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Abstract

The proportion of Plasmodium vivax malaria among all malarias is increasing worldwide.

Treatment with 8-aminoquinolines remain the only radical cure. However, 8-aminoquino-

lines can cause severe hemolysis in glucose-6-phosphate dehydrogenase (G6PD) deficient

patients. The population of the multi-ethnic Chittagong Hill Tracts (CHT) carry the highest

malaria burden within Bangladesh. As in many countries the national treatment guidelines

recommend 8-aminoquinoline based radical cure without routine G6PD deficiency (G6PDd)

testing to guide treatment. Aim of this study was to determine the need for routine testing

within a multi-ethnic population by assessing the prevalence of G6PDd among the local pop-

ulation. Participants from 11 ethnicities were randomly selected and malaria status was

assessed by microscopy, rapid diagnostic test (RDT) and polymerase chain reaction (PCR).

G6PD status was determined by spectrophotometry and G6PD genotyping. The adjusted

male median (AMM) was defined as 100% G6PD activity, participants were categorized as

G6PD deficient (<30% activity), G6PD intermediate (30% to 70% activity) or G6PD normal

(>70% activity). Median G6PD activities between ethnicities were compared and the associ-

ation between G6PD activity and malaria status was assessed. 1002 participants were

enrolled and tested for malaria. G6PD activity was measured by spectrophotometry in 999

participants and host G6PD genotyping undertaken in 323 participants. Seven participants

(0.7%) had peripheral parasitaemia detected by microscopy or RDT and 42 by PCR (4.2%).

Among 106 participants (32.8%) with confirmed genotype, 99 (93.4%) had the Mahidol vari-

ant. The AMM was 7.03U/gHb with 90 (9.0%) G6PD deficient participants and 133 (13.3%)

with intermediate G6PD activity. Median G6PD activity differed significantly between ethnic-

ities (p<0.001), proportions of G6PD deficient individuals ranged from 2% to 26% but did not

differ between participants with and without malaria. The high G6PDd prevalence and
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significant variation between ethnicities suggest routine G6PDd testing to guide 8-aminoqui-

noline based radical in the CHT and comparable settings.

Author summary

The Plasmodium vivaxmalaria parasite is a major public health burden in many parts of

the Asia-Pacific and Americas. Primaquine-based radical cure is the only available treat-

ment that effectively removes P. vivax from the human host but can cause severe side

effects in individuals with glucose-6-phosphate dehydrogenase (G6PD) deficiency. The

WHO recommends testing for G6PD deficiency to guide treatment, but this is not done

on a routine basis in many countries. The aim of this study was to determine the impor-

tance of routine testing in multi-ethnic populations. The study was conducted in a multi-

ethnic population in the Chittagong Hill Tracts (Bangladesh), which carries the highest

burden of malaria within the country. We enrolled 1002 participants from 11 major eth-

nicities within the area and assessed the prevalence of G6PD deficiency by phenotype and

genotype. Based on phenotype 9.0% of the population were not eligible for standard pri-

maquine based radical cure, however numbers varied significantly between ethnicities,

ranging from 2% to 26%. In 93% of cases where a genotype was identified, the severe

Mahidol G6PD variant was found. Our findings highlight the importance of routine

G6PD testing prior to primaquine based radical cure in multi-ethnic populations.

Introduction

Great efforts in the reduction of malaria have been made over the last decade, but with a much

greater impact on Plasmodium falciparum (P. falciparum) than the neglected P. vivax parasite;

accordingly, the proportion of malaria cases caused by P. vivax is increasing worldwide [1]. In

contrast to P. falciparum, P. vivax forms dormant liver stages (hypnozoites) that reactivate

weeks to months after the first infection, causing significant morbidity and mortality [2].

Relapses arising from reactivation of hypnozoites are the main contributor to the transmission

of P. vivax infections and may contribute to over 80% of clinical cases [3,4]. The 8-aminoqui-

nolines primaquine (PQ) and tafenoquine (TQ) are the only licensed drugs that effectively

remove hypnozoites from the human host and, while well tolerated in most recipients, can

cause severe and potentially fatal hemolysis in patients with glucose-6-phosphate dehydroge-

nase deficiency (G6PDd) [5–12]. G6PDd is among the most common inherited enzymopathies

worldwide with more than 400 million people affected; prevalence differs by ethnicity and is

highest among populations at risk of malaria, possibly the result of a protective effect of

G6PDd against some forms of malaria [13–15]. The WHO recommends routine testing for

G6PDd to guide 8-aminoquinoline based radical cure [16,17], a recommendation frequently

not followed since drug induced hemolysis is under-estimated, the impact of vivax malaria is

not recognized and fears of additional costs to national public health systems [18,19].

Malaria has declined over the last decade in Bangladesh, with the population at risk falling

to 17 million across 13 districts [20,21]. The highest rates of malaria are in the multi-ethnic

Chittagong Hill Tracts Districts (CHT), on the eastern border with Myanmar, where a total of

20,446 clinical cases were reported in 2016 with an estimated incidence of 1.7 per 1,000

population.

PLOS NEGLECTED TROPICAL DISEASES Wide range of G6PD activities found among ethnic groups in Bangladesh

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008697 September 14, 2020 2 / 15

Funding: This study was funded by Bill and

Melinda Gates Foundation (OPP1054404 and

OPP1164105), and the Eck Institute for Global

Health at the University of Notre Dame. BL is

funded by the Australian Department of Foreign

Affairs and Trade, RNP is funded by the Wellcome

Trust (Senior Fellowship in Clinical Science,

200909), KT is a CSL Centenary Fellow. SA is

supported by the Bill and Melinda Gates

Foundation (OPP1054404), Wellcome Trust

(200909 awarded to RNP) and a Georgina Sweet

Award for Women in Quantitative Biomedical

Science. The funders had no role in study design,

data collection and analysis, decision to publish, or

preparation of the manuscript.

Competing interests: The authors have declared

that no competing interests exist.

https://doi.org/10.1371/journal.pntd.0008697


P. falciparum remains the dominant malaria species in the country, however its proportion

has dropped from 90% in 2007 to less than 80% in 2016, with a rising proportion of P. vivax cases

[22–25]. As in many countries, PQ is provided for the radical cure of P. vivax, but patients are not

tested for G6PDd to guide treatment and no systematic assessment of the prevalence of G6PDd

within the country has been conducted. Anecdotal reports from the CHT estimate the G6PDd

prevalence between 20% and 40% (Khan, personal communication), however in hospital based

surveys in the same region only 0.6% to 1.4% of patients were G6PDd [25,26]. The significant dif-

ferences in these estimates may reflect study populations with different ethnic backgrounds, and

associated differences inG6PD genetic profiles, or an underlying difference in G6PD activity in

patients with and without malaria [15,27]. Understanding whether the prevalence of G6PDd dif-

fers significantly between different ethnicities living in the same area is essential in informing deci-

sion-makers on whether and how to introduce routine testing for G6PDd into national malaria

treatment guidelines. The aim of this study was to assess whether different ethnicities sharing the

same risk of malaria infection would have significantly different prevalence of G6PDd.

