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Abstract
Accurate diagnosis of glucose-6-phosphate dehydrogenase (G6PD) deficiency is cru-
cial for relapse malaria treatment using 8-aminoquinolines (primaquine and tafeno-
quine), which can trigger haemolytic anaemia in G6PD-deficient individuals. This is
particularly important in regions where the prevalence of G6PD deficiency exceeds
3%–5%, including Southeast Asia and Thailand. While quantitative phenotypic tests
can identify women with intermediate activity who may be at risk, they cannot
unambiguously identify heterozygous females who require appropriate counselling.
This study aimed to develop a genetic test for G6PD deficiency using high-resolution
melting curve analysis, which enables zygosity identification of 15 G6PD alleles. In
557 samples collected from four locations in Thailand, the prevalence of G6PD defi-
ciency based on indirect enzyme assay was 6.10%, with 8.08% exhibiting intermedi-
ate deficiency. The developed high-resolution melting assays demonstrated excellent
performance, achieving 100% sensitivity and specificity in detecting G6PD alleles
compared with Sanger sequencing. Genotypic variations were observed across four
geographic locations, with the combination of c.1311C>T and c.1365-13T>C being
the most common genotype. Compound mutations, notably G6PD Viangchan
(c.871G>A, c.1311C>T and c.1365-13T>C), accounted for 15.26% of detected muta-
tions. The high-resolution melting assays also identified the double mutation G6PD
Chinese-4 + Canton and G6PD Radlowo, a variant found for the first time in
Thailand. Biochemical and structural characterisation revealed that these variants
significantly reduced catalytic activity by destabilising protein structure, particularly
in the case of the Radlowo mutation. The refinement of these high-resolution melt-
ing assays presents a highly accurate and high-throughput platform that can
improve patient care by enabling precise diagnosis, supporting genetic counselling
and guiding public health efforts to manage G6PD deficiency—especially crucial in
malaria-endemic regions where 8-aminoquinoline therapies pose a risk to deficient
individuals.

K E YWORD S
G6PD deficiency, genotype, high-resolution melting, mutations, structural stability

Sustainable Development Goal: Good Health and Wellbeing

DOI: 10.1111/tmi.14105

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium,
provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2025 The Authors Tropical Medicine & International Health published by John Wiley & Sons Ltd.

Trop Med Int Health. 2025;1–21. wileyonlinelibrary.com/journal/tmi 1

https://orcid.org/0000-0003-0640-6215
mailto:usa.boo@mahidol.ac.th
mailto:usa.boo@mahidol.edu
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/tmi


INTRODUCTION

Glucose-6-phosphate dehydrogenase (G6PD) deficiency is
an erythro-enzymopathy present in approximately 500 mil-
lion people worldwide, caused by mutations in the G6PD
gene that alter catalytic activity or structural stability of the
enzyme [1–3]. The reaction catalysed by G6PD is coupled
with the formation of reduced nicotinamide adenine dinu-
cleotide phosphate (NADPH), a crucial reducing power in
cellular oxidative defence mechanisms [4]. Since mature
erythrocytes do not contain mitochondria, G6PD-deficient
red blood cells are limited in their ability to generate
NADPH at a normal rate, leading to increased vulnerability
to haemolysis [5]. This may clinically present as chronic
non-spherocytic haemolytic anaemia in severe deficiency,
but the more common symptom, acute haemolytic anaemia,
could be triggered by infections or exposure to certain food
and drugs. Strong regulatory warnings against medications
with high oxidative potential such as rasburicase, dapsone,
primaquine and tafenoquine have been issued in G6PD-
deficient patients since these may cause potentially fatal hae-
molysis [6]. In particular, treatment of malaria using prima-
quine and tafenoquine becomes challenging as it has to
balance the need to treat the malaria infection effectively
while avoiding the risk of severe haemolysis in individuals
with G6PD deficiency. This often requires careful monitor-
ing, adjusting drug dosages, or sometimes avoiding medica-
tions in favour of alternative treatments. G6PD deficiency
also subjects newborns to an increased susceptibility to
hyperbilirubinemia which may rapidly progress to
kernicterus, a life-threatening neurological dysfunction [7].
Diagnosis of G6PD deficiency is therefore recommended
to guide drug administration and early intervention for
infants at risk of severe jaundice [6, 8]. Measurement of
NADPH formation by ultraviolet–visible spectrophotometry
at 340 nm is considered the reference diagnostic standard to
determine G6PD activity [9]. Phenotypic assays such as the
quantitative CareStart™ G6PD Biosensor and the
qualitative fluorescent spot test (FST) are commonly used
for point-of-care needs [10].

The G6PD gene is located on the X chromosome; there-
fore, males can be either hemizygous G6PD normal or
G6PD-deficient, and females can be homozygous G6PD
normal, homozygous G6PD-deficient, or heterozygous
G6PD-deficient. Females are subjected to X-chromosome
inactivation or lyonization, resulting in varying proportions
of G6PD normal and G6PD-deficient red blood cells in het-
erozygotes [11–13]. This implies a G6PD activity spanning
from normal to deficient, which poorly correlates with hae-
molytic toxicity in heterozygous females, rendering them
highly susceptible to drug-induced haemolysis. In addition,
haematological factors such as platelet count, leukocyte
count and recent haemolysis or blood transfusion affect
enzyme activity [6]. Thus, assessment of G6PD deficiency
status based on phenotypic tests alone might be particularly
unreliable in patients and neonates for whom accurate
G6PD deficiency status is crucial.

To avoid adverse reactions, genetic tests are being
developed to complement phenotypic results and support accu-
rate diagnosis [6, 14, 15]. Genotypic assays for G6PD allele
detection include restriction fragment length polymor-
phism [16], amplification refractory mutation system [17],
high-resolution melting (HRM) curve analysis [18], the com-
mercially available DiaPlexC™ G6PD Genotyping Kit, and
DNA sequencing as the gold standard. However, these methods
are not appropriate for large-population screening due to their
time-consuming, low throughput, costly and tedious nature
[19–21]. Previous HRM assays were able to determine the
zygosity of G6PD variants; however, these methods can only
detect one to two mutations in one reaction [18, 22]. Fan et al.
(2018) devised an HRM assay to detect six variants in four reac-
tions, but the results were complicated to analyse [21]. The
HRM method has been developed for straightforward data
interpretation to detect 15 common G6PD variants found in
Asian populations through generating PCR amplicons of dis-
tinct melting temperatures in four reactions. This multiplexed
method has remarkable sensitivity and specificity, making it
suitable for population surveillance [23, 24].

