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Abstract

Background: The prevalence and genotypes of G6PD deficiency vary worldwide, with higher prevalence in malaria
endemic areas. The first-time assessment of G6PD deficiency prevalence and molecular characterization of G6PD
mutations in the Lao Theung population were performed in this study.

Methods: A total of 252 unrelated Lao Theung participants residing in the Lao People’s Democratic Republic (PDR)
were recruited. All participant samples were tested for GGPD enzyme activity and G6PD gene mutations. The amplifi-
cation refractory mutation system (ARMS)-PCR for detecting G6PD Aures was developed.

Results: The G6PD mutations were detected in 11.51% (29/252) of the participants. Eight GGPD mutations were
detected. The G6PD Aures was the most common mutation identified in this cohort, which represented 58.62%
(17/29) of all mutation. The mutation pattern was homogenous, predominantly involving the G6PD Aures mutation
(6.75%), followed by 1.19% G6PD Union and 0.79% each G6PD Jammu, G6PD Mahidol and G6PD Kaiping. One subject
(0.4%) each carried G6PD Viangchan and GEPD Canton. Interestingly, one case of coinheritance of G6PD Aures and
Quing Yan was detected in this cohort. Based on levels of G6PD enzyme activity, the prevalence of G6PD deficiency in
the Lao Theung population was 9.13% (23/252). The prevalence of G6PD deficient males and females (activity < 30%)
in the Lao Theung population was 6.41% (5/78) and 1.72% (3/174), respectively, and the prevalence of G6PD interme-
diate (activity 30-70%) was 5.95% (15/252).

Conclusions: The G6PD Aures mutation is highly prevalent in the Lao Theung ethnic group. The common G6PD
variants in continental Southeast Asian populations, G6PD Viangchan, Canton, Kaiping, Union and Mahidol, were not
prevalent in this ethnic group. The technical simplicity of the developed ARMS-PCR will facilitate the final diagnosis of
the G6PD Aures.
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and 12 introns [3]. G6PD deficiency is mostly caused by
a single nucleotide mutation that gives rise to an amino
acid substitution in an exon of the G6PD gene, result-
ing in reduced enzyme activity and stability [4, 5]. G6PD
deficiency is an X-linked genetic condition; therefore,
this condition is predicted to be more common in males
than in females and is expressed in hemizygous males
and homozygous or heterozygous females [6].

Most people with G6PD deficiency do not exhibit
symptoms unless exposed to an oxidation-inducing agent
or an infection [7]. G6PD deficiency causes a spectrum
of acute or chronic hemolysis in affected individuals and
causes neonatal jaundice, which can result in life-threat-
ening kernicterus in newborns [8]. Persons with G6PD
deficiency are more susceptible to red blood cell destruc-
tion when exposed to oxidative stress; these agents
include oxidant drugs (e.g., sulfones and 8-aminoqui-
noline) and food (fava beans) [9]. Acute haemolysis due
to anti-malarial drugs is a health concern in Southeast
Asia [8]. However, 8-aminoquinoline anti-malarials, such
as primaquine, remain the only effective drug against
relapse caused by Plasmodium vivax and Plasmodium
ovale [10]. Beyond anti-malarial drugs, G6PD deficiency
is also relevant to other medicines and infections, such as
dengue or hepatitis virus, and has a risk of serious com-
plications resulting from acute renal failure [11, 12].

More than 215 G6PD mutations have been reported
[3]. The prevalence of G6PD deficiency correlates with
the geographical distribution of malaria since this dis-
order is believed to provide protection against the dis-
ease [13, 14]. Currently, more than 400 million people
worldwide carry an abnormal G6PD gene, particularly
in Asia, Africa, the Middle East and the Mediterranean
[7, 15, 16]. G6PD genotypes show population specific-
ity. For example, in Southeast Asia, the G6PD Mahidol
mutation is predominant among the Myanmar and Mon
populations [17], while the G6PD Viangchan mutation is
common among the Thai [18], Cambodian [19] and Lao
populations [20—25]. No studies have been conducted to
ascertain the prevalence of G6PD deficiency in the Mon-
Khmer or Lao Theung group. The Lao Theung group is
the second largest ethnic group in Laos and has its own
culture and language (the Mon-Khmer language) [26].
The Lao Theung group originated from the Austro-Asi-
atic family and migrated to Southeast Asia in prehistoric
times [27]. In addition to the Lao PDR, Lao Theung indi-
viduals live in Thailand, China, Myanma, Cambodia and
Vietnam [28]. This study aimed to assess the prevalence
and perform molecular characterization of G6PD defi-
ciency in the Lao Theung ethnic group residing in the
Lao PDR. Since severe acute haemolytic anaemia can be
triggered by G6PD deficiency, addressing the prevalence
and molecular characterization of G6PD mutations in the

Page 2 of 9

Lao Theung ethnic group is an important public health
issue.