Methods

Ethics statement

The study was approved by the Ethics Review Committee of the icddr,b, Bangladesh (PR-

15021), the Human Research Ethics Committee of the Northern Territory Department of

Health and Menzies School of Health Research, Australia (HREC 2015–2336), and the Univer-

sity of Notre Dame Institutional Review Board (18-09-4875). Written informed consent was

collected from all participants or their legal guardians prior to enrolment and in addition writ-

ten assent was collected from all minors above the age of 11 years.

Study area

The CHT are densely forested, with limited accessibility and while the area covers approxi-

mately 10% of the country, it accounts for only 1% of the total population [28]. At least 12

major indigenous groups and a Bengali subpopulation are permanent residents of this region

[29,30]. The CHT carry the highest burden of malaria within the country, incidence is seasonal

with a major peak around June to August and a second smaller peak around February.

Sampling

Most villages (paras) in the CHT are mono-ethnic [30]. To sample sufficient numbers of par-

ticipants from all targeted ethnic groups, individual villages were selected purposefully accord-

ing to the village size, accessibility and ethnicity. The average village comprises 46 households,

a total of 34 villages and 2134 households were selected [30]. Each village was mapped using

Google Maps (Alphabet Inc., Mountainview, USA) and individual households were identified,

numbered and a subset selected at random.

To ensure a good representation of genetic differences in G6PD alleles, one person per

household above the age of one year was selected randomly and invited to participate. Ran-

domization was done using pre-generated randomization list from random.org [31] (last

accessed 24.06.2020).

Community sensitization, consent and sample collection

Selected villages were visited several days prior to participant enrolment to inform the popula-

tion about the survey. Following written informed consent, a questionnaire and medical exam-

ination were completed including details on body weight, height and axillary body
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temperature, and a self-reported medical history. A malaria rapid diagnostic test (RDT) (Falci-

Vax, Zephyr Biomedicals, Goa, India), a malaria microscopy slide and hemoglobin (Hb) mea-

surement (Hemocue 201, Angelholm, Sweden) were done on site. Participants were informed

of the results of their malaria RDT and Hb concentration and those with a positive malaria

RDT were referred to the closest medical facility for treatment. Participants above the age of 7

years were asked to contribute a venous blood sample (maximum of 5ml) which was collected

in an EDTA tube (BD, Franklin Lakes, USA). In participants less than 7 years old a capillary

sample (~400μl) was collected into an EDTA Microtainer (BD, Franklin Lakes, USA) tube.

Sample processing

Slides were read at a local laboratory. Thick and thin films were stained with Giemsa and the

parasite density quantified either per 500 white blood cells or 1000 red blood cells. All slides

were read by two independent readers and the mean was recorded, provided that the discrep-

ancy between readings was less than 50% of the smaller value and species identification was in

accordance. The presence of gametocytes was recorded, but not quantified. Whenever discor-

dant results were found the respective slides were shipped for reference reading to the Interna-

tional Centre for Diarrheal Diseases and Research, Bangladesh (icddr,b), Dhaka, and this

result was considered as final.

Blood samples were stored immediately at 4˚C and shipped under controlled conditions to

the reference laboratory at the icddr,b in the capital Dhaka for quantitative G6PD measure-

ments, host genotyping and Plasmodium species confirmation by qPCR. Since samples can

hemolyze during transport, G6PD activity was only measured if there were no visible signs of

hemolysis. G6PD measurement was done on a temperature controlled Shimadzu UV-1800

spectrophotometer (Kyoto, Japan), using kits and lyophilized controls from Randox Laborato-

ries (Crumlin, UK), following procedures described previously, considering the Hb value mea-

sured in the field [32,33]. All samples were measured in duplicate, and a third measurement

was performed if the measurements differed by more than 10% of the upper value. All proce-

dures followed the manufacturer’s instructions with normal and deficient controls run with

every test run. The measurement temperature was set to 37˚C, the absorption was read twice,

five minutes apart, at 340 nm. G6PD activity was calculated from the difference in absorption

between the two measurements, following a formula provided by the manufacturer; no tem-

perature correction factor was applied. A run was repeated in case either control returned a

result outside the range recommended by the manufacturer.

DNA from whole blood was extracted using QIAamp DNA Blood Minikit (Qiagen, Ger-

many) according to manufacturer’s instruction, and screened by qPCR for presence of malaria

parasites. 4 μL of DNA, corresponding to 4 ml of blood, was screened by qPCR for P. falcipa-
rum using the varATS assay, and for P. vivax using the cox1 assay. P. falciparum varATS qPCR

was run in a total volume of 12 μL, containing 0.4 μM of each primer and probe, 6 μL TaqMan

FastAdvanced (Applied Biosystems), and 4 μL DNA. P. vivax cox1 qPCR was run in a total vol-

ume of 12 μL, containing 0.4 μM of each primer and probe, 6 μL TaqMan FastAdvanced

(Applied Biosystems), and 4 μL DNA. The varATS assay targets multicopy genes and amplifies

approximately 20 copies per genome. Cox1 is a mitochondrial gene and present in ~10 copies

per genome [34,35]. By qPCR, samples were only screened for P. falciparum and P. vivax. Sam-

ples were not screened for P.malariae, P. ovale, or P. knowlesi.
A subset of samples was genotyped for host G6PD variants known to be present in the

study area (Mahidol, Viangchan, Mediterranean, Orissa and Kalyan-Kerala) by Sanger

sequencing. PCR was performed in a final reaction volume of 20μL containing 10 x PCR buffer

with MgCl2 (25 mM), GC rich buffer, dNTP mixture (2.5 mM), forward (10 μM) and reverse
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primers (10 μM), FastStart Taq DNA Polymerase (Roche, France) and DNA template. The

primer sequences are provided in S1 Table.

Thermal cycling profile for all of the included variants except the Kalyan-Kerala variant

were set following reference literature with slight modifications: pre-denaturation was done at

95˚C for 15 minutes, followed by 35 cycles of denaturation at 94˚C for 45 seconds, annealing

at specific temperature for 30 seconds and extension at 72˚C for 1 minute 20 seconds, and a

final extension at 72˚C for 10 minutes [36]. Thermal cycling profile for Kalyan-Kerala variant:

pre-denaturation at 95˚C for 15 minutes, 35 cycles of denaturation at 94˚C for 35 seconds,

annealing at 63˚C for 40 seconds and extension at 72˚C for 1 minute 10 seconds, and a final

extension at 72˚C for 10 minutes. To yield better DNA bands, the annealing temperatures for

Mahidol and Viangchan variants were set according to reference literature and were optimized

for Mediterranean, Orissa and Kalyan-Kerala variants (S2 Table).

Data management and statistical analysis

All participant and corresponding laboratory data were entered on paper forms, which were

then digitalized using Epidata version 3.1 (Denmark). All analyses were done using Stata ver-

sion 14 (College Station, USA).