In Thailand, more than 20 G6PD genotypes comprising
single and double missense, synonymous and intronic muta-
tions, as well as small in-frame deletions have already been
identified in the country [25–30]. The predominance of het-
erozygous G6PD-deficient females among the Thai popula-
tion stresses the importance of integrating both phenotypic
and genotypic tests for much more informed clinical deci-
sions [31–36]. This also facilitates the establishment of
genotype–phenotype correlations in order to provide depend-
able enzyme activity values associated with the prevalent
G6PD variants in the population [37]. Biochemical analysis of
such variants provides further information regarding the
molecular mechanisms of G6PD deficiency linked with severe
clinical presentations and addresses the proportion of variants
with unknown or uncertain function [38–40].

This study was conducted to determine the prevalence of
G6PD deficiency, as well as the frequencies of G6PD mutations
in four different locations in Thailand. G6PD phenotyping was
performed using an indirect enzyme assay based on water-
soluble tetrazolium salts (WST-8) [41]. For genotyping, estab-
lished multiplex HRM assays [24] have been further modified
to determine the zygosity of 15 G6PD alleles. Variants identified
among the studied populations, G6PD Radlowo (c.679C>T,
p.Arg227Trp) and G6PD Chinese-4 + Canton (c.392G>T
+c.1376G>T, p.Gly131Val+Arg459Leu), were expressed and
characterised to determine their functional and structural prop-
erties compared to the corresponding single variants and the
wild-type (WT) enzyme.

MATERIALS AND METHODS

Study design and participants

This retrospective study was carried out using 557 archived
blood samples collected during 2019–2022 from four different
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locations in Thailand: Bangkok, Kaotakiab (Prachuap Khiri
Khan), Laemchabang (Chonburi) and Lopburi. The study
flowchart is shown in Figure 1. Blood samples from healthy
volunteers were collected and stored at �20�C until use.
Under this storage condition, the integrity of samples for
G6PD deficiency screening was maintained [42]. The study
was approved by the Human Ethics Committee of the Faculty
of Tropical Medicine, Mahidol University (approval number
MUTM 2021-075-02). The participants provided written con-
sent to have their specimens used in the research. The data
were fully anonymised, and the authors had no access to
information that could identify individual participants.

Phenotypic screening of G6PD deficiency by
WST-8 assay

G6PD activity in 557 blood samples was measured using the
WST-8 assay [41]. Blood sample (2 μL) was mixed with
the reaction mixture containing 20 mM Tris–HCl pH 8.0,
10 mM MgCl2, 500 μM glucose-6-phosphate (G6P), 100 μM
NADP+ and 100 μM WST-8 (Sigma-Aldrich, Darmstadt,
Germany). The reaction was monitored by measuring the
absorbance at 450 nm for 10 min using a microplate reader
(Sunrise; Tecan, Männedorf, Switzerland). Haemoglobin
concentration was measured using Drabkin’s reagent
(Sigma-Aldrich), following the manufacturer’s instructions.
G6PD activity was expressed as units per gram of haemoglo-
bin (U/g Hb).

The adjusted male median (AMM) was determined and
defined as 100% enzyme activity [43]. According to the
World Health Organization (WHO) guidelines for pheno-
typic categorisation of G6PD deficiency and safe cut-off
points for administering antimalarial treatments such as pri-
maquine and tafenoquine, 30% and 70% thresholds were
used [14, 44]. Samples exhibiting less than 30% enzyme
activity were classified as deficient, those with enzyme

activity ranging from 30% to 70% were classified as interme-
diate deficiency, and samples with enzyme activity exceeding
70% were classified as G6PD normal.

Development of HRM assays for detection of
G6PD mutations and zygosity identification

Genomic DNA was extracted from blood samples using the
QIAamp DNA Blood Mini Kits (QIAGEN, Hilden,
Germany), following the manufacturer’s instructions. DNA
concentration was measured using a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, Waltham,
MA, USA).

Fifteen G6PD mutations common in Thailand and
Southeast Asia were included in this study. To enable
identification of zygosity in the G6PD gene, two distinct
sets of primers were used: one designed for the mutant
allele and another for the WT allele. In the previous study,
multiplex HRM assays were developed to detect 15 G6PD
mutations [24]. In this study, allele-specific primers were
further designed for the WT. These primers were meticu-
lously designed to generate PCR amplicons of distinct
melting temperatures, allowing detection of 15 G6PD
alleles in four reactions. The reaction conditions were
optimised to prevent cross-reactions while ensuring high
accuracy in detection.

HRM reaction mixture contained 6.25 μL of 2� HRM
Type-It mix (QIAGEN), varying concentrations of primers,
molecular-grade water and 2.5 μL of the gDNA template (2–
10 ng). PCR amplification and melting curve analysis were
performed on a Rotor-Gene Q instrument (QIAGEN). DNA
samples with known G6PD genotypes (confirmed by
DNA sequencing) were included in every run as WT and
mutation controls. Data analysis was performed using
Rotor-Gene Q software. Primers and conditions for HRM
assays are listed in Tables 1 and 2.

F I G U R E 1 Study workflow.
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The performance of the developed HRM assays was
assessed. The number of true positives (TP), true negatives
(TN), false positives (FP) and false negatives (FN) was deter-
mined using Sanger sequencing as the reference method.
For DNA sequencing, the G6PD gene was amplified using
previously described conditions [23]. Following amplifica-
tion, PCR products were subjected to purification and
sequenced (1st BASE, Apical Scientific, Malaysia).

A total of 230 DNA samples (150 G6PD-mutant and
80 G6PD-WT) were used to assess the specificity and sensi-
tivity of the assay. Sensitivity was calculated as TP/ (TP
+ FN), and specificity as TN/ (FP + TN).

The developed HRM assays were then applied to detect
mutations and identify zygosity of the G6PD gene in
557 samples. Additionally, 20 samples with a deficient or

intermediate phenotype, carrying intronic or synonymous
mutations or showing no detectable mutations by HRM
assays, were further analysed by DNA sequencing.

Biochemical and structural characterisation of
G6PD variants

Two previously uncharacterised G6PD mutations, G6PD
Radlowo (identified through DNA sequencing) and G6PD Chi-
nese-4 + Canton, were analysed to determine their impact on
G6PD protein structure and function. The mutations were cre-
ated by site-directed mutagenesis, expressed in BL21 (DE3)
cells, and subsequently purified using affinity chromatography,
following previous protocols [39].

T A B L E 1 Primers and reaction conditions used in HRM assays for detection of WT allele.

