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A B S T R A C T

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is one of the most common red cell disorders in the
world. The aim of this study was to investigate whether the G6PD Mahidol variant and haplotype 1311 T/93C,
which are prevalent in the Kachin ethnic population along the China-Myanmar border area, offer protection
against Plasmodium vivax infection. Malaria was monitored in nine villages near the Laiza township, Kachin
State, Myanmar, where 258 cases of uncomplicated P. vivax were identified in 2013–2017. From the same
villages, 250 unrelated, malaria-free participants were recruited to serve as the control cohort. Quantitative
enzyme activity analysis in 100 healthy individuals identified that both male hemizygotes and female hetero-
zygotes of the G6PD Mahidol variant had on average ~40% lower enzyme activity relative to the wild-type
individuals. Compared with the overall prevalence of 25.2% in the control cohort, the G6PD Mahidol variant had
a significantly lower prevalence (7.0%) among the 258 vivax patients (P < .0001, χ2 test). Logistic regression
analysis of G6PD genotypes stratified by sex showed that the individuals with the Mahidol 487A allele had
dramatically reduced odds of having acute vivax malaria (adjusted odds ratio= 0.213 for male 487A hemi-
zygotes, P < .0001, and 0.248 for female 487GA heterozygotes, P < .001). Furthermore, both 487A hemi-
zygous male and 487GA heterozygous female patients had significantly lower asexual parasitemias than the
wild-type patients, suggesting a potential effect on alleviating disease severity. In contrast, the silent mutation
haplotype 1311 T/93C was highly prevalent (49.6%) in the study population, but it was not associated with
altered G6PD enzymatic activities nor did it seem to provide protection against vivax infection or disease se-
verity. Taken together, this study provided evidence that the Mahidol G > A mutation offers protection against
P. vivax infection and potentially reduces disease severity in a Kachin population.

1. Introduction

Malaria, caused by Plasmodium parasite infection, is a major global
public health problem. In humans, the invasion and replication of the
parasite within the red blood cells (RBCs) are associated with the
morbidity and mortality of the disease. Consequently, changes in RBCs
are major mechanisms of host resistance to malaria. Through its long
history of co-evolution with the human host, the malaria parasites have
acted as a vital evolutionary selection force to shape the contemporary
human genome (Lopez et al., 2010). Several erythrocyte disorders in-
cluding hemoglobin C (HbC), HbS, α and β thalassemia, and glucose-6-

phosphate dehydrogenase (G6PD) deficiency are protective against
malaria, and they are identified as the main representations in adap-
tation to malaria selection by large-scale case-control analyses
(Luzzatto and Seneca, 2014; Min-Oo and Gros, 2005; van Zwieten et al.,
2014). These disorders reduce parasite invasions of the RBCs and im-
pair parasite growth in the erythrocyte.

G6PD deficiency is the most common enzymopathy worldwide,
with> 400 million affected individuals (Beutler, 1994; Cappellini and
Fiorelli, 2008). There are up to 217 described G6PD gene mutations
within its coding region, and their effects on the stability and catalytic
efficiency of the enzyme vary greatly (Gomez-Manzo et al., 2016). As a
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result, the clinical manifestation of the G6PD variants ranges from very
mild with almost no symptoms to severe acute hemolytic anemia
(AHA). AHA in G6PD deficient individuals can also be induced by in-
gesting drugs or food causing increased oxidative stress, such as the
antimalarial drugs primaquine (Brito-Sousa et al., 2019; Chu et al.,
2018) and tafenoquine (Chu and Freedman, 2019). The distribution of
G6PD deficient variants vary geographically (Howes et al., 2013), but
they have extensive overlap with the distribution of malaria, suggesting
they might offer protective advantages against malaria. Although there
is strong evidence for the protective effect of the African variant (A-)
against P. falciparum infection and cerebral malaria (Bienzle et al.,
1972; Guindo et al., 2007; Ruwende et al., 1995; Shah et al., 2016), the
pictures for other G6PD variants are less clear and evidence remains
circumstantial (Howes et al., 2012). Moreover, since G6PD deficiency is
X-linked, G6PD deficient male hemizygotes and female homozygotes
will express the full defect. However, female heterozygotes will have a
mixture of G6PD normal and G6PD deficient RBCs due to random X-
chromosome inactivation (Chu et al., 2018). Thus, the protective effect
of G6PD against malaria may vary between male and female popula-
tions. For example, for a number of G6PD alleles in Tanzania, only
female heterozygotes are protected from severe falciparum malaria
(Manjurano et al., 2015). Further, a recent meta-analysis indicated that
the negative association of G6PD deficiency with uncomplicated ma-
laria was evident in Africa but not in Asia, and in the heterozygous
females but not in the homozygous females or hemizygous males
(Mbanefo et al., 2017).