Methods

Participants

Peripheral blood samples were collected from 252 unre-
lated healthy Lao Mon-Khmer people, including 174
females and 78 males. Participants’ ages ranged from 18
to 50years old. The participants were living in the Feuang
District, Vientiane Province, and Lao PDR. This study
was a community-based survey which was approved by
the Ethics Committee of the university of Health Sci-
ences, Lao PDR. The sample collection was performed in
December 2016. Written informed consent was obtained
before blood sampling from all individual participants
included in the study.

G6PD enzyme activity assay

The blood samples were stored at 4 °C and analysed for
G6PD enzyme activity within 7 days after collection. All
samples were measured for G6PD enzyme activity in
duplicate using a quantitative G6PD kit (Trinity G-6-
PDH Kit, Trinity Biotech, Bray, Ireland). The assay was
carried out at 30 °C, and the method was performed fol-
lowing the manufacturer’s instructions. The haemoglobin
(Hb) concentration was determined using a HemoCue
Haemoglobin System (HemoCue Hb 201 Analyzer, Fisher
Scientific, Inc, Waltham, MA, USA). The G6PD enzyme
activity values were calculated in units per gram of Hb
(U/g Hb).

Identification of 8 common G6PD Asian types

All 252 subjects were genotyped for the 8 common G6PD
mutations detected in Asia using a multiplex allele-spe-
cific PCR-based assay (DiaplexC"" G6PD Genotyping
Kit (Asian type), SolGent, Daejeon, Korea). The genomic
DNA of all blood samples was extracted by using a
QIAamp® DNA Blood Kit (Qiagen, Diisseldorf, Ger-
many) according to the manufacturer’s recommended
protocol and kept at -80°C until use. The commercial
kit enabled the detection of 8 common G6PD muta-
tions, including Vanua Lava ¢.383T >C, Mahidol ¢.487
G> A, Mediterranean c.563 C>T, Coimbra ¢.592 C>T,
Viangchan ¢.871 G>A, Union c¢.1360 C>T, Canton
¢.1376 G>T and Kaiping c.1388 G > A. The PCR mixture
contained 12l of 2X Multiplex PCR Smart Mix, 2 ul of
primer mixture, 20-50ng DNA template and nuclease-
free water to obtain a total volume of 25ul. The PCR
cycling conditions used were as follows: initial denatura-
tion at 95°C for 15 min, followed by 30 cycles of denatur-
ation at 95°C for 30sec, annealing at 60°C for 30sec and
extension at 72°C for 40sec; this was followed by a final
extension at 72°C for 5min. After PCR amplification, 5l
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of the PCR product and 5pl of a standard marker were
separated by 3% agarose gel electrophoresis, stained with
SYBR® Green (Thermo Fisher Scientific, USA) and visu-
alized under UV light. The positive results were validated
by PCR sequencing.

Identification of G6PD gene mutations by PCR
sequencing

PCR sequencing was performed to identify the G6PD
gene mutation in the G6PD-deficient samples that could
not be identified by DiaplexC"™ G6PD Genotyping Kit.
The entire coding sequence (exons 2—13) of the G6PD
gene was amplified with specific primers following a
protocol previously described [17]. The PCR products
were purified using an AccuPre® PCR Purification Kit
(Bioneer, Daejeon, Korea) and subsequently sequenced
by using the Sanger sequencing method (Bioneer
Sequencing Service, Daejeon, Korea). The sequence
of G6PD was analysed by BLAST and compared to
the G6PD gene mutation with database accession no.
NC_000023.11.

Detection of G6PD Aures by the amplification refractory
mutation system (ARMS)-PCR method

The ARMS-PCR method for detecting the G6PD Aures
mutation was first developed in this study. The G6PD
Aures allele-specific PCR primer pair consisted of a for-
ward primer (5-ACCTGGCCAAGAAGAAGAT-3')
and a reverse primer (5-CTCACTCTGTTTGCGGAT
G-3’), which produce a 226 bp fragment. Two additional
primers consisting of a forward primer (5-TGGTTC
TGCCCTCTCTAC-3’) and a reverse primer (5'-GAG
ACACGGACAGA CAGA-3') were added to produce
a 519bp fragment of the 3’-UTR region to serve as an
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internal amplification control (Fig. 1). The multiplex
ARMS-PCR mixture contained 2x HotStar Taq Master
Mix (Qiagen Multiplex PCR Kit, Qiagen, Diisseldorf,
Germany), 200 uM of each ANTP, 10 pmol of each primer,
5x Q-solution and 150ng genomic DNA. PCR cycling
was performed with an initial denaturation at 95°C for
15min, followed by 35 cycles of amplification at 95°C
for 30sec, 55°C for 1 min and 72°C for 1min. The final
extension was performed at 72°C for 5min. The PCR
product was separated on a 1.5% agarose gel and visual-
ized under UV light. The multiplex ARMS-PCR method
was validated by direct DNA sequencing. After valida-
tion, multiplex ARMS-PCR was used to detect G6PD
Aures mutations in all 252 Lao Theung DNA samples.
Heterozygosity of the G6PD Aures mutation was identi-
fied by direct DNA sequencing.