Reaction Primer Primer sequence (from 50 to 30)
Primer
concentration (nM)

Tm of PCR
amplicon (�C)

Ta of PCR
condition (�C)

Product
size (bp)

1 A95_WF TTC CAT CAG TCG GAT ACA CA 1500 81.3 ± 0.3 58 126

A95_WR CCT GCA ACA ATT AGT TGG AAA

G487_WF TCC GGG CTC CCA GCA GAG 100 87.0 ± 0.3 185

G487_WR TTG GCC CCA CCT CAG CAC CA

G871_WF GGC TTT CTC TCA GGT CAA GG 800 78.6 ± 0.3 66

G871_WR CCC AGG ACC ACA TTG TTG GC

G1376_WF CCT CAG CGA CGA GCT CCG 600 84.1 ± 0.3 99

G1376_WR CTG CCA TAA ATA TAG GGG ATG G

2 T143_WF GAC CTG GCC AAG AAG AAG AT 600 88.4 ± 0.3 63 152

T143_WR CCG GCC ATC CCG GAA CAG CC

G392_WF CAT GAA TGC CCT CCA CCT GG 200 85.5 ± 0.3 87

G392_WF TTC TTG GTG ACG GCC TCG TA

C563_WF CGG CTG TCC AAC CAC ATC TC 600 80.8 ± 0.3 67

C563_WR CCA GGT AGT GGT CGA TGC GGT A

C1024_WF CAC TTT TGC AGC CGT CGT CT 400 83.4 ± 0.3 99

C1024_WR CAC ACA GGG CAT GCC CAG TT

3 T196_WF CCT TCT GCC CGA AAA CAC CT 400 83.6 ± 0.3 63 84

T196_WR AAG GGC TCA CTC TGT TTG CG

C406_WF CCT GGG GTC ACA GGC CAA CC 200 85.6 ± 0.3 115

C406_WR CAA CGG CAA GCC TTA CAT CTG GC

C592_WF CCG TGA GGA CCA GAT CTA CC 800 81.2 ± 0.3 69

C592_WR AGC ACC ATG AGG TTC TGC ACC

C1360_WF GAG CCA GAT GCA CTT CGT GC 800 87.5 ± 0.3 127

C1360_WR GAG GGG ACA TAG TAT GGC TT

4 C1311_WF CGT GAA GCT CCC TGA CGC CTA C 800 86.5 ± 0.3 63 93

C1311_WR CCG GCA GCT GGG CCT CAC

T1365-13 _WF CCG GCC TCC CAA GCC ATA CTA T 100 83.5 ± 0.3 87

T1365-13 _WR CTC AAT CTG GTG CAG CAG TGG

486-34del_WF CCT CAC TCC CCG AAG AGG GGT T 600 88.4 ± 0.3 339

486-34del
_WR

GGC CAC ATG TGA GGG GTC ACC

Note: PCR amplification was carried out under the following conditions: one cycle at 95�C for 5 min, followed by 30 cycles at 95�C for 10 s, annealing for 30 s and 72�C for 10 s.
HRM analysis was carried out by melting from 70 to 90�C.
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Steady-state kinetic parameters were determined to
assess the effects of mutations on the catalytic activity of
G6PD variants. The enzymatic reaction was monitored
by following the formation of NADPH at 340 nm using a
UV–VIS spectrophotometer (Shimadzu, Kyoto, Japan).
To determine the Km for G6P, the concentration of
NADP+ was fixed at 100 μM while varying concentra-
tions of G6P from 2.5 to 1000 μM and to determine the
Km for NADP+, the concentration of G6P was fixed at
500 μM while varying concentrations of NADP+ from
1 to 200 μM.

Various approaches were employed to assess the effect
of mutations on structural stability, including thermal sta-
bility assay, thermal inactivation assay, as well as suscepti-
bility to trypsin digestion and guanidine-hydrochloride

(Gdn-HCl) treatment. These experiments were carried out
according to previously published protocols [45].

X-ray crystallography unveiled the crucial structural
NADP+-binding site, pivotal for stabilising the G6PD pro-
tein structure [46]. Consequently, structural stability ana-
lyses were conducted under various NADP+ concentrations
(0, 10 and 100 μM). For thermal stability analysis, the pro-
teins were exposed to increasing temperatures (20–80�C) in
the presence of 5X SYPRO Orange reporter dye, during
which protein unfolding was monitored and the tempera-
ture at which half of the protein unfolded was defined as the
Tm. A protein exhibiting a higher Tm value demonstrates
greater heat tolerance, suggesting greater structural stability.
In thermal inactivation analysis, the proteins were incubated
at different temperatures (25–65�C) for 20 min, and the

T A B L E 2 Primers and reaction conditions used in HRM assays for detection of mutant allele [24].

Reaction Primer G6PD variant Primer sequence (from 50 to 30)
Primer
concentration (nM)

Tm of PCR
amplicon (�C)

Product
size (bp)

1 A95G_MF Gaohe TTC CAT CAG TCG GAT ACA CG 600 80.8 ± 0.3 100

A95G_MR AGG CAT GGA GCA GGC ACT TC

G487A_MF Mahidol TCC GGG CTC CCA GCA GAA 400 84.5 ± 0.3 87

G487A_MR GGT TGG ACA GCC GGT CA

G871A_MF Viangchan GGC TTT CTC TCA GGT CAA GA 600 77.9 ± 0.3 66

G871A_MR CCC AGG ACC ACA TTG TTG GC

G1376T_MF Canton CCT CAG CGA CGA GCT CCT 600 83.2 ± 0.3 99

G1376T_MR CTG CCA TAA ATA TAG GGG ATG G

2 T143C_MF Aures GAC CTG GCC AAG AAG AAG AC 400 88.4 ± 0.3 152

T143C_MR CCG GCC ATC CCG GAA CAG CC

G392T_MF Chinese-4 CAT GAA TGC CCT CCA CCT GT 200 85.5 ± 0.3 87

G392T_MF TTC TTG GTG ACG GCC TCG TA

C563T_MF Mediterranean CGG CTG TCC AAC CAC ATC TT 400 82.4 ± 0.3 87

C563T_MR GTT CTG CAC CAT CTC CTT GC

C1024T_MF Chinese-5 CAC TTT TGC AGC CGT CGT CT 400 83.4 ± 0.3 99

C1024T_MR CAC ACA GGG CAT GCC CAG TT

3 T196A_MF Songklanagarind CCT TCT GCC CGA AAA CAC CA 400 83.8 ± 0.3 84

T196A_MR AAG GGC TCA CTC TGT TTG CG

C406T_MF Valladolid CCT GGG GTC ACA GGC CAA CT 400 84.6 ± 0.3 93

C406T_MR CTC ATG CAG GAC TCG TGA AT

C592T_MF Coimbra CCG TGA GGA CCA GAT CTA CT 400 81.9 ± 0.3 78

C592T_MR CCC CAC CTC AGC ACC ATG

C1360T_MF Union GAG CCA GAT GCA CTT CGT GT 200 87.9 ± 0.3 127

C1360T_MR GAG GGG ACA TAG TAT GGC TT

4 C1311T_MF CGT GAA GCT CCC TGA CGC CTA T 800 85.2 ± 0.3 93

C1311T_MR CCG GCA GCT GGG CCT CAC

T1365-13C _MF CCG GCC TCC CAA GCC ATA CC 200 83.6 ± 0.3 87

T1365-13C _MR CTC AAT CTG GTG CAG CAG TGG

486-34delT _MF CCT CAC TCC CCG AAG AGG GGT C 400 82.3 ± 0.3 64

486-34delT
_MR

TTC CAG CCT CTG CTG GGA GC

Note: PCR amplification was carried out under the following conditions: one cycle at 95�C for 5 min, followed by 30 cycles at 95�C for 10 s, 63�C for 30 s and 72�C for 10 s. HRM
analysis was carried out by melting from 70 to 90�C.
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residual enzyme activity was measured. T1/2 of each protein
was determined and expressed as the temperature at which
the enzyme lost 50% of its activity. A protein with a greater
T1/2 value suggests greater structural stability.