G6PD activity, measured by spectrophotometry (in U/dL), was normalized by Hb measure-

ment (in g/dL) to provide a result in U/gHb. The adjusted male median (AMM) was calculated

and defined as 100% G6PD activity for the entire study population [37]. Individuals were cate-

gorized as being G6PD deficient if their enzyme activity was less than 30% of the AMM, G6PD

intermediate if enzyme activity was between 30% to 70% activity, and G6PD normal if enzyme

activity exceeded 70%. Age was assessed for normality and G6PD activity and age were then

compared for significant differences between ethnic groups using the t-test, Mann—Whitney U

test or Kruskal Wallis test as appropriate. Proportions of G6PD deficient, G6PD intermediate

and G6PD normal participants per ethnic group were assessed for significant differences using

a χ2-test or fishers exact test. Multiple regression analysis was performed to identify key vari-

ables affecting non-normalized G6PD activity. Non-normalized G6PD activity (in U/dL) was

used as the dependent variable and Hb concentration included as a covariate [38]. The indepen-

dent variables were backwards selected, initially considering age, gender, body weight, height

and temperature, Hb, the delay between sample collection and processing, spectrophotometry

result, ethnicity, and G6PD genotype. Participants were categorized by malaria status as being

malaria positive by microscopy or RDT, positive by malaria PCR but not microscopy or RDT,

or negative by all assays. Since categories showed strong dependency the model was repeated

separately for microscopy/RDT and PCR diagnosis. Models were assessed for multi-co-linearity

by calculating the variation inflation factor (VIF), with co-linearity defined when VIF was>10.

Sample size

To detect a G6PDd prevalence of 5% with 4% absolute confidence limit and assuming errone-

ous procedures in 10%, would require a total of 100 individuals enrolled per ethnic group

[39,40]. To achieve this a total of 10 distinct ethnicities were identified within the area that

could be contacted with a total sample size of 1,000 participants [30]. Host genotyping was per-

formed on all samples with less than 70% G6PD activity by spectrophotometry as well as 10

randomly selected samples per ethnicity from G6PD normal participants.

Results

Between 13th August 2015 and 11th January 2016 a total of 1000 participants from

10 ethnic groups were enrolled into the study. In addition, two participants from
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the Lushai ethnic group were enrolled, bringing the total sample size to 1002 (Fig 1 and

S1 File).

Spectrophotometry was not performed in three individuals, resulting in G6PD data from

999 (99.7%) participants (Table 1).

Fig 1. Consort chart of participant selection process.

https://doi.org/10.1371/journal.pntd.0008697.g001

Table 1. Overview on baseline data collected, stratified per ethnicity.

Ethnicity Total n Male (%) n Female (%) Mean Age in yrs. (95%CI) Mean Hb in g/dL (95%CI) Febrile (Temp >37.5C)

n (%)

Mean body temp. in ˚C (95%

CI)

Bawm 100 43 (43.0) 57 (57.0) 39.9 (36.9–43.0) 13.4 (13.1–13.7) 1 (1.0) 36.3 (36.3–36.4)

Bengali 99 34 (34.3) 65 (65.6) 26.2 (23.2–29.2) 13.1 (12.8–13.4) 1 (1.0) 36.4 (36.3–36.4)

Chak 100 32 (32.0) 68 (68.0) 26.8 (23.7–29.8) 12.8 (12.5–13.1) 0 (0.0) 36.3 (36.2–36.3)

Chakma 100 44 (44.0) 56 (56.0) 40.8 (37.6–44.0) 13.1 (12.8–13.4) 0 (0.0) 36.2 (36.1–36.3)

Khumi 100 45 (45.0) 55 (55.0) 31.3 (27.8–34.8) 13.2 (12.9–13.5) 0 (0.0) 36.5 (36.4–36.6)

Khyang 100 43 (43.0) 57 (57.0) 38.9 (35.2–42.6) 12.8 (12.4–13.2) 0 (0.0) 36.1 (36.0–36.2)

Lushai 2 1 (50.0) 1 (50.0) 50.5 (NA) 13.9�� (13.1–14.7) 0 (0.0) 36.4 (32.9–39.9)
Marma 99 40 (40.4) 59 (59.6) 28.3 (25.0–31.6) 12.2 (11.9–12.6) 1 (1.0) 36.1 (36.0–36.2)

Mro 100 37 (37.0) 63 (63.0) 27.6 (24.1–31.1) 13.7 (13.4–13.9) 0 (0.0) 36.1 (36.1–36.2)

Tangchangya 100 49 (49.0) 51 (51.0) 28.5 (25.2–31.9) 13.2 (12.9–13.6) 1 (1.0) 36.2 (36.1–36.3)

Tripura 99 33 (33.3) 66 (66.7) 36.8 (33.1–40.5) 12.6 (12.3–12.9) 0 (0.0) 36.3 (36.2–36.4)

Total 999 401 (40.1) 598 (59.9) 32.5 (31.4–33.6) 13.0 (12.9–13.1) 4 (0.4) 36.2 (36.2–36.3)

https://doi.org/10.1371/journal.pntd.0008697.t001
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The proportion of males within each ethnic group ranged from 40.1% to 59.9% and did not

differ significantly (p = 0.279) (Table 1). Mean Hb concentration was 13.0 U/gHb (95% confi-

dence interval (CI): 12.9 to 13.1, total range: 4.8 g/dL—19.3g/dL). A total of 11 participants

were below the age of 7, the ratio of males to females did not differ between those above and

below 7 years of age (p = 0.110). When comparing median G6PD activities between both

cohorts, no significant difference was observed (p = 0.1418). The mean axillary body tempera-

ture was 36.3˚C (95% confidence interval (95%CI): 36.2–36.3) and 0.4% of all participants (4/

1002) had a temperature above 37.5˚C (Table 1). Hb and body temperature differed signifi-

cantly between ethnic groups, and this was also apparent after stratifying by sex (all p<0.001).

Three participants were diagnosed with P. falciparum by microscopy; all three cases were

confirmed by RDT. Four microscopy-negative cases were also diagnosed as parasite-positive

by RDT, including 3 P. falciparum cases and one participant diagnosed with a mixed P. falcipa-
rum and P. vivax infection; two of these participants (both P. falciparum) reported a history of

malaria in the last 90 days. Malaria qPCR was undertaken successfully in all cases. Six of the

seven malaria patients positive by RDT were confirmed by qPCR, one participant diagnosed

with P. falciparum by RDT and microscopy returned a negative PCR result, and 36 partici-

pants were positive by PCR only. Based on PCR a total of 21 participants were positive for P.

falciparum, 16 participants were positive for P. vivax and 5 participants harbored both P. fal-
ciparum and P. vivax parasites.

Relative to uninfected participants, the mean Hb concentration was significantly lower in

patients diagnosed with malaria by microscopy 11.2g/dl (95%CI: 6.2 to 16.2) vs. 13.0 g/dl (5%

CI: 12.9 to 13.1); p = 0.0264) or RDT (11.2 g/dL (95%CI: 9.9 to 12.5) vs. 13.0 (95%CI: 12.9 to

13.1); p = 0.0018) but not by the PCR result (p = 0.3285).

The median duration between sample collection and measurement of G6PD activity in the

reference laboratory was 2 days (IQR: 0 to 4, range 0 to 7). 100% G6PD activity was defined as

7.03 U/gHb (interquartile range (IQR): 5.38–8.69, total range: 0.73–17.17) and median G6PD

activity varied significantly with ethnicity when considering only males (p<0.001) or females

(p<0.001). G6PD activities across the entire study population showed a bimodal distribution,

which was more apparent in males than females (Fig 2).

The lowest AMM was detected among the Bengali sub-population (5.43 U/gHb, IQR: 4.78–

6.46), however, when females were included, the Chak had the lowest median G6PD activity

(4.92 U/gHb, IQR: 1.83–7.12); Fig 3, Table 2, S1 Fig.