The Greater Mekong region (GMS) comprising Cambodia, Laos,
Myanmar, Thailand, Vietnam and Yunnan province in China was his-
torically a hyperendemic region for P. falciparum and P. vivax. As the
GMS countries are moving towards malaria elimination aiming to
achieve this goal by 2030, there has been a major change of malaria
epidemiology with increased proportions of P. vivax malaria (Cui et al.,
2018). In the GMS, the standard treatment for uncomplicated P. vivax
malaria remains as chloroquine as the schizontocide and primaquine for
radical cure. In Kachin State of northeast Myanmar, primaquine is ad-
ministered to P. vivax patients without checking their G6PD status or
supervision, which has been associated with AHA in a vivax patient
(Chen et al., 2017). The G6PD Mahidol 487G > A variant is the most
common in the GMS (Howes et al., 2013), and its frequency in the
Kachin (Jingpo) population near the China-Myanmar border reached
~20% (Li et al., 2015). Although this variant is a Class III mutation and
normally has moderate enzyme activity (30–60% relative activity)
(Yoshida et al., 1971), recent studies showed that individuals carrying
this mutation could have severe G6PD deficient phenotypes (Bancone
et al., 2014; Deng et al., 2017). Although the Mahidol variant does not
seem to offer protection against infections by either P. falciparum or P.
vivax in Thailand, it was associated with reduced P. vivax parasite
density, suggesting that P. vivax could be a driving force behind the
selective advantage conferred by this mutation (Louicharoen et al.,
2009). P. vivax parasites has a preferential tropism towards re-
ticulocytes (Kanjee et al., 2018). Interestingly, a recent ex vivo study
showed that Mahidol CD71+ reticulocytes were enzymatically normal
and could sustain normal growth and development of P. vivax parasites
even in severely G6PD deficient samples (Bancone et al., 2017). This
suggests that the protective effect of the Mahidol variant against vivax
parasitemia may be attributable to other factors rather than intrinsic
barriers in the reticulocytes.

Another G6PD polymorphism that reached high prevalence in the
Kachin population is the haplotype 1311 T/93C (Li et al., 2015).
1311C > T is a silent mutation in exon 11 of the G6PD gene, which is
prevalent in worldwide populations. 1311C > T was often observed in
association with another polymorphism 93 T > C in intron 11, making
up the haplotype 1311 T/93C (Nuchprayoon et al., 2008). This haplo-
type has high prevalence in many Asian countries. Its frequency
reached 32% in Pakistan (Moiz et al., 2009), 14% in Saudi Arabia
(Kurdi-Haidar et al., 1990), 44% in Iran (Mortazavi et al., 1997), and

83.3% in the Negrito population of Malaysia (Amini and Ismail, 2013).
Some individuals with the haplotype 1311 T/93C show significantly
reduced levels of G6PD (Jiang et al., 2006). This haplotype, together
with the 3’ UTR mutation rs1050757G, was associated with reduced
G6PD activity to 10–60% of normal activity in a Malaysian population,
whereas some individuals with this genotype present normal G6PD
activity (Amini and Ismail, 2013). Therefore, the current study aimed to
determine whether the G6PD Mahidol variant and the 1311 T/93C
haplotype could offer protection against vivax malaria in a Kachin
population located at the China-Myanmar border.