Data analysis

Data were analysed for the mean, SD, median, and
interquartile range (IQR) by using IBM SPSS statistics
software version 22 (IBM Corp., Armonk, NY, USA).
The 95% confidential intervals were calculated by Java
Stat Binomial Confidence Intervals. The adjusted male
median G6PD activity was calculated to identify the
cut-off values for G6PD deficiency following a calcula-
tion method described previously [10]. In detail, the
adjusted male median (AMM) values were defined as
100% activity of males after excluding the data of all par-
ticipants with G6PD activity equal to or less than 10% of
the overall median G6PD activity. The cut-off points for
G6PD deficiency were median values < 30%of the AMM
for G6PD deficient, 30% to 70% of the AMM for G6PD
intermediate. Subjects with G6PD activity over 70% of
the AMM were defined as having normal activity.

Aures: 226 bp

F
Exon3|

Internal control region: 519 bp
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Mutant DNA
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Fig. 1 Identification of G6PD Aures by an ARMS-PCR assay. a Schematic representation of the primer location and predicted size of PCR
products for the G6PD Aures and internal control fragment. b Agarose gel electrophoresis represents band of G6PD Aures (226 bp) and internal
control fragments (519bp). Lane 1 represents the 100 bp DNA marker. Lanes 2-4 represent G6PD Aures-positive samples, and lanes 5-6, G6PD
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Results

Prevalence of G6PD gene mutations

The overall prevalence of G6PD gene mutations in this
Lao Theung group was 11.51% (29/252), equating to
6.41% (5/78) in males and 13.79% (24/174) in females.
Eight G6PD mutation sites were detected (Fig. 2). The
most common G6PD mutation in this Lao Theung pop-
ulation was G6PD Aures ¢.143T>C (6.75%), followed
by 1.19% G6PD Union c¢.1360C>T and 0.79% each
G6PD Jammu ¢.871G > A with nt1311C, G6PD Mahidol
c.487G > A and G6PD Kaiping ¢.1388G > A. One subject
(0.4%) each carried G6PD Viangchan ¢.871G>A and
G6PD Canton c.1376G>T (Table 1). Interestingly, one
female carried coinherited G6PD Aures ¢.143T >C and
G6PD Quing Yan ¢.392G>T mutations was identified
in this cohort. The G6PD Vanua Lava ¢.383T >C, G6PD
Coimbra ¢.592C > T and G6PD Mediterranean ¢.563C > T
mutations were not detected in this cohort.

Prevalence of G6PD deficiency calculated based on the
enzyme activity

G6PD enzyme activity was measured by using a quantita-
tive G6PD kit. The median values of the G6PD enzyme
activity for the entire population was 7.13 U/gHb (IQR:
6.08-8.43 U/ gHb), ranging from 0.01 to 25.73 U/ gHb.
The median and IQR of the G6PD activity of males and
females were 6.68 U/gHb; IQR: 5.85-8.03 U/gHb and
7.21 U/gHb; IQR:6.22-8.34 U/gHDb, respectively. The cut-
off value for G6PD deficiency (activity below 30% of the
AMM) in this cohort was <2.0 U/gHb (Fig. 3). Enzyme
activity between 2.0 and 4.67 U/ gHb (activity 30-70% of

Internal control

Union ¢.1360C>T
Canton ¢.1376G>T
Kaiping ¢.1388G>A
Viangchan ¢871G>A
Mahidol c487G>A
Mediterranean ¢.563C>T
Coimbra ¢.592C>T