Median G6PD activity was 1.7U/gHb (24.2% of the AMM) higher among participants with

peripheral malaria confirmed by microscopy or RDT compared to those with a negative result

(8.6 U/gHb (IQR: 7.5 to 10.4) vs. 6.9 U/gHb (IQR: 5.2 to 8.6)), however the difference was not

significant (p = 0.1894) and G6PD activities also did not differ between malaria and non-

malaria participants when considering PCR instead (p = 0.6558) (Fig 4).

Overall, 90 (9.0%) participants were identified to be G6PD deficient (<30% enzyme activ-

ity), the prevalence being 12.7% (51/401) in males and 6.5% (39/598) in females; p = 0.001. A

total of 133 (13.3%) individuals had intermediate G6PD activity based on the population wide

AMM, which was present in 12.2% (49/401) of males and 14.0% (84/598) of females; p = 0.465.

The proportions of individuals with G6PD deficiency differed significantly with ethnicity

(p<0.001) with severe G6PD deficiency (below 30%) present in 26% (26/100) of participants

of the Chak ethnicity but only 2.0% (2/99) of those of Tripura ethnicity; Table 2.

A total of 323 participants were genotyped (90 G6PD deficient individuals, 133 G6PD inter-

mediate and 10 randomly selected G6PD normal participants per ethnic group (except

Lushai); Table 3. Of the 223 participants diagnosed with G6PD activities below 70%, a G6PD

variant was identified in 94 (42.2%) cases, comprising 68/90 (75.6%) G6PD deficient individu-

als and 26/133 (19.5%) intermediate deficient individuals. A total of 2 (2.0%) males and 10
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Fig 2. Histogram of G6PD activities for the entire study population and stratified by sex. Vertical lines from left to right indicate 10%, 30% 70% and 100% of the

AMM.

https://doi.org/10.1371/journal.pntd.0008697.g002

Fig 3. Distribution of G6PD activity per ethnicity, stratified by sex. Horizontal lines indicate 100%, 70%, and 30%

G6PD activity of the AMM (from top to bottom).

https://doi.org/10.1371/journal.pntd.0008697.g003
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females (10%) of the randomly selected G6PD normal participants had a detectable G6PD vari-

ant. Overall, the Mahidol variant was detected in 99 individuals (93.4% of all identified vari-

ants), the Orissa variant in 6 individuals (5.7% of all identified variants) and the Kalyan—

Kerala variant in 1 individual (0.9% of all identified variants).

In total, 45 males were hemizygous and 12 females homozygous for the Mahidol variant

with a median G6PD activity of 0.49 U/gHb (7.0% of the AMM, range: 0.0% to 185.8%);

two males and one female had G6PD activities above 30%. In the 42 females identified as

being heterozygous for the Mahidol variant, their median G6PD activity was 3.72 U/gHb

(52.9% of the AMM, range: 0.0% to 206.5%). 11/42 (26.2%) were G6PD deficient (activity

<30%), 21/42 (50.0%) intermediately deficient, and 10/42 (23.8%) had normal G6PD activity

(Table 3).

Table 2. Overview on G6PD activity and genotype per ethnicity.

Ethnicity Total AMM in

U/gHb

(IQR)

Number with

<30% G6PD

activity (%)

Number with

>30%—<70%

G6PD activity

(%)

Number with

hemizygous /

homozygous

Mahidol

Number with

heterozygous

Mahidol

Number with

hemizygous /

homozygous

Orissa

Number with

hemizygous

Kalyan Kerala

Number with no

variant

determined (% of

all genotyped)

Bawm 100 7.12

(5.48–

8.76)

8 (8.0) 9 (9.0) 5 1 0 0 21 (77.8)

Bengali 99 5.43

(4.78–

6.46)

6 (6.1) 21 (21.2) 0 2 2 1 32 (86.5)

Chak 100 5.71

(1.27–

7.93)

26 (26.0) 24 (24.0) 20 20 0 0 20 (33.3)

Chakma 100 8.36

(6.84–

9.19)

7 (7.0) 5 (5.0) 4 2 0 0 16 (72.7)

Khumi 100 6.33

(5.04–

7.98)

7 (7.0) 14 (14.0) 5 4 0 0 22 (71.0)

Khyang 100 6.70

(4.60–

7.94)

6 (6.0) 15 (15.0) 2 0 4 0 25 (80.7)

Lushai 2 6.43
(0.00 to
27.52)�

0 (0.0) 1 (50.0) 0 0 0 0 1 (NA)

Marma 99 8.59

(6.78–

9.64)

7 (7.1) 5 (5.1) 4 1 0 0 17 (77.3)

Mro 100 5.94

(4.38–

7.23)

11 (11.0) 23 (23.0) 6 9 0 0 29 (65.9)

Tangchangya 100 7.30

(5.65–

9.77)

10 (10.0) 12 (12.0) 9 3 0 0 20 (62.5)

Tripura 99 8.18

(6.65–

9.77)

2 (2.0) 4 (4.0) 2 0 0 0 14 (87.5)

Total 999 7.03

(5.38–

8.69)

90 (9.0) 133 (13.3) 57 42 6 1 217 (67.2)

�arithmetic mean (95%CI)

https://doi.org/10.1371/journal.pntd.0008697.t002
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The median G6PD activity among the 3 males hemizygous and 3 females homozygous for

the Orissa variant was 2.77U/gHb (39.4% of the AMM; range 3.8%-59.6%) and 2.07 U/gHb

(29.4% of the AMM) in one male hemizygous for the Kalyan-Kerala variant (Fig 5).

A multivariate regression model was generated to predict non-normalized G6PD activity (F

(17, 981) = 73.12, p<0.001, adjusted R2 = 0.5513). Significant independent variables in order

of contribution that predicted G6PD activity were genotype (except for the Kalyan Kerala vari-

ant), Hb concentration, ethnicity, sex and weight. Malaria diagnosis, irrespective of method,

was not a significant covariate (S3 Table). There was no significant multi-co-linearity in either

the initial or final models.

Discussion

In the first study of G6PDd in the multi-ethnic CHT population, our results revealed that

almost 10% of the population had G6PD activities of less than 30%, however the prevalence

differed significantly between ethnic groups. Among identified G6PD variants the Mahidol

variant accounted for 93% of all cases, similar to earlier reports from the area.

Differences in the prevalence of G6PDd among different ethnicities living in the same area

and sharing the same risk of malaria infection had been reported earlier from other sites, how-

ever not to the same extent as reported here. PQ based radical cure is contraindicated in

Fig 4. Distribution of G6PD activity and confirmed genotype per malaria diagnosis� Horizontal lines indicate 100%,

70%, and 30% G6PD activity of the AMM (from top to bottom) �one participant, positive by RDT and microscopy but

negative by PCR was excluded.

https://doi.org/10.1371/journal.pntd.0008697.g004

Table 3. Genotyping results per category of G6PD activity measured by spectrophotometry.