The protein structure unfolds when exposed to increas-
ing concentrations of Gdn-HCl, allowing the determina-
tion of the structural stability of G6PD variants through
the measurement of residual enzyme activity. Susceptibility
to Gdn-HCl treatment was assessed by incubating G6PD
proteins with different concentrations of Gdn-HCl (0–
0.5 M) for 2 h. The residual enzyme activity was measured,
and C1/2 was defined as the concentration of Gdn-HCl at
which the enzyme lost 50% of its activity. Susceptibility to
trypsin digestion was assessed by incubating G6PD pro-
teins with 0.5 mg/mL trypsin for 5 min, while the residual
enzyme activity was measured and expressed as a percent-
age of the activity of the same enzyme incubated without
trypsin.

Molecular dynamic simulations

The G6PD dimeric structure in complex with two G6P sub-
strates and four NADP+ ligands was prepared using molec-
ular docking techniques according to previously published
procedures [47]. The G6PD variant structures incorporating
the following mutations: Arg227Trp, Gly131Val, Arg459Leu
and Gly131Val + Arg459Leu were generated utilising the
mutagenesis tool from the wizard menu of PyMOL software
(http://www.pymol.org/pymol). The WT and variant struc-
tures were subjected to simulation using the GROMACS
2018.1 package. Protein structures were prepared using the
pdb2gmx utility and GROMOS96 54a7 force field while
the ligand topology files were generated from the Auto-
mated Topology Builder (ATB) server [48, 49]. The protein-
ligand complex was assembled, and the system was prepared
according to conditions described in previously published
protocols [47]. The production run was subjected to 100 ns
repeated twice for each variant. Conformational analysis at
several critical regions such as the mutation site, dimer and
tetramer interfaces, and protein-ligand affinities were per-
formed by comparing the post-simulated variant structures
against the WT. Structural images were generated using the
PyMOL Visualizer.

RESULTS

The prevalence of G6PD deficiency

This study included 557 samples (196 males and 361 females)
collected from four locations in Thailand (Figure 2). The
AMM of the studied population was determined to be 10.06
± 0.97 U/gHb. Of the 557 samples, 6.10% (17 males and
17 females) were G6PD deficient (<30% enzyme activity;
0.14–2.79 U/gHb), 8.08% (1 male and 44 females) were classi-
fied as intermediate deficiency (30%–70% enzyme activity;

3.07–6.98 U/gHb) and 85.82% (178 males and 300 females)
were classified as G6PD normal (>70% enzyme activity; 7.10–
17.15 U/gHb). The distribution of enzyme activity among the
studied population, stratified into deficiency, intermediate
deficiency and G6PD normal, is shown in Figure 3.

Development of HRM assays for detection of
G6PD mutations and zygosity identification

HRM assays were developed to allow detection and zygosity
identification of 15 G6PD alleles in four reactions. In mutant
allele detection, the presence of mutation is indicated by a
peak at the corresponding melting temperature, whereas
samples without mutations had no amplification, resulting
in a flat line (Figure 4). In WT allele detection, the WT sam-
ple exhibits a peak at the temperature that corresponds to its
specific genotype (Figure 5). For identifying G6PD zygosity,
hemizygote and homozygote samples display a peak at the
corresponding melting temperature in primer sets targeting
the mutation allele, while exhibiting no peak in primer sets
targeting the WT allele (Figure 6). Heterozygote samples
show peaks at the corresponding melting temperatures in
both mutation and WT primer sets. For validation, DNA
sequencing was employed as the reference method. The
developed HRM assays demonstrated a sensitivity (confi-
dence interval [CI]: 97.47%–100%) and specificity (CI:
95.49%–100%) of 100% in detecting 15 G6PD mutations
and determining zygosity.

G6PD genotypes and allele frequency

Out of the 557 samples examined, 308 samples (79 males
and 229 females) were found to carry a spectrum of G6PD
mutations, including 11 missense, one synonymous and two
intronic mutations (Table 3). The HRM assays revealed vari-
ous G6PD genotypes, among which was a double missense
mutation (G6PD Chinese-4 + Canton; c.392G>T and
c.1376G>T), contributing to the deficient phenotype.

Among the 20 samples analysed by DNA sequencing,
14 showed results consistent with HRM assays. Of these,
10 samples carried the c.1311C>T and c.1365-13T>C
mutations, while another four carried the c.486-34delT
mutation. Notably, six samples were found to carry
mutations not included in HRM assay panels. Among
them, a female with an intermediate activity of 5.91 U/
gHb was found to carry compound mutations (c.679C>T,
c.1311C>T and c.1365-13T>C). The mutation c.679C>T
was identified as G6PD Radlowo, marking its first discov-
ery in Thailand. Among the remaining five samples,
one carried G6PD Orissa, along with synonymous and
intronic mutations (c.131C>G, c.486-34delT, c.1311C>T
and c.1365-13T>C). Two samples carried G6PD Kaiping
(c.1388G>A), while the other two had G6PD Kaiping
coexisting with a deletion mutation (c.1388G>A and
c.486-34delT).
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The most common G6PD genotype identified in the
studied population was a combination of synonymous and
intronic mutations (c.1311C>T and c.1365-13T>C),
accounting for 57.47%. The compound mutations associ-
ated with the missense G6PD Viangchan variant
(c.871G>A, c.1311C>T and c.1365-13T>C) were detected
at a frequency of 15.26%. Additionally, the deletion in
intron 5 (c.486-34delT) was found at a frequency of

10.06%. Although the G6PD mutations identified in this
study have been previously documented, novel G6PD geno-
types, comprising various combinations of mutations, have
been discovered. These include compound mutations asso-
ciated with G6PD Orissa (c.131C>G, c.486-34delT,
c.1311C>T and c.1365-13T>C), compound mutations asso-
ciated with G6PD Radlowo (c.679C>T, c.1311C>T and
c.1365-13T>C) and a combination of missense G6PD

Site 1: Lopburi

Site 2: Bangkok

Site 3: Laemchabang

Site 4: Kaotakiab

G6PD normal

G6PD intermediate

G6PD deficient

Female (n = 11)

Female
(n = 15)

Female (n = 1)

Female (n = 11)

Female (n = 5)

Male (n = 3)

Male
(n = 39)

Female
(n = 81)

Female (n = 6)

Female
(n = 12) Male

(n = 29)

Female
(n = 65)

Male (n = 5)

Male (n = 1)

Male (n = 3)

Male
(n = 69)

Female
(n = 86)

Female
(n = 68)

Male
(n = 41)

Male (n = 6)

F I G U R E 2 G6PD phenotype of samples across the different collection sites.
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Kaiping with deletion mutations (c.1388G>A and
c.486-34delT). The distribution of G6PD genotypes varied
across the different sample collection sites. The zygosity of
all samples with G6PD mutations was determined.