Vanua Lava ¢383T>C

Fig. 2 The histogram shows the correlation between G6PD activity
(U/gHb) and G6PD mutations in the Lao Theung population. a G6PD
activity (U/gHb) in each G6PD mutation group for males. Enzyme
activity below 2.0 U/gHb indicates G6PD deficiency; enzyme activity
of 2.0 to 4.67 U/gHb indicates G6PD intermediate. All hemizygous
subjects presented G6PD deficiency. b G6PD activity for the female
population. Homozygous subjects presented G6PD deficiency,
while the heterozygous subjects have intermediate to normal G6PD
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the AMM) were considered G6PD intermediate. Enzyme
activity greater than 4.67 U/ gHb (activity>70% of the
AMM) were considered G6PD normal activity. Based
on the enzyme activity cut-off values, the prevalence of
G6PD deficiency (enzyme activity<70%) in this cohort
was found to be 9.13% (23/ 252), comprising 3.17% (8/
252) of G6PD deficient (enzyme activity<30%) and
5.95% (15/ 252) of G6PD intermediate (enzyme activity
30-70%). The prevalence of G6PD deficiency (enzyme
activity <30%) among females was 1.72% (3/ 174), while
that among males was 6.41% (5/ 78). The median of
enzyme activity in the 5 hemizygous deficient males with
G6PD deficiency (enzyme activity <30%) were 0.64 U/
gHb; IQR: 0.27-0.89 U/gHb. Three females with G6PD
deficiency (range 0.39-1.26 U/ gHb) included 2 homozy-
gous mutation (1 G6PD Mahidol and 1 G6PD Aures)
and 1 coinheritance of a heterozygous G6PD mutation
(G6PD Aures and G6PD Quing Yan). Fifteen female
subjects with G6PD intermediate activity consisted 10
heterozygous mutations and 5 subjects cannot identify
G6PD mutation. Eleven subjects carried heterozygous of
the G6PD mutation had normal G6PD enzyme activity
(Table 1). The hemizygous males (n=2) and homozygous
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female (n=1) for the G6PD Aures mutation presented
with a severe G6PD deficiency, whereas the phenotype of
G6PD Aures heterozygous females varied from normal to
moderately G6PD deficient (Table 1). Six of 14 heterozy-
gous G6PD Aures subjects presented G6PD intermediate
(mean 3.12 U/gHb; 95% CI: 2.66—3.58 U/gHb). whereas
the remaining 8 females showed normal G6PD enzyme
activity (mean 6.48 U/gHb; 95% CI: 5.44-7.51 U/gHDb).

Discussion

G6PD mutations are distributed worldwide and particu-
larly widespread in malaria endemic regions (15, 29).
Knowledge of the prevalence of G6PD variants among
different ethnic groups is limited. The present study is
the first to report the prevalence of G6PD deficiency and
G6PD mutations in the Mon-Khmer or Lao Theung eth-
nic group. The prevalence of G6PD deficiency reported in
this study (9.13%) is higher than that previously reported
for unspecified ethnic Lao populations (3.3%, 6.2% and
7.2%) [20, 23, 25] (Table 2).

However, the prevalence of G6PD deficiency in Lao
populations was lower than that reported in neighboring
Southeast Asian populations, including Mon (12%) [17,
30], Karen and Burman (13.7%) [21], Thai (11.1%) [18],
and Cambodian (26.1%) [19] populations. The preva-
lence of G6PD deficiency in Laotians had previously been
reported in an unspecified ethnic population, and it was
suspected that the majority of the studied subjects were
Lao Loum, which are the main Laotian ethnic group. In
the beginning of G6PD mutation screening, the study
of G6PD mutations focused only on the detection of the
G6PD Viangchan mutation or identified the G6PD muta-
tion only in males that presented with severe haemolytic
anaemia [20, 21, 23]. Only six previous studies (Table 2)
have revealed that the prevalence of G6PD deficiency in
the Lao population ranges from 3.30 to 21.98% in males
[20-23, 25] and 4.50-11.24% in females [21, 23]. This
study revealed severe G6PD deficiency more frequently
in males than in females, whereas intermediate G6PD
deficiencies were more common in females than in males.
Although the females with heterozygous G6PD mutation
have sufficient enzyme activity, they can pass an X-linked
G6PD mutation to all of their sons and daughters along
with a risk of developing the symptoms associated with a
severe G6PD deficiency.

Regarding the mutation characteristic of the G6PD
gene, eight G6PD mutations were detected in this Lao
Theung group. A comparison of the G6PD mutation data
collected in this and previous studies of non-specified
Lao ethnic populations is summarized in Table 2. The
most common G6PD mutation in the Lao Theung popu-
lation was G6PD Aures ¢.143 T >C (6.75%); this result is
different from that in a previous report, which found that
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the G6PD Viangchan mutation was the most common
mutation in the Laotian population (1.21-6.76%) [20—
25]. The G6PD Jammu mutation is an 871G > A mutation
identical to the G6PD Viangchan mutation but different
from the polymorphism at nucleotide 1311 (nt1311C)
detected in this study, whereas the previous report
found only G6PD Viangchan in the Laotian population
[21]. The polymorphisms nt1311C and IVS11 nt93T
were randomly detected in this group, different from
those reported in other Lao populations [21], the Thai
population (nt1311T) [18] and the Chinese population
(nt1311T) [31]. These data imply that the Mon-Khmer
or Lao Theung and Lao Loum groups have different ori-
gins. For neighboring Southeast Asian countries, G6PD
Mabhidol is commonly found in Burmese (18.21%) [23],
while G6PD Viangchan is commonly found in Thais
(6.0%) [18], Cambodians (17.72%) [19] and Vietnamese
(26.7%) [32], but not in the Lao Theung Mon-Khmer pop-
ulation. In addition, we rarely detected the G6PD Can-
ton, G6PD Kaiping and G6PD Union mutations, which
are prevalent in South China [33]. The G6PD Mediterra-
nean, G6PD Vanua Lava and G6PD Coimbra mutations
were not found in this population. The G6PD mutation
was not identified in five G6PD-deficient participants.
The mutation site of those 5 cases may exist in the intron
region, which could not be analyzed by our method.