Genotype G6PD activity <30% G6PD activity�30% to <70% G6PD activity�70% Total

Total with no variant determined (% per row) 22 (10.1) 107 (49.3) 88 (40.6) 217

Total hemi / homozygous Mahidol (% per row) 54 (94.7) 1 (3.8) 2 (3.5) 57

Total heterozygous Mahidol (% per row) 11 (26.2) 21 (50.0) 10 (23.8) 42

Total hemi / homozygous Orissa (% per row) 2 (33.3) 4 (66.7) 0 (0.0) 6

Total homozygous Kerala (% per row) 1 (100.0) 0 (0.0) 0 (0.0) 1

Total 90 133 100 323

https://doi.org/10.1371/journal.pntd.0008697.t003
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patients presenting with G6PD enzyme activity of less than 30% [16]. Using this criterion, only

74% of Chak would be eligible for treatment, compared to 98% of those from the Tripura

tribe. Despite a high prevalence of G6PD deficiency and thus associated risk of drug induced

hemolysis, there are few reports of PQ induced hemolytic reactions either from the local medi-

cal staff (C.S. Phru, personal communication) or in the literature [8,18]. The reasons for this

are unclear, but could reflect low prescription of PQ by healthcare providers, underreporting

of adverse events due to limited access to healthcare, poor treatment adherence to a prolonged

course of PQ, or G6PDd individuals having partial protection against malaria [15,41,42]. In

earlier hospital-based malaria surveys conducted in the same area, less than 2% of malaria

patients were G6PDd, considerably less than the 9% prevalence we found within the mostly

healthy population of this survey. While not statistically significant, the median G6PD activity

was almost 25% higher (1.7U/gHb) among patients with malaria diagnosed by microscopy or

RDT compared to participants with a negative result. Malaria status was not a significant pre-

dictor of G6PD activity irrespective of diagnostic assay applied, however our study was neither

designed nor powered to this effect.

Although G6PD genotype is a key determinant of enzyme activity [43], we observed poor

correlation between G6PD genotype and phenotype, a phenomenon that reflect both assay

variability as well as host and environmental factors [44–49]. Almost 25% of females heterozy-

gous for a known local G6PD variant had activities above 70%, likely due to lyonization pat-

terns in favor of the G6PD normal allele [50]. Interestingly, 5% of participants, hemi- or

homozygous for the Mahidol variant, that confers very low G6PD levels, had either intermedi-

ate or normal G6PD activities. Although not quantified, study participants may have had

recent blood loss due to injury, or substance or pathogen induced hemolysis, thereby replacing

older erythrocytes with reduced G6PD activity with younger RBCs with higher activity [51].

Neither can we exclude the possibility that concomitant hemoglobinopathies or high leukocyte

counts, may have also confounded measured G6PD activity [37].

The study had some inherent limitations. The panel of five G6PD variants that were geno-

typed was based on earlier reports from the area [8,26,52]. However, a known G6PD variant

was only present in 42% of patients with less than 70% G6PD activity. Given that none of the

Fig 5. Distribution of G6PD activity per genotype. Horizontal lines indicate 100%, 70%, and 30% G6PD activity of the

AMM (from top to bottom).

https://doi.org/10.1371/journal.pntd.0008697.g005
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samples failed PCR, it is likely that the chosen panel did not include all variants present in the

region. And even in those in whom a G6PD variant was identified, the correlation between

genotype and phenotype was not good, suggesting either erroneous results from spectropho-

tometry, possibly arising from delays in sample transport to the reference laboratory or proce-

dural errors. However, all samples were tested within seven days, the recommended maximum

interval between venipuncture and measurement of G6PD activity [33]. Furthermore, stan-

dardized commercial controls were run with every measurement, all samples were tested in

duplicate, and results only accepted if both measurements did not differ by more than 10%.

In conclusion, there was a high prevalence of G6PDd in the CHT, but this varied signifi-

cantly between ethnic groups. Whilst testing should ideally be made widely available to identify

individuals with G6PDd, in practice this is often unavailable or unreliable due to financial and

logistical constraints. Priority should be given to ensuring the availability of G6PDd testing in

communities where the prevalence of G6PDd and thus hemolytic risk is greatest. In areas

where testing is not available, consideration should be given to administering primaquine with

additional measures to mitigate severe adverse reactions by detecting early signs of hemolysis.

Determining the prevalence and variants of G6PDd in malaria endemic areas with different

ethnic groups will inform public health interventions to ensure that primaquine radical cure

can be provided safely and effectively.

Supporting information

S1 Table. Primer sequences for polymerase chain reactions.

(DOCX)

S2 Table. Annealing temperatures, post PCR product base pair and restriction enzymes

for the PCR-RFLP protocol. �Optimized temperature.

(DOCX)

S3 Table. Multivariate regression model to predict non-normalized G6PD activity

(n = 999, F17, 981) = 68.27, p<0.001, adjusted R2 = 0.5513).

(DOCX)

S1 File. Village names / ethnicity.

(XLSX)

S2 File. Underlying database.

(CSV)

S1 Fig. G6PD activity per ethnicity. Horizontal lines indicate 100%, 70%, and 30% G6PD

activity of the AMM (from top to bottom).

(TIF)

Acknowledgments

We would like to thank all participants for their time and support as well as all staff that has

made this survey possible. icddr,b is grateful to the Governments of Bangladesh, Canada, Swe-

den and the UK for providing core/unrestricted support.

Author Contributions

Conceptualization: Benedikt Ley.

Data curation: Mohammad Sharif Hossain.

PLOS NEGLECTED TROPICAL DISEASES Wide range of G6PD activities found among ethnic groups in Bangladesh

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008697 September 14, 2020 12 / 15

http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008697.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008697.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008697.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008697.s004
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008697.s005
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0008697.s006
https://doi.org/10.1371/journal.pntd.0008697


Formal analysis: Benedikt Ley.

Funding acquisition: Ric N. Price.

Investigation: Ching Swe Phru.

Methodology: Mohammad Golam Kibria, Nusrat Jahan, Fatema Tuj Johora, Jenifar Quaiyum

Ami, Cristian Koepfli.

Project administration: Ching Swe Phru.

Supervision: Wasif Ali Khan, Mohammad Shafiul Alam.

Writing – original draft: Benedikt Ley.

Writing – review & editing: Benedikt Ley, Sarah Auburn, Kamala Thriemer, Ric N. Price,

Cristian Koepfli, Mohammad Shafiul Alam.

References
1. Howes RE, Battle KE, Mendis KN, Smith DL, Cibulskis RE, Baird JK, et al. Global Epidemiology of Plas-

modium vivax. The American journal of tropical medicine and hygiene. 2016; 95(6 Suppl):15–34.