2. Materials and methods

2.1. Study subjects and sample collection

This study was conducted in nine villages of the Laiza township,
Kachin State, Myanmar, where malaria is endemic and G6PD deficiency
is prevalent (Li et al., 2013; Li et al., 2015). All residents in these vil-
lages are of the Kachin ethnicity. The study was approved by the In-
stitutional Review Boards of Kunming Medical University and Kachin
Bureau of Health. During 2013–2017, patients with acute P. vivax
malaria from these villages attending the clinics and township hospital
were recruited to study after obtaining written informed consent (as-
sent for minors). For comparison, unrelated healthy villagers were re-
cruited to match the P. vivax patients for age and sex to serve as the
healthy control group. These control subjects were malaria-negative by
microscopy at the time of recruitment and did not have a malaria his-
tory in the previous two years. For the 100 randomly-chosen, healthy
villagers, 0.5 ml of venous blood were collected in an EDTA tube for
quantitative analysis of G6PD activity. For all healthy participants and
malaria patients, approximately 100 μl of finger-prick blood were
spotted on Whatman™ 3 filter paper, dried and used for genotyping
purpose.

2.2. Malaria diagnosis and quantification of parasites

For the P. vivax cases, thin and thick blood smears were prepared
and examined under a light microscope at 100× under an oil immer-
sion lens by two microscopists with more than five years of experience
in malaria diagnosis, who were trained at regional malaria diagnosis
workshops organized by the World Health Organization (WHO) and
met the WHO competence level 1 criteria. Densities of P. vivax asexual
stages and gametocytes were estimated by counting against 500 white
blood cells (WBCs). If the numbers between the two microscopists
differed by>20%, they were further evaluated by another senior mi-
croscopist to reconcile the discrepancy. Parasite densities were calcu-
lated assuming a WBC count of 6000/μl of blood (Liu et al., 2016).

2.3. G6PD enzyme activity assay

Blood samples in 100 randomly-chosen, healthy villagers were
analyzed using a quantitative G6PD assay (Trinity Biotech, St. Louis,
MO, USA) according to the manufacturer's instructions. The result for
each subject was normalized to the subject's hemoglobin (Hb) con-
centration (U/g Hb). For this assay, the cut-off value for G6PD defi-
ciency was set at 4.5 U/g Hb (Deng et al., 2017), with those having
G6PD activity higher than this value considered normal.

2.4. DNA extraction, molecular identification of malaria infection and
genotyping of G6PD variants

Genomic DNA was extracted from dried blood spots with the
TaKaRa Genomic DNA Kit (TaKaRa Biotechnology, Beijing, China) ac-
cording to the manufacturer's instructions. P. vivax mono-infection was
further verified by PCR targeting the 18S rRNA genes (Li et al., 2014).
Eleven common G6PD variants including Mahidol 487G > A, Kaiping
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1388G > A, Canton 1376G > T, Gaohe 95A > G, Chinese-
4392G > T, Viangchan 871G > A, Chinese-51024C > T, Union
1360C > T, Coimbra 592C > T, and the silent mutations 1311C > T
and IVS11nt93T > C, were genotyped in all participators using the
SNaPshot assay described previously (Zhang et al., 2015).

2.5. Statistical analysis

Differences in G6PD enzyme activity were compared using the t-test
and differences in asexual- and sexual-stage parasite densities were
compared using the Mann-Whitney U test (if two groups) and Kruskal-
Wallis test (if> 2 groups). Gametocyte and G6PD deficiency gene
carriage rates were compared using the χ2 test. Assuming a binomial
error distribution, a logistic regression model was used to estimate the
adjusted odd ratios (AORs) and 95% confidence intervals (CIs) for
contracting vivax malaria, using the wild-type (WT) G6PD as the re-
ference. We used the additive (trend) model, where male and female
genotypes were coded as 0/2 and 0/1/2, respectively. For AORs, gender
and age were included as a potential confounding factor in a multi-
variate regression analysis (Clayton, 2008). Linkage disequilibrium
(LD) analysis was carried out by SHEsis (http://analysis.bio-x.cn/
myAnalysis.php) (Shi and He, 2005). Statistical analysis was done
using the SPSS 21.0 and GraphPad Prism 6.0 statistical software; sta-
tistical significance level was set at α=0.05.