Table 4 shows the zygosity and allele frequency of G6PD
mutations among the studied population. The HRM assays
developed in this study accurately identified all male sam-
ples as hemizygotes. Among female samples, the majority of
G6PD genotypes are heterozygotes. Specifically, four sam-
ples are homozygous for c.871G>A, c.1311C>T and
c.1365-13T>C, while nine samples carry a combination of
heterozygous c.871G>A and homozygous c.1311C>T and
c.1365-13T>C. Sixteen samples exhibit homozygosity for
c.1311C>T and c.1365-13T>C, and one sample is homozy-
gous for c.486-34delT. Geographical characteristics of G6PD
deficiency and mutations are shown in Table 5.
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F I G U R E 3 Distribution of G6PD activity among males and females,
categorised into deficiency, intermediate deficiency and G6PD normal subjects.
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F I G U R E 4 HRM reactions for identification of G6PD mutations.
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Relationship of G6PD genotypes and enzyme
activity

Table 6 shows the G6PD activity profile in individuals with
G6PD mutations. A wide range of G6PD activity levels was
observed among individuals with G6PD mutations (0.14–
12.61 U/gHb in males and 0.23–16.22 U/gHb in females, Fig-
ure 7). Out of the 79 males carrying G6PDmutations, 17 sam-
ples were G6PD-deficient (0.14–1.58 U/gHb), one had
intermediate deficiency (6.00 U/gHb) and 61 samples had
normal G6PD enzyme activity (7.36–12.61 U/gHb). Among

229 females with detected G6PD mutations, 17 samples were
G6PD-deficient (0.23–2.79 U/gHb), 44 samples were of inter-
mediate deficiency (3.07–6.98 U/gHb) and 168 samples had
normal enzyme activity (7.10–16.22 U/gHb).

While nearly all missense mutations are deemed path-
ogenic that can cause enzyme deficiency by altering cata-
lytic activity and/or decreasing structural stability, the
precise impact of synonymous (c.1311C>T) and intronic
(c.1365-13T>C and c.486-34delT) mutations remains
unclear. As expected, 16 hemizygous males and one com-
pound heterozygous female carrying missense mutations
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F I G U R E 5 HRM reactions for identification of G6PD WT.
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F I G U R E 6 Representative HRM profiles for the identification of hemizygous/homozygous and heterozygous for G6PD Mahidol.

T A B L E 3 G6PD genotypes identified in this study.

Number Genotype Variant name

Collection site

Total (n) Frequency1 2 3 4

1 c.131C>G*, c.486-34delT, c.1311C>T, c.1365-13T>C Orissa — — — 1 1 0.32

2 c.143T>C Aures 1 — — — 1 0.32

3 c.392G>T Chinese-4 — — 4 — 4 1.30

4 c.392G>T, c.1311C>T, c.1365-13T>C Chinese-4 — — 1 — 1 0.32

5 c.392G>T, c.1376G>T Chinese-4
Canton

— — 1 — 1 0.32

6 c.406C>T, c.1311C>T, c.1365-13T>C Valladolid — 1 1 — 2 0.65

7 c.486-34delT — 6 13 4 8 31 10.06

8 c.486-34delT, c.1311C>T, c.1365-13T>C — 2 4 2 3 11 3.57

9 c.487G>A Mahidol 3 1 1 2 7 2.27

10 c.487G>A, c.486-34delT Mahidol 1 — — — 1 0.32

11 c.679C>T*, c.1311C>T, c.1365-13T>C Radlowo — 1 — — 1 0.32

12 c.871G>A, c.1311C>T, c.1365-13T>C Viangchan 15 13 14 5 47 15.26

13 c.871G>A, c.486-34delT, c.1311C>T, c.1365-13T>C Viangchan 1 2 — — 3 0.97

14 c.1024C>T Chinese-5 1 — — — 1 0.32

15 c.1311C>T, c.1365-13T>C — 49 46 30 52 177 57.47

16 c.1365-13T>C — 2 5 — 2 9 2.92

17 c.1376G>T Canton 1 2 2 1 6 1.95

18 c.1388G>A* Kaiping 1 — 1 — 2 0.65

19 c.1388G>A*, c.486-34delT Kaiping — 2 — — 2 0.65

Total 83 90 61 74 308 100

Note: The asterisk indicates G6PD genotypes identified by DNA sequencing.
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showed deficient enzyme activity (male: 0.14–1.58 U/gHb
and female: 1.08 U/gHb). Due to random X-inactivation,
heterozygous females carrying missense mutations exhib-
ited a broad spectrum of enzyme activity, ranging from
deficient levels (13 samples; 0.23–2.05 U/gHb) to interme-
diate levels (34 samples; 3.40–6.89 U/gHb) and normal
levels (16 samples; 7.10–8.83 U/gHb).

Remarkably, synonymous and intronic mutations can
result in diverse phenotypes (deficiency, intermediate defi-
ciency and normal) in both males and females. The deletion
c.486-34delT mutation was observed in 1 female with a defi-
cient phenotype and in 11 males and 19 females with nor-
mal G6PD enzyme activity. The combination of c.1311C>T
and c.1365-13T>C mutations was detected in three G6PD-

T A B L E 6 G6PD activity profile in individuals with G6PD mutations.

G6PD genotypes

Male Female

Deficiency
(n = 17)

Intermediate
deficiency (n = 1)

Normal G6PD
activity (n = 61) Deficiency (n = 17)

Intermediate
deficiency (n = 44)

Normal G6PD
activity (n = 168)

Missense
mutations

16 (0.14–
1.58 U/gHb)

— — 14 (0.23–2.05 U/gHb) 34 (3.40–6.89 U/gHb) 16 (7.10–8.83 U/gHb)

c.486-34delT — — 11 (7.67–12.61 U/gHb) 1 (2.76 U/gHb) — 19 (7.28–12.95 U/gHb)

c.1311C > T and
c.1365-13 T > C

1 (1.21 U/gHb) 1 (6.00 U/gHb) 48 (7.36–11.56 U/gHb) 2 (1.97–2.79 U/gHb) 8 (5.75–6.98 U/gHb) 117 (7.24–16.22 U/gHb)

c.1365-13 T > C — — 2 (8.73–10.16 U/gHb) — 2 (3.07–6.16 U/gHb) 5 (7.82–13.41 U/gHb)

c.486-34delT,
c.1311C > T and
c.1365-13 T > C

— — — — — 11 (7.39–13.25 U/gHb)

T A B L E 4 Zygosity and allele frequency of G6PD mutations.