The G6PD Aures mutation is commonly detected in
Mediterranean populations, such as the Saudi Arabian
(11.2-20%) [34—36], United Arab Emirates (11.9%) [37]
and Kuwaiti (3.73%)[38]. The G6PD Aures was detected
in 0.7-4.3%of Thai populations [39, 40]. This mutation
results in the substitution of amino acid 48 from iso-
leucine to threonine. The WHO has classified the G6PD
Aures mutation as a class III mutation [41]. A previous
report described the person who carried this mutation as
having mild G6PD deficiency [42].

However, severe G6PD deficiency was observed for
the first time for the Aures mutation in this study. The
hemizygous males and homozygous females for the
G6PD Aures mutation presented with a severe G6PD
deficiency, whereas the phenotype of G6PD Aures het-
erozygous females varied from normal to moderately
G6PD deficient. The G6PD Aures is located between
the sites of G6PD Vietnam-1 and Vietnam-2/Bahia, near
G6PD Rignano, which is distant from the protein domain
for NADP-1 binding [43]. The mutation was predicted
to affect the mini-instability of protein domain struc-
ture for binding with NADP-1 and to subsequently cause
mild G6PD deficiency. A previous report described the
person who carried this mutation as having mild G6PD
deficiency [42]. The hemizygous males or homozy-
gous females for the G6PD Aures mutation presented
with a significant severe G6PD deficiency, whereas the
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Table 2 Prevalence and molecular characteristics of G6PD deficiency in Lao PDR

This study Hsiaetal. 1993 (22) Iwaietal. Kanchanavithayakul Loveretal. Bancone Ong etal.

2001 (20) etal.2017(21) 2018 (25) etal.2019 2019 (24)
(23)

G6PD enzyme deficient
Male 5/78 15/74 21/291 317141 30/910 106/1211 ND
% (6.41%) (20.3%) (7.2%) (21.98%) 3.30% (8.8%)
Female 18/174 ND ND 10/89 ND 79/1764 ND
% (10.34%) (11.24%) (4.50%)
Total 23/252 15/74 21/291 41/230 30/910 185/2978 ND
% (9.13%) (20.27%) (7.2%) (17.8%) 3.30% (6.21%)
G6PD mutation
Gaohe ND - - ND ND ND ND
95A>G
Aures 17 ND ND ND ND ND ND
143T7>C (6.75%)
Asahi ND - ND ND ND ND ND
202 G>A
A376 A>G ND - ND ND ND ND ND
Vanua Lava - ND - ND ND ND ND
383T7>C
Mahidol 2(0.79%) 2 (2.7%) - - 1 4 ND
487G>A (0.11%) (0.1%)
Chinese-3 ND - ND ND ND ND ND
493 A>G
Mediterranean 563C>T - ND ND ND - ND ND
Coimbra - ND - - - ND ND
592C>T
Chinese-1 ND - ND ND ND ND ND
835A>T
Viangchan 871G > A with nt1311T 1 5 9 15 1 115 90

(0.40) %) (6.8%) (3.1%) (6.5%) (1.21%) (3.9%) (4.4%)
Jammu 871G >A 2 (0.79%) ND ND - ND ND ND
with nt1311C
Chatham ND - - ND ND ND ND
1003 G>A
Chinese-5 ND ND ND - ND ND ND
1024 C>T
Surabaya ND ND - ND ND ND ND
1291G>A
Union 3 1 - 1 14 9 ND
1360C>T (1.19%) (1.4%) (0.4%) (1.54%) (0.3%)
Canton 1 (0.4%) - - 4 4 1 ND
1376G>T (1.7%) (0.44%) (0.03%)
Kaiping 2 1 - 2 ND 4 ND
1388G>A (0.79%) (1.4%) (0.9%) (0.1%)
Quing Yan 1 ND ND - ND 6 ND
392G>T (0.4%) (0.2%)
ND not done

heterozygous females for G6PD Aures had G6PD inter-
mediate and normal G6PD enzyme activity.

The G6PD Aures mutations were detected in both male
and female participants. As the inheritance of G6PD is
X-linked, it is very important to address the finding that
both homozygous and heterozygous G6PD females can

pass the abnormal gene to their male child, leading to
the risk of clinically presenting the G6PD Aures muta-
tion. The knowledge about the effect of the G6PD Aures
mutation is now still limited, and it is very important to
test the haemolytic risk of anti-malarial drugs and other
oxidative damage related to the G6PD Aures mutation in
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further studies as the Lao Theung people stay around the
forest areas and have a risk of malaria infections.