2.6. Sample size calculation

Our earlier study determined that the proportion of G6PD deficient
individuals in this Kachin population is ~20% (Li et al., 2015). For this
case-control comparison, if the proportion G6PD deficient individuals
in the malaria patient group is assumed to be 20% under the null hy-
pothesis and 4.76% under the alternative hypothesis, for α=0.05 and
90% power, the sample sizes for both the control and vivax patient
groups would be 89.

To determine the sample size for achieving sufficient power in lo-
gistic regression analysis of AOR, we used a 10:1 ratio of cases to
predictors, as proposed by Peduzzi and colleagues (Peduzzi et al.,
1996). This theory suggests that the sample number (n) should be ten
times the number of predictors (k, in our case, k=1 for males and
k=3 for females) after considering the proportion of patients (p):
n= 10 k/p. Accordingly, the sample number would be (10× 1/
0.57=17) for males and (10× 3/0.57=71) for females.

3. Results

3.1. G6PD enzyme activity and genotypes in healthy population

We first wanted to determine whether the G6PD Mahidol mutation
is correlated with reduced G6PD activity. For this purpose, we ran-
domly selected 100 unrelated healthy subjects from the study villages
and quantitatively assessed their G6PD activity. The mean G6PD en-
zyme activities in the overall healthy population, as well as in the male
and female populations were 5.77, 5.91, and 5.64 U/g Hb, respectively
(Table S1). If the cutoff value of 4.5 U/g Hb is used, 24 participants had
G6PD enzyme activity below this value and were considered G6PD
deficient. Of those, six (four males and two females) had G6PD enzyme
activity below 1.0 U/g Hb and were considered to have severe G6PD
deficiency. If 30% of the male median (5.77 U/g Hb) was used as the
cutoff value (1.71 U/g Hb), four males and four females had G6PD
enzyme activities below this value.

Genotyping of the G6PD gene in these malaria-free, healthy in-
dividuals using the SNaPshot assay revealed that 22% carried the G6PD
Mahidol 487 G > A variant (Supplemental Table 1). In the 49 healthy
males, the Mahidol variant occurred at 22.4%, whereas in the 51
healthy females, 21.6% carried the 487A allele (17.6% as heterozygous
and 3.9% as homozygous). Individuals with the Mahidol variant in both

male hemizygotes (mean=2.77 U/g Hb, 95% CI: 1.58–3.96) and fe-
male heterozygotes (mean=2.91 U/g Hb, 95% CI: 2.32–3.49) had on
average ~40% lower enzyme activity relative to the WT individuals
(mean=~5.7 U/g Hb) (P < .001, t-test) (Supplemental Table 1).

In this healthy cohort, 35% carried the synonymous mutation
haplotype 1311 T/93C. In males, 1311C/93 T (WT) and 1311 T/93C
(mutant) were absolutely linked and occurred at 75.5% and 24.5%,
respectively. In females, 52.9% were WT (1311CC/93TT), while 41.2%
and 3.9% carried heterozygous and homozygous mutations, respec-
tively (Supplemental Table 1). Only one female subject carried the
1311CC/93CT allele. In both males and females, the different 1311 T/
93C alleles did not have significant effect on G6PD enzyme activity
(P > .05, t-test).

3.2. G6PD genotypes in healthy villagers and patients with acute P. vivax
infections

A total of 258 acute P. vivax patients were identified in 2013–2017
from the nine villages located in the Laiza township of northeast
Myanmar (Table 1). The P. vivax patients were relatively young (mean
age 24.2 years, range 2–79 years) and male-biased (64.0%). To compare
whether G6PD mutations could confer protection against vivax malaria,
250 healthy, malaria-free participants (62% males, ages 2–75 years)
were recruited from the same villages to serve as the control group. The
control participants and vivax patients were approximately matched in
sex (P= .783, χ2 test) and age (P= .327, Mann-Whitney U test). Both
control participants and vivax patients were genotyped for G6PD var-
iants using the SNaPshot assay. For the 250 healthy control group, four
different G6PD variants were identified. The Mahidol variant was the
predominant mutation, accounting for 27.2%, and other G6PD variants
were found in five subjecting, who carried the Kaiping 1388G > A
(1.2%), Viangchan 871G > A (0.4%), and Chinese-4392G > T (0.4%)
variants. In the 258 vivax patients, however, the Mahidol variant only
occurred at a frequency of 7.0% (Table 1), which was significantly
lower than that in the control group (P < .0001, χ2 test). Other less
frequent G6PD variants identified in four vivax patients included the
Viangchan 871G > A (0.8%), Chinese-4392G > T (0.4%), and Chi-
nese-51024C > T (0.4%).

