, Wollof, other) and
HbS status. The association analysis of each ethnic group
was not carried out individually because of small sample
size. Haplotypes were reconstructed using an expectation-

European Journal of Human Genetics

from The Gambia. We began by analyzing the G6PD
G202A and A376G SNPs individually (Table 2). The
frequency of 202A was lower than reported previously (all
controls, 2.8%; Fula, 3.4%; Jola, 1.2%; Mandinka, 2.9%;
Wollof, 3.3%; other ethnic groups, 3.0%).> Case—control
analysis indicated limited evidence for 202A protecting
from severe malaria (males A vs G odds ratio (OR) 0.82, 95%
CI0.59-1.14, P=0.234; females AG vs GG OR 0.76, 95% CI
0.53-1.10, P=0.144; females AA vs GG OR 3.14, 95% CI
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Table 3 Multi-SNP association analysis® of severe malaria and the G6PD phenotypes

Haplotype Frequency OR 95% ClI P-value
202/376
Female GA [B] 0.689 1.00
GG [A] 0.285 0.94 0.84 1.06 0.293
AG [A-] 0.026 0.80 0.57 1.13 0.215
Male GA [B] 0.693 1.00
GG [A] 0.281 0.95 0.87 1.03 0.224
AG [A-] 0.025 0.89 0.69 1.13 0.340
Overall GA [B] 0.691 1.00
GG [A] 0.283 0.95 0.88 1.01 0.109
AG [A-] 0.026 0.86 0.70 1.05 0.134
Female 202A/376G heterozygote 0.73 0.51 1.05 0.093
202/376/542/968
Female GATT 0.689 1.00
GGTT 0.203 1.09 0.92 1.29 0.331
GGTC 0.069 0.73 0.53 1.02 0.063
GGAT 0.013 0.29 0.12 0.69 0.005
AGTT 0.026 0.81 0.57 1.14 0.222
Any deficient 0.107 0.71 0.56 0.89 0.004
Male GATT 0.688 1.00
GGTT 0.217 0.89 0.75 1.04 0.148
GGTC 0.057 0.73 0.56 0.96 0.023
GGAT 0.014 0.58 0.36 0.95 0.032
AGTT 0.023 1.02 0.63 1.65 0.927
Any deficient 0.094 0.77 0.62 0.95 0.016
Overall GATT 0.689 1.00
GGTT 0.210 0.98 0.87 1.10 0.722
GGTC 0.063 0.73 0.60 0.90 0.003
GGAT 0.014 0.49 0.32 0.76 0.001
AGTT 0.024 0.88 0.66 1.16 0.349
Any deficient 0.101 0.74 0.63 0.86 0.0002
Female deficiency allele heterozygote 0.62 0.42 0.92 0.018

OR, odds ratio; Cl, confidence interval.
“Adjusted for HbS.

0.49-20.16, P=0.228) (Table 2). In contrast, the 376G
allele (frequency 31.9%, marker for G6PD A, an allele with
near normal enzyme activity) appeared to be associated
with protection in Gambian males (OR 0.89, 95% CI 0.79-
0.99, P=0.04). This result is likely to be due to the complex
haplotypic structure of the G6PD locus. Specifically, among
subjects who have 376G, some are G6PD A (near normal
enzyme activity), whereas others (by virtue of having
another mutation in cis) are G6PD A— (with severely
reduced enzyme activity). In the Gambians, the 376G
variant is present on haplotypes with at least three non-
synonymous SNPs capable of causing enzyme deficiency.
No associations were seen during multi-SNP analysis of
G202A and A376G (Table 3).

Next, we repeated the analysis including the addi-
tional G6PD variants. Among the Gambian controls,
the 968C allele was at a frequency of 7.8% and the 542T
allele was at 2.2%. No 680T alleles were detected. Even
with the smaller sample size (see Methods), our analysis
found disease associations with 542T/376G and 968C/
376G haplotypes in single- and multi-marker analysis.
When we analyzed all the deficiency haplotypes together

(pooling 202A/376G, 542T/376G and 968C/376G haplo-
types) (Table 3), we see a significant protective effect
(~23% reduced risk) in males (P=0.016) and (~29%
reduced haplotype risk) in females (P=0.004). Female
heterozygotes for a deficiency allele (202A/376G, 542T/
376G or 968C/376G) appeared to be protected (hetero-
zygotes vs homozygous wild-type OR 0.62, 95% CI 0.42-
0.92, P=0.018). However, no protection for homozygote-
deficient females was detected (homozygous deficient vs
homozygous wild-type OR 0.99, 95% CI 0.72-1.38,
P=0.978).