This study reports the development of ARMS-PCR,
which can detect the G6PD Aures in one PCR-electro-
phoresis step. The diagnosis of G6PD Aures could be
alternatively performed by PCR sequencing analysis, as
the G6PD gene flanking the G6PD Aures mutation site
must be amplified by PCR, purified and sent for sequenc-
ing analysis. Compared to the PCR sequencing method,
the ARMS-PCR developed in this study can show a posi-
tive or negative G6PD Aures result in a shorter time with
lower costs; however, this method cannot be used to
determine the zygocity of the G6PD Aures. By using the
ARMS-PCR method developed in this study, the G6PD
Aures mutation was additionally detected in 7 female
participants. This new method should be applicable in
routine clinical practice for the detection of the G6PD
Aures.

Conclusions

The G6PD mutation pattern identified in the Mon-
Khmer group is quite homogenous and unique, predomi-
nantly involving the G6PD Aures mutation. This finding
shows a founder effect in this population. The hemizy-
gous males or homozygous females for the G6PD Aures
mutation presented with a significant severe G6PD defi-
ciency. Malaria infection, dengue fever and typhoid fever
are prevalent in Lao PDR and knowing the G6PD status
in local health areas, especially Lao Theung group, helps
improve the management of acute haemolysis related to
these infections.

Abbreviations
G6PD: Glucose 6-phosphate dehydrogenase; PCR: Polymerase chain reaction;
ARMS: Amplification refractory mutation system.

Acknowledgements
We are greatly indebted to the communities for their support and willingness
to participate in this research.

Authors’ contributions

KL designed the research study. AS, NKand OS collected samples. AS and

KL performed the research. AS, KL, CC and IN analysed the data. AS and KL
drafted the manuscript. KL, CC and IN revised the manuscript. All authors read
and approved the final manuscript.

Funding

This study was funded by Chulalongkorn University (CU-GES-60-06-30-02) and
the 90th Anniversary of Chulalongkorn University Ratchadaphiseksomphot
Endowment Fund.

Availability of data and materials
All data generated or analysed during this study are included in this published
article.

Ethics approval and consent to participate
The study was approved by the Ethics Committee of the University of Health
Sciences, Lao PDR. Informed consent was obtained from all individual

Page 8 of 9

participants included in the study. All experiments were carried out in accord-
ance with relevant guidelines and regulations.

Competing interests
The authors declare no competing interests.

Consent for publication
Not applicable.

Author details

! Oxidation in Red Cell Disorders Research Unit, Department of Clinical Micros-
copy, Faculty of Allied Health Sciences, Chulalongkorn University, 154, Rama

I Road, Patumwan District, 10330 Bangkok, Thailand. ? Department of Bio-
chemistry, Faculty of Medicine, Chulalongkorn University, Bangkok, Thailand.

® Department of Medical Laboratory, Faculty of Medical Technology, University
of Health Sciences, Vientiane, Lao PDR. # Department of Pediatrics, Faculty

of Medicine, Chulalongkorn University, Bangkok, Thailand.

Received: 18 July 2020 Revised: 13 December 2020 Accepted: 18 Decem-
ber 2020
Published online: 07 January 2021

References

1. Tiwari M. Glucose 6 phosphatase dehydrogenase (G6PD) and neurode-
generative disorders: mapping diagnostic and therapeutic opportunities.
Genes Dis. 2017;4:196-203.

2. Grace RF, Glader B. Red blood cell enzyme disorders. Pediatr Clin North
Am. 2018;65:579-95.

3. Gomez-Manzo S, Marcial-Quino J, Vanoye-Carlo A, Serrano-Posada H,
Ortega-Cuellar D, Gonzalez-Valdez A, et al. Glucose-6-phosphate dehy-
drogenase: update and analysis of new mutations around the world. Int J
Mol Sci. 2016;17:2069.

4. Gomez-Manzo S, Terrén-Herndndez J, Mora-De-la Mora D, Gonzélez-
Valdez A, Marcial-Quino J, Garcia-Torres |, et al. The stability of G6PD is
affected by mutations with different clinical phenotypes. Int J Mol Sci.
2014;15:21179-201.

5. Huang, Choi MY, Au SWN, Au DMY, Lam VMS, Engel PC. Purification and
detailed study of two clinically different human glucose 6-phosphate
dehydrogenase variants, GGPDPlymouth and G6PDMahidol: evidence
for defective protein folding as the basis of disease. Mol Genet Metab.
2008;93:44-53.

6. Domingo GJ, Advani N, Satyagraha AW, Sibley CH, Rowley E, Kalnoky M,
et al. Addressing the gender-knowledge gap in glucose-6-phosphate
dehydrogenase deficiency: challenges and opportunities. Int Health.
2019,11:7-14.