In contrast to the skewed distribution of the Mahidol 487 G > A in
the control group and vivax patients, the frequencies of the 1311 T/93C
haplotype in healthy villagers and P. vivax patients were not sig-
nificantly different (P= .079, χ2 test) (Table 1). In the male popula-
tions, 1311 T/93C occurred at 46.2% and 35.4% in the control group
and vivax patients, respectively (Table 2). In healthy, malaria-free fe-
males, the heterozygous and homozygous mutants occurred at 43.6%
and 17.0%, respectively, whereas in female vivax patients, these mu-
tants occurred at 40.7% and 18.7%, respectively (Table 2).

In the healthy population, LD analysis showed that the two G6PD
mutations 1311C > T and 93 T > C were in significant LD
(r2= 0.978). However, both 1311C > T and the 93 T > C mutation
were in LD with the Mahidol 487G > A mutation. LD analysis con-
ducted on vivax malaria patients showed similar results. Only the G6PD

Table 1
Characteristics of the healthy villagers and P. vivax patients of a rural Kachin
population.

Characteristic Healthy
villagers

Vivax
patients

P value

Number of participants (%
males)

250 (62.4%) 258 (64.0%) 0.783a

Age (years) (mean/range) 25.55 (2–75) 24.16 (2–79) 0.327b

G6PD Mahidol carrier [N (%)] 68 (27.2%) 18 (7.0%) < 0.0001a

G6PD haplotype 1311 T/93C 129 (51.6%) 112 (43.4%) 0.079a

a Chi-square test.
b
Mann-Whitney's U test.
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mutations 1311C > T and 93 T > C were in significant LD
(r2= 0.956).

3.3. G6PD Mahidol variant reduced risks of P. vivax infection

Logistic regression analysis was performed to determine whether
the G6PD Mahidol variant is associated with lower risks of P. vivax
infection. Assuming all subjects in the study villages were equally ex-
posed to P. vivax infections, the Mahidol 487 G > A would offer sig-
nificant protection against acute vivax infection (AOR=0.3723, 95%
CI: 0.256–0.542, P < .0001). To evaluate the protective effect of dif-
ferent G6PD genotypes, healthy villagers and vivax patients were
stratified into the male and female populations (Table 2). In males, the
G6PD Mahidol 487A allele offered significant protection against acute
vivax infection (AOR=0.213, 95% CI: 0.093–0.487, P < .0001). Si-
milar protection was also observed in the Mahidol 487GA hetero-
zygotes in females (AOR=0.213, 95% CI: 0.093–0.487, P < .0001).
For the 487AA homozygote females, the protective effect of the muta-
tion was marginally significant (AOR=0.049, 95% CI: 0.002–1.187,
P= .064), although the number of subjects in this category was too
small to allow for a robust analysis. In contrast, the G6PD 1311 T/93C
haplotype did not offer noticeable protection against acute vivax ma-
laria (AOR=0.958, 95% CI: 0.771–1.190, P= .696).

3.4. G6PD Mahidol variant reduced parasitemia during P. vivax infection

We compared parasite densities between vivax patients with dif-
ferent G6PD genotypes. The results showed that G6PD Mahidol
487 G > A in both hemizygous males and heterozygous females was
associated with significantly lower asexual-stage parasite densities than
the WT (P < .05, Mann-Whitney U test, Fig. 1A). If asexual-stage
parasite density was considered a proxy for disease severity, this result
suggested that G6PD Mahidol 487 G > A could reduce disease severity
of vivax malaria. In contrast, the different 1311/93 haplotypes in either
males or females did not show significant influences on asexual parasite
density (Fig. 1B).