2. Ashley EA, Phyo AP, Carrara VI, Tun KM, Nosten F, Smithuis F, et al. Plasmodium vivax Relapse

Rates Following Plasmodium falciparum Malaria Reflect Previous Transmission Intensity. The Journal

of infectious diseases. 2019; 220(1):100–4. https://doi.org/10.1093/infdis/jiz052 PMID: 30698794

3. Ross A, Koepfli C, Schoepflin S, Timinao L, Siba P, Smith T, et al. The Incidence and Differential Sea-

sonal Patterns of Plasmodium vivax Primary Infections and Relapses in a Cohort of Children in Papua

New Guinea. PLoS neglected tropical diseases. 2016; 10(5):e0004582. https://doi.org/10.1371/journal.

pntd.0004582 PMID: 27144482

4. White NJ, Imwong M. Relapse. Adv Parasitol. 2012; 80:113–50. https://doi.org/10.1016/B978-0-12-

397900-1.00002-5 PMID: 23199487

5. Chu CS, Bancone G, Moore KA, Win HH, Thitipanawan N, Po C, et al. Haemolysis in G6PD Heterozy-

gous Females Treated with Primaquine for Plasmodium vivax Malaria: A Nested Cohort in a Trial of

Radical Curative Regimens. PLoS medicine. 2017; 14(2):e1002224. https://doi.org/10.1371/journal.

pmed.1002224 PMID: 28170391

6. Chu CS, Bancone G, Nosten F, White NJ, Luzzatto L. Primaquine-induced haemolysis in females het-

erozygous for G6PD deficiency. Malaria journal. 2018; 17(1):101. https://doi.org/10.1186/s12936-018-

2248-y PMID: 29499733

7. Luzzatto L, Nannelli C, Notaro R. Glucose-6-Phosphate Dehydrogenase Deficiency. Hematol Oncol

Clin North Am. 2016; 30(2):373–93. https://doi.org/10.1016/j.hoc.2015.11.006 PMID: 27040960

8. Phru CS, Kibria MG, Thriemer K, Chowdhury MU, Jahan N, Aktaruzzaman MM, et al. Case Report: A

Case of Primaquine-Induced Hemoglobinuria in Glucose-6-Phosphate Dehydrogenase-Deficient

Malaria Patient in Southeastern Bangladesh. The American journal of tropical medicine and hygiene.

2019.

9. ARMY giving primaquine treatment to all returning servicemen. Public Health Rep. 1952; 67(2):178–9.

PMID: 14900346

10. Ashley EA, Recht J, White NJ. Primaquine: the risks and the benefits. Malaria journal. 2014; 13:418.

https://doi.org/10.1186/1475-2875-13-418 PMID: 25363455

11. Baird JK, Hoffman SL. Primaquine therapy for malaria. Clin Infect Dis. 2004; 39(9):1336–45. https://doi.

org/10.1086/424663 PMID: 15494911

12. NMEP. Malaria MIS Report. In: National Malaria Eradication Program DCD, Directorate General of

Health Services Ministry of Health & Family Welfare Government of Bangladesh, editor. Dhaka:

NMEP; 2019.

13. Cappellini MD, Fiorelli G. Glucose-6-phosphate dehydrogenase deficiency. Lancet. 2008; 371

(9606):64–74. https://doi.org/10.1016/S0140-6736(08)60073-2 PMID: 18177777

14. Howes RE, Battle KE, Satyagraha AW, Baird JK, Hay SI. G6PD deficiency: global distribution, genetic

variants and primaquine therapy. Adv Parasitol. 2013; 81:133–201. https://doi.org/10.1016/B978-0-12-

407826-0.00004-7 PMID: 23384623

PLOS NEGLECTED TROPICAL DISEASES Wide range of G6PD activities found among ethnic groups in Bangladesh

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008697 September 14, 2020 13 / 15

https://doi.org/10.1093/infdis/jiz052
http://www.ncbi.nlm.nih.gov/pubmed/30698794
https://doi.org/10.1371/journal.pntd.0004582
https://doi.org/10.1371/journal.pntd.0004582
http://www.ncbi.nlm.nih.gov/pubmed/27144482
https://doi.org/10.1016/B978-0-12-397900-1.00002-5
https://doi.org/10.1016/B978-0-12-397900-1.00002-5
http://www.ncbi.nlm.nih.gov/pubmed/23199487
https://doi.org/10.1371/journal.pmed.1002224
https://doi.org/10.1371/journal.pmed.1002224
http://www.ncbi.nlm.nih.gov/pubmed/28170391
https://doi.org/10.1186/s12936-018-2248-y
https://doi.org/10.1186/s12936-018-2248-y
http://www.ncbi.nlm.nih.gov/pubmed/29499733
https://doi.org/10.1016/j.hoc.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/27040960
http://www.ncbi.nlm.nih.gov/pubmed/14900346
https://doi.org/10.1186/1475-2875-13-418
http://www.ncbi.nlm.nih.gov/pubmed/25363455
https://doi.org/10.1086/424663
https://doi.org/10.1086/424663
http://www.ncbi.nlm.nih.gov/pubmed/15494911
https://doi.org/10.1016/S0140-6736%2808%2960073-2
http://www.ncbi.nlm.nih.gov/pubmed/18177777
https://doi.org/10.1016/B978-0-12-407826-0.00004-7
https://doi.org/10.1016/B978-0-12-407826-0.00004-7
http://www.ncbi.nlm.nih.gov/pubmed/23384623
https://doi.org/10.1371/journal.pntd.0008697


15. Mbanefo EC, Ahmed AM, Titouna A, Elmaraezy A, Trang NT, Phuoc Long N, et al. Association of glu-

cose-6-phosphate dehydrogenase deficiency and malaria: a systematic review and meta-analysis. Sci

Rep. 2017; 7:45963. https://doi.org/10.1038/srep45963 PMID: 28382932

16. WHO. Guide to G6PD deficiency rapid diagnostic testing to support P. vivax radical cure. In: Organiza-

tion WH, editor. Geneva, switzerland2018.

17. WHO. Guidelines for the Treatment of Malaria. 3rd edition Geneva: World Health Organization

(WHO); 2015 [3rd edition:[Available from: http://apps.who.int/medicinedocs/documents/s21839en/

s21839en.pdf.

18. Ley B, Thriemer K, Jaswal J, Poirot E, Alam MS, Phru CS, et al. Barriers to routine G6PD testing prior to

treatment with primaquine. Malaria journal. 2017; 16(1):329. https://doi.org/10.1186/s12936-017-1981-

y PMID: 28797255

19. Recht J, Ashley EA, White NJ. Use of primaquine and glucose-6-phosphate dehydrogenase deficiency

testing: Divergent policies and practices in malaria endemic countries. PLoS neglected tropical dis-

eases. 2018; 12(4):e0006230. https://doi.org/10.1371/journal.pntd.0006230 PMID: 29672516

20. Haque U, Overgaard HJ, Clements AC, Norris DE, Islam N, Karim J, et al. Malaria burden and control in

Bangladesh and prospects for elimination: an epidemiological and economic assessment. The Lancet

Global health. 2014; 2(2):e98–105. https://doi.org/10.1016/S2214-109X(13)70176-1 PMID: 25104666

21. Noe A, Zaman SI, Rahman M, Saha AK, Aktaruzzaman MM, Maude RJ. Mapping the stability of malaria

hotspots in Bangladesh from 2013 to 2016. Malaria journal. 2018; 17(1):259. https://doi.org/10.1186/

s12936-018-2405-3 PMID: 29996835

22. Haque U, Ahmed SM, Hossain S, Huda M, Hossain A, Alam MS, et al. Malaria prevalence in endemic

districts of Bangladesh. PloS one. 2009; 4(8):e6737. https://doi.org/10.1371/journal.pone.0006737

PMID: 19707580

23. Alam MS, Kabir MM, Hossain MS, Naher S, Ferdous NE, Khan WA, et al. Reduction in malaria preva-

lence and increase in malaria awareness in endemic districts of Bangladesh. Malaria journal. 2016; 15

(1):552. https://doi.org/10.1186/s12936-016-1603-0 PMID: 27836016

24. Khan WA, Sack DA, Ahmed S, Prue CS, Alam MS, Haque R, et al. Mapping hypoendemic, seasonal

malaria in rural Bandarban, Bangladesh: a prospective surveillance. Malaria journal. 2011; 10:124.

https://doi.org/10.1186/1475-2875-10-124 PMID: 21569599

25. Ley B, Alam MS, Thriemer K, Hossain MS, Kibria MG, Auburn S, et al. G6PD Deficiency and Antimalar-

ial Efficacy for Uncomplicated Malaria in Bangladesh: A Prospective Observational Study. PloS one.