Genotype
Hemizygous
male (X*Y)

Homozygous
female (X*X*)

Heterozygous
female (X*X)

Allele
frequency

c.131C>G* — — 1 0.001

c.143T>C — — 1 0.001

c.392G>T 2 — 4 0.004

c.406C>T — — 2 0.001

c.486-34delT 11 2 37 0.037

c.487G>A 2 — 6 0.006

c.679C>T* — — 1 0.001

c.871G>A 9 8 37 0.040

c.1024C>T — — 1 0.001

c.1311C>T 59 78 145 0.209

c.1365-13T>C 61 78 152 0.215

c.1376G>T 3 — 4 0.005

c.1388G>A* — — 4 0.003

Note: The asterisk indicates G6PD genotypes identified by DNA sequencing.

T A B L E 5 Geographical characteristics of G6PD deficiency and mutations.

Sample collection site

Participants (n)

Phenotype (n) Genotype (n)

Normal Intermediate Deficient Mutation detected No mutation detected

M F M F M F M F M F M F

Site 1: Lopburi 47 94 41 68 — 15 6 11 23 60 24 34

Site 2: Bangkok 73 98 69 86 1 11 3 1 23 65 50 33

Site 3: Laemchabang 34 82 29 65 — 12 5 5 12 51 22 31

Site 4: Kaotakiab 42 87 39 81 — 6 3 - 21 53 21 34

Total 196 361 178 300 1 44 17 17 79 229 117 132
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deficient samples (one male and two females), nine samples
with intermediate deficiency (one male and eight females)
and 165 samples (48 males and 117 females) with normal
enzyme activity. The intronic mutation c.1365-13T>C was
found in two females exhibiting intermediate deficiency and
in seven samples with normal G6PD enzyme activity (two
males and five females). The compound mutations
(c.486-34delT, c.1311C>T and c.1365-13T>C) were detected
in 11 females exhibiting normal G6PD activity.

Biochemical and structural characterisation of
G6PD variants

Steady-state kinetic parameters were determined to evaluate
the impact of G6PD mutations on the enzyme’s catalytic
activity (Table 7). The binding affinity for the NADP+ sub-
strate remained unaffected by any G6PD variants studied.
However, the binding affinity for the G6P substrate was
found to increase in the G6PD Radlowo and G6PD Canton
variants. Regarding catalytic activity, G6PD Chinese-4
exhibited a moderate impact, being the least affected variant,
followed by G6PD Canton and G6PD Radlowo, which
caused decreases in catalytic activity of approximately
2-fold, 6-fold and 22-fold, respectively, compared to the
WT enzyme. The combined effect of single mutations was

observed in the double variant, G6PD Chinese-4 + Canton,
resulting in a reduction of approximately 12-fold.

The impact of mutations on structural stability was eval-
uated in terms of thermal stability as well as susceptibility to
chemical denaturant and trypsin digestion. Structural stabil-
ity analyses suggested that each G6PD mutation contributed
differently to structural stability, with G6PD Chinese-4
being the least affected variant, followed by G6PD Canton,
G6PD Chinese-4 + Canton and G6PD Radlowo (Table 8
and Figure 8). Notably, G6PD Radlowo remarkably destabi-
lised the protein structure, as evidenced by markedly lower
Tm (43.2�C) and T1/2 (32.0�C) values compared to those of
the WT enzyme (Tm = 51.7�C and T1/2 = 49.8�C). The com-
bined effect of Chinese-4 and Canton mutations was observed
in the double variant, having lower Tm (46.2�C) and T1/2
(36.8�C) values compared to those of the single mutations:
G6PD Chinese-4 (Tm = 48.2�C and T1/2 = 45.3�C) and
G6PD Canton (Tm = 48.1�C and T1/2 = 43.6�C). In terms of
susceptibility to chemical denaturation and trypsin digestion,
the WT enzyme retained 50% of its activity at 0.18 M of
Gdn-HCl and showed approximately 10% residual activity
during trypsin digestion. G6PD Chinese-4, G6PD Canton
and G6PD Chinese-4 + Canton showed C1/2 values of 0.1,
0.07 and 0.06 M, respectively. G6PD Radlowo proved to be
the least stable variant, exhibiting the highest susceptibility
to both Gdn-HCl treatment (C1/2 = 0.03 M) and trypsin
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F I G U R E 7 Distribution of G6PD activity by mutation types in (a) male and (b) female subjects.

T A B L E 7 Kinetic parameters of recombinant G6PD variants.

Construct Amino acid change kcat (s
�1) Km G6P (μM) Km NADP+ (μM)

WT — 354.6 ± 23.5 47.3 ± 3.5 8.3 ± 2.2

Radlowo Arg227Trp 15.9 ± 0.8 35.5 ± 6.0 10.7 ± 2.2

Chinese-4 Gly131Val 164.7 ± 6.7 46.8 ± 5.0 7.4 ± 1.2

Canton Arg459Leu 61.7 ± 3.9 25.4 ± 3.3 10.1 ± 2.4

Chinese-4 + Canton Gly131Val + Arg459Leu 30.1 ± 3.8 45.2 ± 10.3 8.2 ± 2.2
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digestion, resulting in residual activity as low as 2%. The pres-
ence of NADP+ was found to improve structural stability in a
concentration-dependent manner across all structural stability
tests, underscoring its pivotal role in stabilising the G6PD
protein structure.

Structural analysis of G6PD variants by
molecular dynamics simulations

Molecular dynamic simulations were utilised to investigate
mutation-induced structural changes within crucial regions
of the G6PD dimer structure, such as the G6P substrate and
NADP+ binding sites, along with the dimer and tetramer
interfaces (Figure 9). Conformational alterations at the
mutation sites were analysed and presented in Table 9 and
Figure 10. Since the activity of the G6PD enzyme relies on
its existence in either dimer or tetramer states, the integrity
of the interfaces between these structures is vital for both
the enzyme’s functionality and stability [45]. Hence, the
dimer and tetramer interfaces were evaluated by determin-
ing the presence of hydrogen bonds between the βN-βN
strands and salt bridges between the monomeric subunit of
the dimer, as well as computing the surface area of the resi-
dues responsible for establishing salt bridges at the tetramer
interface for the WT and variants (Table 10). The G6PD
Radlowo variant, located near critical enzyme function
regions such as the structural NADP+ binding site, the
dimer and tetramer interfaces, displayed significant struc-
tural changes affecting its activity and stability. Substitution
at residue 227 disrupted interactions with neighbouring resi-
dues, possibly attributed to the high flexibility observed in
the αg-βG and βI-βJ loops (Figure 10a). This mutation also
affected dimerization and increased solvent accessibility at
the tetramer interface, indicated by an increased SASA value
(Figure 11a and Table 10). Despite favouring the tetrameric
state, this variant failed to retain the Lys171-catalytic
NADP+ hydrogen bond (Figure 12).