Next, we tested whether gametocyte density was different among P.
vivax patients with different G6PD genotypes. In the 258 P. vivax cases,
gametocytes were detected in 103 (39.9%) patients. In the 103 game-
tocytemic and 155 non-gametocytemic P. vivax patients, 9 patients in
each group carried the G6PD 487G > A (p= .456, χ2 test), suggesting
that 487G > A did not affect the presence of gametocytes in vivax
patients. We further compared the gametocyte density among different

groups of G6PD genotypes. Our results showed that neither the G6PD
487G > A variant nor the different silent 1311/93 haplotypes had
evident effect on gametocyte density in these patients (Fig. 2).

4. Discussion

Malaria is among the strongest known evolutionary selection force
in the recent history of the human genome, and the various red cell
disorders are known to confer protection from malaria (Taylor and
Fairhurst, 2014). G6PD deficiency is highly prevalent in many ethnic
groups residing in malaria-endemic Africa, Asia and the Mediterranean
area, where it confers different degrees of protection against the ma-
lignant malaria parasite P. falciparum. A recent comprehensive analysis
of the African A- G6PD deficiency allele demonstrated that male
hemizygotes and female homozygotes have increased risk of severe
malarial anemia, whereas the male hemizygotes and female hetero-
zygotes have reduced risk of cerebral malaria (Network, 2014). Such a
small overall effect on the risk of severe malaria from P. falciparum
infection conferred by G6PD deficiency suggests the possibility of a
lesser role of P. falciparum in the selection of G6PD deficiency, but this
may point to P. vivax as the candidate for the selection force. Histori-
cally, the China-Myanmar border area has been a malaria hyperen-
demic area where both P. falciparum and P. vivax were rampant, and
there is a high incidence of RBC disorders such as thalassemias and
G6PD deficiency (Tay et al., 1987). It is thus interesting to determine
the evolutionary history of the G6PD mutant alleles and to test the
malaria selection theory in the Kachin population (Louicharoen et al.,
2009).

Our study showed that G6PD Mahidol 487G > A was associated
with protection against P. vivax infection in both male homozygotes and
female heterozygotes. This protective effect was not observed in the
earlier study conducted in a Karen population at the Thailand-Myanmar
border (Louicharoen et al., 2009). Although this difference may result
from the study of different human populations, the use of a drastically
increased sample size in our study may have allowed us to detect this
protective effect. In this earlier study, the Mahidol variant was found to
reduce P. vivax asexual parasitemia (Louicharoen et al., 2009), a result
also confirmed in our study in the Kachin population. Given that the
gametocytogenesis process is considered the parasite's response to
stress conditions, we speculated that growth of the parasite in G6PD
deficient RBCs may favor the production of gametocytes. However, we
did not observe any differences in either the presence of gametocytes or
gametocytemia between the Mahidol variant and wild-type groups.

Table 2
Frequencies of the G6PD alleles in healthy villagers and P. vivax patients and protective effect of mutant allelesa.

Polymorphic sites Sex Allele Healthy villagers Vivax patients AOR (95% CI)b Pc

N % N %

487G > A Male G 121 80.1 155 95.1 1
A 30 19.9 8 4.9 0.213 (0.093–0.487) < 0.0001

Female GG 61 64.9 81 89.0 1
GA 28 29.8 10 11.0 0.248 (0.110–0.561) < 0.001
AA 5 5.3 0 0 0.049 (0.002–1.187) 0.064
GA+AA 33 35.1 10 11.0 0.223 (0.104–0.479) < 0.0001

1311C > T Male C 81 53.6 105 64.4 1
T 70 46.4 58 35.6 0.677 (0.425–1.079) 0.101

Female CC 37 39.4 37 40.7 1
CT 41 43.6 37 40.7 0.777 (0.393–1.538) 0.469
TT 16 17.0 17 18.7 1.264 (0.493–3.241) 0.626
CT+TT 57 60.6 54 59.3 0.993 (0.645–1.529) 0.974

a
For the Mahidol variant analysis, other minor mutations (five from healthy villagers and four from vivax patients) were excluded. For the 1311C > T analysis, 2

from the healthy villagers and 3 from malaria patients were excluded from logistic model because of lack of linkage between 1311C and 93 T or between 1311 T and
93C.