2016; 11(4):e0154015. https://doi.org/10.1371/journal.pone.0154015 PMID: 27128675

26. Plewes K, Soontarawirat I, Ghose A, Bancone G, Kingston HW, Herdman MT, et al. Genotypic and phe-

notypic characterization of G6PD deficiency in Bengali adults with severe and uncomplicated malaria.

Malaria journal. 2017; 16(1):134. https://doi.org/10.1186/s12936-017-1788-x PMID: 28356147

27. Akter S, Rich JL, Davies K, Inder KJ. Access to maternal healthcare services among Indigenous

women in the Chittagong Hill Tracts, Bangladesh: A cross-sectional study. BMJ Open. 2019; 9(10):

e033224. https://doi.org/10.1136/bmjopen-2019-033224 PMID: 31662407

28. Sinharoy SS, Waid JL, Freeman MC, Stein AD. Open defecation explains differences in nutritional sta-

tus between Bengali and tribal children in the Chittagong Hill Tracts of Bangladesh. Ethn Health. 2019;

24(5):575–87. https://doi.org/10.1080/13557858.2017.1346186 PMID: 28669228

29. Hussain S, Ruano AL, Rahman A, Rashid SF, Hill PS. From knowing our needs to enacting change:

findings from community consultations with indigenous communities in Bangladesh. Int J Equity Health.

2015; 14:126. https://doi.org/10.1186/s12939-015-0264-x PMID: 26552485

30. Abul Barkat SH, Avijit Poddar, Mohammad Badiuzzaman, Asmar Osman, Mohammad Shanewaz

Khan, Mtiur Rahman, Murtaza Majid, Golam Mahiyuddin, Sushmita Chakma, Sharmina Bashir. Socio-

Economic Baseline Survey Of Chittagong Hill Tracts. 2009.

31. Ltd. RaIS. Random.org: Randomness and Integrity Services Ltd.; 2020 [Available from: random.org.

32. Ley B, Alam MS, O’Donnell JJ, Hossain MS, Kibria MG, Jahan N, et al. A Comparison of Three Quanti-

tative Methods to Estimate G6PD Activity in the Chittagong Hill Tracts, Bangladesh. PloS one. 2017; 12

(1):e0169930. https://doi.org/10.1371/journal.pone.0169930 PMID: 28121993

33. Alam MS, Kibria MG, Jahan N, Thriemer K, Hossain MS, Douglas NM, et al. Field evaluation of quantita-

tive point of care diagnostics to measure glucose-6-phosphate dehydrogenase activity. PloS one. 2018;

13(11):e0206331. https://doi.org/10.1371/journal.pone.0206331 PMID: 30388146

34. Gruenberg M, Moniz CA, Hofmann NE, Wampfler R, Koepfli C, Mueller I, et al. Plasmodium vivax

molecular diagnostics in community surveys: pitfalls and solutions. Malaria journal. 2018; 17(1):55.

https://doi.org/10.1186/s12936-018-2201-0 PMID: 29378609

PLOS NEGLECTED TROPICAL DISEASES Wide range of G6PD activities found among ethnic groups in Bangladesh

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008697 September 14, 2020 14 / 15

https://doi.org/10.1038/srep45963
http://www.ncbi.nlm.nih.gov/pubmed/28382932
http://apps.who.int/medicinedocs/documents/s21839en/s21839en.pdf
http://apps.who.int/medicinedocs/documents/s21839en/s21839en.pdf
https://doi.org/10.1186/s12936-017-1981-y
https://doi.org/10.1186/s12936-017-1981-y
http://www.ncbi.nlm.nih.gov/pubmed/28797255
https://doi.org/10.1371/journal.pntd.0006230
http://www.ncbi.nlm.nih.gov/pubmed/29672516
https://doi.org/10.1016/S2214-109X%2813%2970176-1
http://www.ncbi.nlm.nih.gov/pubmed/25104666
https://doi.org/10.1186/s12936-018-2405-3
https://doi.org/10.1186/s12936-018-2405-3
http://www.ncbi.nlm.nih.gov/pubmed/29996835
https://doi.org/10.1371/journal.pone.0006737
http://www.ncbi.nlm.nih.gov/pubmed/19707580
https://doi.org/10.1186/s12936-016-1603-0
http://www.ncbi.nlm.nih.gov/pubmed/27836016
https://doi.org/10.1186/1475-2875-10-124
http://www.ncbi.nlm.nih.gov/pubmed/21569599
https://doi.org/10.1371/journal.pone.0154015
http://www.ncbi.nlm.nih.gov/pubmed/27128675
https://doi.org/10.1186/s12936-017-1788-x
http://www.ncbi.nlm.nih.gov/pubmed/28356147
https://doi.org/10.1136/bmjopen-2019-033224
http://www.ncbi.nlm.nih.gov/pubmed/31662407
https://doi.org/10.1080/13557858.2017.1346186
http://www.ncbi.nlm.nih.gov/pubmed/28669228
https://doi.org/10.1186/s12939-015-0264-x
http://www.ncbi.nlm.nih.gov/pubmed/26552485
https://doi.org/10.1371/journal.pone.0169930
http://www.ncbi.nlm.nih.gov/pubmed/28121993
https://doi.org/10.1371/journal.pone.0206331
http://www.ncbi.nlm.nih.gov/pubmed/30388146
https://doi.org/10.1186/s12936-018-2201-0
http://www.ncbi.nlm.nih.gov/pubmed/29378609
https://doi.org/10.1371/journal.pntd.0008697


35. Hofmann N, Mwingira F, Shekalaghe S, Robinson LJ, Mueller I, Felger I. Ultra-sensitive detection of

Plasmodium falciparum by amplification of multi-copy subtelomeric targets. PLoS medicine. 2015; 12

(3):e1001788. https://doi.org/10.1371/journal.pmed.1001788 PMID: 25734259

36. Sarker SK, Islam MT, Eckhoff G, Hossain MA, Qadri SK, Muraduzzaman AK, et al. Molecular Analysis

of Glucose-6-Phosphate Dehydrogenase Gene Mutations in Bangladeshi Individuals. PloS one. 2016;

11(11):e0166977. https://doi.org/10.1371/journal.pone.0166977 PMID: 27880809

37. Domingo GJ, Satyagraha AW, Anvikar A, Baird K, Bancone G, Bansil P, et al. G6PD testing in support

of treatment and elimination of malaria: recommendations for evaluation of G6PD tests. Malaria journal.