7. Luzzatto L, Ally M, Notaro R. Glucose-6-phosphate dehydrogenase defi-
ciency. Blood. 2020;136:1225-40.

8. OngKIC, Kosugi H, Thoeun S, Araki H, Thandar MM, lwagami M, et al.
Systematic review of the clinical manifestations of glucose-6-phos-
phate dehydrogenase deficiency in the Greater Mekong Subregion:
implications for malaria elimination and beyond. BMJ Glob Health.
2017;2:¢000415.

9. LiQYangF LiuR, Luol,YangY, Zhang L, et al. Prevalence and molecular
characterization of glucose-6-phosphate dehydrogenase deficiency at
the China-Myanmar Border. PLoS One. 2015;10:e0134593.

10. Domingo GJ, Satyagraha AW, Anvikar A, Baird K, Bancone G, Bansil P, et al.
G6PD testing in support of treatment and elimination of malaria: recom-
mendations for evaluation of G6PD tests. Malar J. 2013;12:391.

11. Siddiqui T, Khan AH. Hepatitis A and cytomegalovirus infection precipitat-
ing acute hemolysis in glucose-6-phosphate dehydrogenase deficiency.
Mil Med. 1998;163:434-5.

12. Chao YC, Huang CS, Lee CN, Chang SY, King CC, Kao CL. Higher infection
of dengue virus serotype 2 in human monocytes of patients with G6PD
deficiency. PLoS One. 2008;3:21557.

13. WHO Working Group. Glucose-6-phosphate dehydrogenase deficiency.
Bull World Health Organ. 1989,67:601-11.

14. Howes RE, Piel FB, Patil AP, Nyangiri OA, Gething PW, Dewi M, et al.

G6PD deficiency prevalence and estimates of affected populations in



Sanephonasa et al. Malar J (2021) 20:30

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

malaria endemic countries: a geostatistical model-based map. PLoS Med.
2012;9:1001339.

Frank JE. Diagnosis and management of G6PD deficiency. Am Fam Physi-
cian. 2005;72:1277-82.

Drousiotou A, Touma EH, Andreou N, Loiselet J, Angastiniotis M, Verrelli
BC, et al. Molecular characterization of G6PD deficiency in Cyprus. Blood
Cells Mol Dis. 2004;33:25-30.

Nuchprayoon |, Louicharoen C, Charoenvej W. Glucose-6-phosphate
dehydrogenase mutations in Mon and Burmese of southern Myanmar. J
Hum Genet. 2008;53:48-54.

Nuchprayoon |, Sanpavat S, Nuchprayoon S. Glucose-6-phosphate dehy-
drogenase (G6PD) mutations in Thailand: G6PD Viangchan (871G > A) is
the most common deficiency variant in the Thai population. Hum Mutat.
2002;19:185.

Louicharoen C, Nuchprayoon I. G6PD Viangchan (871G > A) is the most
common G6PD-deficient variant in the Cambodian population. J Hum
Genet. 2005;50:448-52.

Iwai K, Hirono A, Matsuoka H, Kawamoto F, Horie T, Lin K, et al. Distribu-
tion of glucose-6-phosphate dehydrogenase mutations in Southeast
Asia. Hum Genet. 2001;108:445-9.

Kanchanavithayakul A, Prasittisa K, Kiat-Amornrak P, Chanda M, Kit-
tiwatanasarn P, Nuchprayoon |, et al. Prevalence of glucose 6-phosphate
dehydrogenase deficiency and genetic mutations among Karen and

Lao populationa in Thailand. Southeast Asian J Trop Med Public Health.
2017;48:1308-17.

Hsia YE, Miyakawa F, Baltazar J, Ching NS, Yuen J, Westwood B, et al.
Frequency of glucose-6-phosphate dehydrogenase (G6PD) mutations in
Chinese, Filipinos, and Laotians from Hawaii. Hum Genet. 1993;92:470-6.
Bancone G, Menard D, Khim N, Kim S, Canier L, Nguong C, et al. Molecular
characterization and mapping of glucose-6-phosphate dehydrogenase
(G6PD) mutations in the Greater Mekong Subregion. Malar J. 2019;18:20.
Ong KIC, Iwagami M, Araki H, Khattignavong P, Soundala P, Keomalaphet
S, et al. Prevalence of G6PD Viangchan variant in malaria endemic areas
in Lao PDR: an implication for malaria elimination by 2030. Malar J.
2019;18:75.

Lover AA, Dantzer E, Hongvanthong B, Chindavongsa K, Welty S, Reza T,
et al. Prevalence and risk factors for asymptomatic malaria and genotyp-
ing of glucose 6-phosphate (G6PD) deficiencies in a vivax-predominant
setting, Lao PDR: implications for sub-national elimination goals. Malar J.
2018;17:218.

Frisen CM. Population characteristics in the Lao People’s Democratic
Republic. Asia Pac Popul J. 1991,6:55-66.

Lao Theung. World Directory of Minorities and Indigenous Peoples. https
2//minorityrights.org/minorities/lao-theung/. Accessed 22 Sep 2020. [.
Renard RD, Singhanetra-Renard A. Mon-Khmer: Peoples of the Mekong
Region: Chiang Mai University Press; 2015.