The replacement of a positively charged arginine with
a hydrophobic leucine in G6PD Canton disrupts the
structure’s ability to maintain interhelical interactions
between αe (177–190) and αn (455–473). This mutation
located close to the dimer interface and the structural
NADP+ binding site hinders the formation of dimer salt
bridges and hydrogen bonds between βN-βN strands
reflected by high βN-βN distance (Figure 11c), resulting in
dissociated monomeric subunits and loosely packed pro-
tein structure. While maintaining the Lys171-G6P hydro-
gen bond, it exhibited lower affinity for catalytic NADP+

(Figure 12). G6PD Chinese-4 mutation slightly alters the
positioning of βE-αe loop in the G6PD enzyme, leading to
a minor enhancement in its affinity for catalytic NADP+

(Figure 10b). Despite this change, it retains crucial inter-
actions at the dimer interface and exhibits high integrity
as a dimeric enzyme (Figure 11b). Additionally, Lys
171 residue retains hydrogen bonds with both G6P and
catalytic NADP+, resulting in higher enzyme activityT
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compared to other variants (Figure 12). Interestingly,
this mutation did not significantly affect the enzyme’s over-
all structure as it is located away from ligand binding sites,
dimer and tetramer interfaces. The corresponding double
variant, G6PD Chinese-4 + Canton exhibits increased dis-
placement between mutated residues and their neighbours

compared to single variants (Table 9), resulting in reduced
enzyme activity due to impaired dimerization characterised
by loss of key hydrogen bonds and increased distance
between βN–βN strands (Figure 11d). Despite these struc-
tural alterations, affinities for G6P and catalytic NADP+

remain unaffected, as determined by Lys 171-G6P and Lys
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trypsin treatment. Error bars represent the mean ± SE of triplicate measurements.

14 TROPICAL MEDICINE & INTERNATIONAL HEALTH



171-catalytic NADP+ hydrogen bond formations at ligand
binding sites (Figure 12).

DISCUSSION

The primary clinical concern associated with G6PD defi-
ciency is haemolytic anaemia, triggered by exposure to cer-
tain triggers, such as certain foods, infections or medications
(e.g., antimalarial drugs such as primaquine and tafeno-
quine) [50–52]. In Thailand, access to healthcare services
may vary across regions. Routine screening of G6PD defi-
ciency is not practiced, but it is performed in response to
adverse events such as newborn jaundice or drug-induced
haemolysis. Thus, ensuring accurate diagnosis of G6PD defi-
ciency is vital to prevent adverse reactions to medications.
Comprehensive knowledge of the prevalence and distribu-
tion of G6PD deficiency in the population is particularly
important as it informs malaria treatment strategies, includ-
ing the use of antimalarial drugs and strategies for prevent-
ing transmission.

Phenotypic tests for G6PD deficiency, while widely used,
may not always provide sufficient information. This is
because enzyme activity levels can be influenced by several
variables, including the age of red blood cells, age and sex of
the individuals, recent blood transfusions, medications and
concurrent illnesses, among others [6]. In these instances,
misclassification may give rise to clinical complications.
Moreover, an appreciable number of newborns with inter-
mediate G6PD activity experienced severe hyperbilirubinae-
mia needing phototherapy [15, 53].

In addition, certain G6PD variants with mild deficiency
may exhibit normal enzyme activity levels under baseline
conditions but can become deficient under oxidative stress,
which is not adequately captured in phenotypic tests.
For example, Mahidol (c.487G>A), and A� (c.376A>G
+c.202G>A or c.376A>G+c.968C>T) variants may present
with normal enzyme activity levels in routine phenotypic
tests but can lead to haemolysis under certain conditions
[23, 54, 55]. Furthermore, random X-inactivation could also
lead to variations in enzyme activity levels among individ-
uals, making phenotypic testing less reliable. Phenotypic

Structural NAPD+

Catalytic NAPD+

G6P

βE – αe loop

F I G U R E 9 Cartoon view of G6PD dimer highlighting the mutation location in spheres (G6PD Radlowo; yellow, G6PD Chinese-4; cyan, G6PD Canton;
blue), important domains—dimer interface (green), tetramer interface (orange), catalytic βE—αe loop (red) and ligand binding sites.

T A B L E 9 Distance between the mutation site and neighbouring residues for the WT and variants.

Mutation site Distance (Å)

Variant Position Mutated residue Neighbouring residue WT Variant

Radlowo 227 Arg > Trp (αg-βG loop 223–231) Asp350 (βI-βJ loop 343–353) 3.3 6.8

Chinese-4 131 Gly > Val (αc-βD loop 129–134) Arg 136 (βD 135–140) 2.9 3.3

Canton 459 Arg > Leu (αn 455–473) Asp 181 (αe 177–190) 2.6 3.7

Chinese-4 + Canton 131 Gly > Val (αc-βD loop 129–134) Arg 136 (βD 135–140) 2.9 3.1

459 Arg > Leu (αn 455–473) Asp 181 (αe 177–190) 2.6 4.0
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tests which measure G6PD enzyme activity may yield nor-
mal results if the majority of cells express the normal allele,
masking the presence of deficiency. Consequently, identify-
ing G6PD heterozygotes solely through phenotypic testing
poses challenges, highlighting the potential for molecular
analysis to offer an alternative approach. In this study,
16 females identified as heterozygous for G6PD deficiency
displayed enzyme activity levels exceeding the 70% cutoff
threshold, thereby classified as having normal G6PD activity
according to quantitative phenotypic testing. Additionally,
Chu et al. (2017) reported two cases of heterozygous
G6PD-deficient females with Plasmodium vivax malaria.
Despite being screened as normal by FST, these individuals

experienced haemolysis requiring blood transfusion as a
result of a higher primaquine dose [54]. A wide range of
enzyme activity observed in heterozygous females has also
been described in previous studies among different popula-
tions [23, 55, 56]. However, quantitative phenotypic test
using a G6PD biosensor has proven to be a feasible tool
for management and radical cure of P. vivax malaria in vari-
ous regions, including Brazilian Amazon, Cambodia and
Thailand [57–59].

While phenotypic tests remain a valuable tool for diag-
nosing G6PD deficiency, they may not provide conclusive
results in several circumstances. In such cases, genotypic
testing, which directly analyses the individual’s DNA for

T A B L E 1 0 Structural characteristics of the dimer and tetramer interfaces for the WT and variants.