b Adjusted odds ratio (AOR) and 95% confidence interval (95% CI) was based on comparison with the reference group (values shown as 1).
c Statistical comparison was done by logistic regression.
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Oxidative stress produced by G6PD deficiency may be the main
reason of resistance against malaria (Kosower and Kosower, 1970).
G6PD enzyme activity is directly related to malaria susceptibility
(Santana et al., 2013). Although the Mahidol variant is considered a
Class III mutation, supposedly only resulting in a moderate level of
reduction of enzyme activity, quantitative measurement showed that
individuals carrying this mutation could show a severe G6PD deficiency
phenotype. It seems logical that the protection mechanism might be
related to the accelerated progression of the G6PD deficient RBCs

towards senescence, which might be prohibitory for parasite develop-
ment in infected RBCs (Kosower and Kosower, 1970). However, this
hypothesis is undermined by recent finding showing that young re-
ticulocytes, the targets of P. vivax invasion, had normal in G6PD activity
and P. vivax assumed normal development during ex vivo culture in
Mahidol variant reticulocytes (Bancone et al., 2017). Although the
reason for this seemingly contradictory finding is not clear, the pro-
tective mechanism of the Mahidol variant against P. vivax in vivo might
differ from that under in vitro culture conditions and could involve

Fig. 1. Comparison of asexual-stage parasite density
among different G6PD alleles. (A) Comparison be-
tween 487G (WT) and 487A male vivax patients, and
between 487GG (WT) and 487GA vivax patients. (B)
Comparison among different 1311/93 haplotypes in
both male and female vivax patients. NS, not sig-
nificant. Comparison was done using the Mann-
Whitney U test.

Fig. 2. Comparison of gametocyte density among
different G6PD alleles. (A) Comparison between
487G (WT) and 487A male vivax patients, and be-
tween 487GG (WT) and 487GA vivax patients. (B)
Comparison among different 1311/93 haplotypes in
both male and female vivax patients. NS, not sig-
nificant. Data were compared using the Mann-
Whitney U test and Kruskal-Wallis test.
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additional factors such as host immune responses, as has been specu-
lated. Nonetheless, it is conceivable that preferential targeting and
destruction of G6PD-normal reticulocytes by P. vivax in G6PD-deficient
patients would further lower the overall G6PD activity in the RBCs and
render the patients more vulnerable to AHA.

We confirmed the high prevalence of the 1311 T/93C haplotype in
the study population. Although these silent mutations were associated
with moderately reduced G6PD enzyme activity in a Malaysian popu-
lation (Amini and Ismail, 2013), we did not find any noticeable effect of
this haplotype on G6PD enzyme activity, which is consistent with
findings from elsewhere (Cikes et al., 2004; Moiz et al., 2009). It has
been reported that 31.0% of the G6PD Mediterranean and 13.8% of the
G6PD Aures variant were linked to haplotype 1311 T/93C (Al-Jaouni
et al., 2011), but our results showed that the Mahidol variant and the
1311 T/93C haplotype were in linkage equilibrium in the Kachin po-
pulation. Consistent with the lack of effect on G6PD enzyme activity,
we did not find an association of the 1311 T/93C haplotype with altered
responses to vivax infection.

In summary, this study, conducted in Kachin villages along the
China-Myanmar border, identified protection of the G6PD Mahidol
variant provided protection against uncomplicated P. vivax infection
and a higher parasite load, suggesting that P. vivaxmalaria might be the
driving force for G6PD deficiency in other Mahidol variant prevalent
areas of the GMS. In contrast, the haplotype 1311 T/93C, which also
reached high prevalence in the study population, did not seem to offer
protection against vivax infection. These silent mutations might have
evolved independently, their high frequencies may be explained by
random genetic drift and hitch-hiking effect with other mutations in the
G6PD gene.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.meegid.2019.103980.
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