2013; 12:391. https://doi.org/10.1186/1475-2875-12-391 PMID: 24188096

38. Satyagraha AW, Sadhewa A, Baramuli V, Elvira R, Ridenour C, Elyazar I, et al. G6PD deficiency at

Sumba in Eastern Indonesia is prevalent, diverse and severe: implications for primaquine therapy

against relapsing Vivax malaria. PLoS neglected tropical diseases. 2015; 9(3):e0003602. https://doi.

org/10.1371/journal.pntd.0003602 PMID: 25746733

39. Nkhoma ET, Poole C, Vannappagari V, Hall SA, Beutler E. The global prevalence of glucose-6-phos-

phate dehydrogenase deficiency: a systematic review and meta-analysis. Blood Cells Mol Dis. 2009; 42

(3):267–78. https://doi.org/10.1016/j.bcmd.2008.12.005 PMID: 19233695

40. Howes RE, Piel FB, Patil AP, Nyangiri OA, Gething PW, Dewi M, et al. G6PD deficiency prevalence

and estimates of affected populations in malaria endemic countries: a geostatistical model-based map.

PLoS medicine. 2012; 9(11):e1001339. https://doi.org/10.1371/journal.pmed.1001339 PMID:

23152723

41. Yi H, Li H, Liang L, Wu Y, Zhang L, Qiu W, et al. The glucose-6-phosphate dehydrogenase Mahidol vari-

ant protects against uncomplicated Plasmodium vivax infection and reduces disease severity in a

Kachin population from northeast Myanmar. Infect Genet Evol. 2019; 75:103980. https://doi.org/10.

1016/j.meegid.2019.103980 PMID: 31351234

42. Louicharoen C, Patin E, Paul R, Nuchprayoon I, Witoonpanich B, Peerapittayamongkol C, et al. Posi-

tively selected G6PD-Mahidol mutation reduces Plasmodium vivax density in Southeast Asians. Sci-

ence. 2009; 326(5959):1546–9. https://doi.org/10.1126/science.1178849 PMID: 20007901

43. Gomez-Manzo S, Marcial-Quino J, Vanoye-Carlo A, Serrano-Posada H, Ortega-Cuellar D, Gonzalez-

Valdez A, et al. Glucose-6-Phosphate Dehydrogenase: Update and Analysis of New Mutations around

the World. Int J Mol Sci. 2016; 17(12).

44. Robinson KM, Yang W, Haidar CE, Hankins JS, Jay DW, Kornegay N, et al. Concordance between glu-

cose-6-phosphate dehydrogenase (G6PD) genotype and phenotype and rasburicase use in patients

with hematologic malignancies. Pharmacogenomics J. 2019; 19(3):305–14. https://doi.org/10.1038/

s41397-018-0043-3 PMID: 30206300

45. Roh ME, Oyet C, Orikiriza P, Wade M, Mwanga-Amumpaire J, Boum Y 2nd, et al. Screening for Glu-

cose-6-Phosphate Dehydrogenase Deficiency Using Three Detection Methods: A Cross-Sectional Sur-

vey in Southwestern Uganda. The American journal of tropical medicine and hygiene. 2016; 95

(5):1094–9. https://doi.org/10.4269/ajtmh.16-0552 PMID: 27672207

46. Shah SS, Macharia A, Makale J, Uyoga S, Kivinen K, Craik R, et al. Genetic determinants of glucose-6-

phosphate dehydrogenase activity in Kenya. BMC Med Genet. 2014; 15:93. https://doi.org/10.1186/

s12881-014-0093-6 PMID: 25201310

47. Johnson MK, Clark TD, Njama-Meya D, Rosenthal PJ, Parikh S. Impact of the method of G6PD defi-

ciency assessment on genetic association studies of malaria susceptibility. PloS one. 2009; 4(9):e7246.

https://doi.org/10.1371/journal.pone.0007246 PMID: 19789650

48. Luzzatto L, Ally M, Notaro R. Glucose-6-Phosphate Dehydrogenase Deficiency. Blood. 2020.

49. Pfeffer DA, Ley B, Howes RE, Adu P, Alam MS, Bansil P, et al. Quantification of glucose-6-phosphate

dehydrogenase activity by spectrophotometry: A systematic review and meta-analysis. PLoS medicine.

2020; 17(5):e1003084. https://doi.org/10.1371/journal.pmed.1003084 PMID: 32407380

50. Beutler E. Glucose-6-phosphate dehydrogenase deficiency: a historical perspective. Blood. 2008; 111

(1):16–24. https://doi.org/10.1182/blood-2007-04-077412 PMID: 18156501

51. Ley B, Bancone G, von Seidlein L, Thriemer K, Richards JS, Domingo GJ, et al. Methods for the field

evaluation of quantitative G6PD diagnostics: a review. Malaria journal. 2017; 16(1):361. https://doi.org/

10.1186/s12936-017-2017-3 PMID: 28893237

52. Howes RE, Dewi M, Piel FB, Monteiro WM, Battle KE, Messina JP, et al. Spatial distribution of G6PD

deficiency variants across malaria-endemic regions. Malaria journal. 2013; 12:418. https://doi.org/10.

1186/1475-2875-12-418 PMID: 24228846

PLOS NEGLECTED TROPICAL DISEASES Wide range of G6PD activities found among ethnic groups in Bangladesh

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0008697 September 14, 2020 15 / 15

https://doi.org/10.1371/journal.pmed.1001788
http://www.ncbi.nlm.nih.gov/pubmed/25734259
https://doi.org/10.1371/journal.pone.0166977
http://www.ncbi.nlm.nih.gov/pubmed/27880809
https://doi.org/10.1186/1475-2875-12-391
http://www.ncbi.nlm.nih.gov/pubmed/24188096
https://doi.org/10.1371/journal.pntd.0003602
https://doi.org/10.1371/journal.pntd.0003602
http://www.ncbi.nlm.nih.gov/pubmed/25746733
https://doi.org/10.1016/j.bcmd.2008.12.005
http://www.ncbi.nlm.nih.gov/pubmed/19233695
https://doi.org/10.1371/journal.pmed.1001339
http://www.ncbi.nlm.nih.gov/pubmed/23152723
https://doi.org/10.1016/j.meegid.2019.103980
https://doi.org/10.1016/j.meegid.2019.103980
http://www.ncbi.nlm.nih.gov/pubmed/31351234
https://doi.org/10.1126/science.1178849
http://www.ncbi.nlm.nih.gov/pubmed/20007901
https://doi.org/10.1038/s41397-018-0043-3
https://doi.org/10.1038/s41397-018-0043-3
http://www.ncbi.nlm.nih.gov/pubmed/30206300
https://doi.org/10.4269/ajtmh.16-0552
http://www.ncbi.nlm.nih.gov/pubmed/27672207
https://doi.org/10.1186/s12881-014-0093-6
https://doi.org/10.1186/s12881-014-0093-6
http://www.ncbi.nlm.nih.gov/pubmed/25201310
https://doi.org/10.1371/journal.pone.0007246
http://www.ncbi.nlm.nih.gov/pubmed/19789650
https://doi.org/10.1371/journal.pmed.1003084
http://www.ncbi.nlm.nih.gov/pubmed/32407380
https://doi.org/10.1182/blood-2007-04-077412
http://www.ncbi.nlm.nih.gov/pubmed/18156501
https://doi.org/10.1186/s12936-017-2017-3
https://doi.org/10.1186/s12936-017-2017-3
http://www.ncbi.nlm.nih.gov/pubmed/28893237
https://doi.org/10.1186/1475-2875-12-418
https://doi.org/10.1186/1475-2875-12-418
http://www.ncbi.nlm.nih.gov/pubmed/24228846
https://doi.org/10.1371/journal.pntd.0008697