G6PD

Dimer Tetramer

βN–βN H-bonds βN–βN
distance (A)

Salt bridges at the dimer interface
SASA of tetramer salt
bridge residues (nm2)Asp 421–asp 421 Glu 419–Thr 423 Glu 206–Lys 407 Glu 419–Arg 427

WT + + 2.1 + � 20.50

Radlowo � � 8.0 + � 22.77

Chinese-4 + � 3.0 + + 20.58
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Chinese-4 + Canton � + 5.2 + + 22.24
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F I G U R E 1 0 Alterations in the intermolecular interactions due to mutation in the variant structures (green) in comparison to WT (cyan). (a) G6PD
Radlowo, (b) G6PD Chinese-4, (c) G6PD Canton and d) G6PD Chinese-4 + Canton double variant showing changes at the R459L mutation site (left) and
G131V mutation site (right).
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G6PD gene mutations, can offer a more definitive diagnosis
by identifying the presence of the deficient allele. The
HRM assays developed here offered a high-throughput
platform for detecting 15 G6PD mutations as well as iden-
tifying zygosity. The test is accurate and reliable, achieving
100% sensitivity and specificity for these mutations, with a

run time of 80 min. While the assays were initially
designed to target 15 G6PD mutations prevalent in
Thailand and Southeast Asia, they were unable to identify
six samples carrying G6PD Orissa, G6PD Radlowo and
G6PD Kaiping, as these mutations were not included in
assay panels. Therefore, expanding the assay to encompass

(a)

(b)

(c)

(d)

G6PD Radlowo

Asp421

Asp421

Asp421

Asp421

Asp421

Asp421

Asp421

G6PD Canton
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Asp421

F I G U R E 1 1 Dimer interface of G6PD variants and WT at 100 ns showing (on the left) the distance of βN-βN strands (res. 415–423) between chain A
and chain B is higher in the variant (green) compared to the WT (cyan) and network interactions at the dimer interface (on the right) connecting residues in
chain A (green) and chain B (grey) for (a) G6PD Radlowo, (b) G6PD Chinese-4, (c) G6PD Canton and (d) G6PD Chinese-4 + Canton.
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additional mutations is necessary to ensure accuracy and
adaptability. Despite this limitation, the developed assays
present an advancement in improving G6PD deficiency
diagnosis, not only in males with mild variants but also in
identifying heterozygous females. By considering both phe-
notypic and genotypic test results, healthcare providers can
more accurately diagnose G6PD deficiency and provide
appropriate management and counselling for affected indi-
viduals and their families.

It should be noted that G6PD genetic testing alone could
not provide information regarding haemolytic risk. How-
ever, genetic testing can still play a significant role in com-
plementing phenotypic screening methods for G6PD
deficiency. Genetic testing allows for better management of
the condition in affected individuals, as they can be identi-
fied early and monitored for potential complications, such
as haemolytic episodes triggered by certain medications or
infections. Moreover, G6PD genotyping offers benefits
in genetic counselling for families. By understanding the
specific genetic traits, the risk of passing on the mutation
to future generations can be more accurately assessed,
empowering families to make informed decisions about
their reproductive health. Furthermore, genetic testing
contributes to a more comprehensive understanding of the
prevalence and distribution of G6PD deficiency in popula-
tions, which is essential for public health planning and
intervention strategies.

The prevalence of G6PD deficiency of 6.10% in this
study aligns with findings from previous reports [26, 27, 30,
31, 35]. The distribution of G6PD mutations is varied across
different geographical regions, depending on ethnicity. Ten,
8, 12 and 12 different G6PD genotypes were detected in
Bangkok, Kaotakiab, Laemchabang and Lopburi, respec-
tively. The most common G6PD genotype in this study was
a combination of synonymous and intronic mutations
(c.1311C>T and c.1365-13T>C), for which the molecular
mechanisms leading to enzyme deficiency remain unclear.
This combined mutation could result in a broad spectrum
of enzyme activity levels, spanning from deficient to inter-
mediate and even normal in both males and females.
Additionally, the intronic mutation (c.486-34delT) could
give rise to deficient and normal phenotypes in females.

Similarly, previous studies [30, 60, 61] have reported that
synonymous and intronic mutations can result in a wide
range of G6PD activity across various population groups.
However, the variability in enzyme activity observed for
these mutations could be influenced by sample compro-
mise during phenotype testing. Therefore, further investi-
gation is required to elucidate the molecular mechanisms
underlying G6PD enzyme deficiency attributed to
c.1311C>T, c.1365-13T>C and c.486-34delT.

Missense G6PD mutations are known to cause enzyme
deficiency by altering catalytic activity and/or structural sta-
bility [39, 40, 62]. It was found that both G6PD Radlowo
and G6PD Chinese-4 + Canton altered the catalytic activity
of the enzyme via destabilisation of protein structure, char-
acterised by changes at the dimer and tetramer interfaces.
G6PD Radlowo was detected in a heterozygous female with
intermediate enzyme activity of 5.91 U/gHb. Originally dis-
covered in Polish populations, this variant was classified as
severe G6PD deficiency due to the negligible residual
enzyme activity (<0.1%) in affected individuals without
chronic non-spherocytic haemolytic anaemia [63]. Biochem-
ical characterisation revealed significant impact from the
Radlowo mutation, causing a remarkable 22-fold reduction
in catalytic activity compared to the WT enzyme. The muta-
tion profoundly destabilised the protein structure, resulting
in a considerable decrease in thermal stability and increased
susceptibility to chemical denaturation and trypsin diges-
tion. The results suggest that individuals carrying G6PD
Radlowo might be at great risk of developing haemolytic
anaemia upon exposure to oxidative stress. A combination
of Chinese-4 and Canton mutations was observed in a het-
erozygous female with a deficient phenotype (enzyme activ-
ity 1.08 U/gHb). This double mutation resulted in being
12-fold less catalytically active than the WT enzyme. While
the Chinese-4 mutation moderately affected enzyme activity,
the Canton mutation resulted in severe enzyme deficiency.
Evaluation of the dimer and tetramer interfaces demon-
strates that the presence of hydrogen bonds and salt bridges
at the dimer interface is important in preserving the enzyme
dimeric state. The destabilisation of protein structure caused
by the Canton mutation was attributed to the disruption of
oligomeric interactions [24]. Given the deficient enzyme
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activity in individuals carrying this double mutation, it sug-
gests that they may be more susceptible to haemolysis under
oxidative stress.

In summary, the study provides comprehensive insights
into the distribution, detection and characterisation of
G6PD mutations, shedding light on their impact on enzyme
function and stability. These findings carry significant impli-
cations for the diagnosis of G6PD deficiency. The develop-
ment of HRM assays presented here offers a potential
improvement in diagnostic techniques, enhancing the detec-
tion of G6PD deficiency in both males and females, particu-
larly heterozygous females. This advancement holds great
promise for improving patient care, facilitating genetic
counselling and guiding public health initiatives aimed at
addressing G6PD deficiency.
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