Interestingly, the 542T/376G G6PD Santamaria allele
causes a more severe G6PD deficiency (~2% residual
enzyme activity),?’*® and there was a trend towards
relatively greater protection in males (OR 0.43, 95% CI
0.16-1.15) and females (heterozygotes vs homozygous
wild-type OR 0.26, 95% CI 0.10-0.66) when compared
with that of the 202A/376G G6PD A- allele (~12%
activity'® males OR 0.88, 95% CI 0.55-1.42; female
heterozygotes vs homozygous wild-type OR 0.76, 95% CI
0.52-1.10) or the 968C/376G G6PD Betica-Selma allele
(~11% activity'®; males OR 0.63, 95% CI 0.38-1.07;
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female heterozygotes vs homozygous wild-type OR 0.63,
95% CI 0.41-0.95).

The analysis of CM cases did not substantially alter
the results and interpretations above. The HbS S allele
frequency in the Gambian controls was 7.5% (Fula, 8.8%;
Jola, 5.9%; Mandinka, 8.9%; Wollof, 7.0%; other, 5.4%),
and we also confirmed the known protective effect (~90%
reduced risk) of the HbS AS genotype?® (Table 1).

Discussion

These results provide an empirical example of how
unrecognized allelic heterogeneity can confound genetic
association studies. Theoretical treatments and simulation
studies have highlighted the potential for allelic hetero-
geneity to impair power in genetic association studies,
particularly when functional variants go undetected.3°32
Our results confirm recent findings from Senegal,'’
suggesting that the diversity of common G6PD deficiency
alleles in parts of West Africa is probably greater than that
considered previously. Furthermore, our data raises the
possibility that unrecognized allelic heterogeneity may
have complicated past studies of G6PD deficiency and
severe malaria susceptibility, particularly those studies that
have classified subjects according to their genotypes and
not their G6PD enzyme activity. Although in a high-
throughput setting, phenotypic assays of G6PD enzymatic
activity are more difficult to undertake than sequence-
based assays, it is preferable to use both. This would enable
a more accurate assessment of the concordance between
these two approaches.

Initial single- and multi-SNP analysis, ignoring addi-
tional deficiency alleles, suggested that the conventional
202A/376G G6PD A— allele was not associated with severe
malaria. One reason for this result is limited statistical
power due to low allele frequency. The 202A allele is at a
frequency of only 2.8% in the Gambian controls, signifi-
cantly lower than reported previously.> The second
explanation for the negative association in the single SNP
analysis is that the 202A allele is being compared not only
against the wild-type B allele but also against other
deficiency variants. Depending on the protection offered
by these other alleles, and hence their relative depletion
among cases, this could mask the true effects of 202A.
When other deficiency alleles are included in our analysis,
we could clearly show an association between G6PD
deficiency and severe malaria.

The issue, in which G6PD genotypes receive protection
from malaria, has been the subject of much debate over the
years. The majority of studies have reported that hemi-
zygous males are protected.>>~? This finding was repli-
cated by our work. It seems plausible that females
homozygous for deficiency alleles are also protected.
However, the rarity of such individuals has made it difficult
for even large association studies to show whether this is
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true.>® We too found no association between homozygous-
deficient females and severe malaria. With only around
0.5% of study subjects being female and homozygous, our
statistical power is once again rather limited. Whether
heterozygous females are protected from malaria has
been controversial; only some studies have reported this
finding.>'°~1? We speculated initially that the association
between female heterozygotes and protection, found by
Ruwende et al, may have been due to misclassification of
some compound heterozygotes (eg 202A/542T or 202A/
968C genotypes) as simply G202A heterozygotes. However,
having taken into account the additional alleles, hetero-
zygous females still appear to be protected from severe
malaria. Although it is possible that yet more unrecognized
G6PD deficiency alleles exist in the Gambian population,
our data suggest that both heterozygous females and
hemizygous males are protected from severe malaria in
The Gambia.

The exact mechanism for the protection offered by G6PD
deficiency is still uncertain. Some, but not all, in vitro
studies have suggested an impaired parasite growth in
deficient cells (see Greene,'® for a review). More recent
work has suggested other mechanisms may be involved,
such as early phagocytosis of infected erythrocytes.®?
Conceivably, heterozygotes might benefit from having a
sub-population of G6PD-deficient erthythrocytes that are
subjected to the same mechanisms as the G6PD-deficient
cells of male hemizygotes. Some authors have also
suggested an intrinsic benefit to heterozygosity, such as
poor parasite adaptation to the mixture of G6PD-deficient
and normal cells.'?

G6PD deficiency was among the first human genetic
traits found to influence complex disease, and it continues
to provide an interesting paradigm.3 Gaining a greater
understanding of exactly how G6PD variation modulates
malaria susceptibility may suggest novel approaches in
prevention and treatment. Future studies of G6PD defi-
ciency in Africa, employing genetic epidemiology, need to
consider establishing the region-specific repertoire of
functional variation before embarking on focused geno-
typing. The large-scale resequencing of the G6PD gene in
African populations is also likely to generate further
fascinating insights into how P. falciparum has shaped our
genome.
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