Richardson SR, O'Malley GF. Glucose 6 Phosphate Dehydrogenase (G6PD)
Deficiency. StatPearls (Internet). Treasure Island (FL). 2020.

Bancone G, Chu CS, Somsakchaicharoen R, Chowwiwat N, Parker DM,
Charunwatthana P, et al. Characterization of G6PD genotypes and

Page 9 of 9

phenotypes on the northwestern Thailand-Myanmar border. PLoS One.
2014;9:2116063.

31. He M, LinK,Huang, Zhou L, Yang Q, Li S, et al. Prevalence and molecular
study of G6PD deficiency in the Dai and Jingpo ethnic groups in the
Dehong Prefecture of the Yunnan Province. Hum Hered. 2018;83:55-64.

32. Hue NT, Anh DTL, Giang NDT, Hoang PN. The Vi-angchan-G6PD Mutation
in Vietnamese-Kinh. Int J Hum Genet. 2013;13:85-92.

33, Zhong Z, Wu H, Li B, Li C, Liu Z, Yang M, et al. Analysis of glucose-6-phos-
phate dehydrogenase genetic polymorphism in the Hakka population in
Southern China. Med Sci Monit. 2018;24:7316-21.

34. Niazi G, Adeyokunnu A, Westwood B, Beutler E. Neonatal jaundice in
Saudi newborns with G6PD Aures. Ann Trop Paed. 1996;16:33-7.

35. Mohamed MM, El-Humiany AU. Molecular characterization of new vari-
ants of glucose-6-phosphate dehydrogenase deficiency gene isolated
in Western Province of Saudi Arabia causing hemolytic anemia. Pak J Biol
Sci. 2006;9:1605-16.

36. Jarullah J, Allaouni S, Sharma M, Busha M, Kamal M. Detection of glucose-
6-phosphate dehydrogenase deficiency in heterozygous Saudi female
neonates. Enzyme Engineering. 2012;1:1-3.

37. Amro SAB, Zaabi E, Hussain S, Aly AM, Bagir HS, Zaki A-H, et al. Molecu-
lar characterization of glucose-6-phosphate dehydrogenase defi-
ciency in Abu Dhabi District, United Arab Emirates. Trop J Pharm Res.
2014;13:731-7.

38. AlFadhli S, Kaaba S, Elshafey A, Salim M, Al-Awadi A, Bastaki L. Molecular
characterization of glucose-6-phosphate dehydrogenase gene defect in
the Kuwaiti population. Arch Pathol Lab Med. 2005;129:1144-7.

39. Anantasomboon P, Chanda M, Jugnam-ang W, Witoonpanich P,
Cheepsunthorn P, Nuchprayoon |, et al. Evaluating the performance of
automated UV enzymatic assay for screening of glucose 6-phosphate
dehydrogenase deficiency. Int J Lab Hematol. 2019;41:192-9.

40. Traivaree C, Boonyawat B, Photi-a A, Monsereenusorn C, Phetthong T. Two
new mutations and molecular characterization of G6PD gene among
Thai children with G6PD deficiency. PB1968. HemaSphere. 2019;3:894.

41. Minucci A, Moradkhani K, Hwang MJ, Zuppi C, Giardina B, Capoluongo
E. Glucose-6-phosphate dehydrogenase (G6PD) mutations database:
review of the “old”and update of the new mutations. Blood Cells Mol Dis.
2012/48:154-65.

42. Nafa K, Reghis A, Osmani N, Baghli L, Benabadji M, Kaplan J-C, et al. G6PD
Aures: a new mutation (48 lle — Thr) causing mild G6PD deficiency is
associated with favism. Hum Mol Genet. 1993:2:81-2.

43. Gomez-Manzo S, Marcial-Quino J, Ortega-Cuellar D, Serrano-Posada H,
Gonzélez-Valdez A, Vanoye-Carlo A, et al. Functional and biochemical
analysis of glucose-6-phosphate dehydrogenase (G6PD) variants: eluci-
dating the molecular basis of G6PD deficiency. Catalysts. 2017;7:135.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions . BMC



https://minorityrights.org/minorities/lao-theung/
https://minorityrights.org/minorities/lao-theung/

	Molecular characterization of G6PD mutations reveals the high frequency of G6PD Aures in the Lao Theung population
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Participants
	G6PD enzyme activity assay
	Identification of 8 common G6PD Asian types
	Identification of G6PD gene mutations by PCR sequencing
	Detection of G6PD Aures by the amplification refractory mutation system (ARMS)-PCR method
	Data analysis

	Results
	Prevalence of G6PD gene mutations
	Prevalence of G6PD deficiency calculated based on the enzyme activity

	Discussion
	Conclusions
	Acknowledgements
	References




