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Abstract

Glucose-6-phosphate dehydrogenase (G6PD) deficiency and hemoglobin E (HbE, β26 Glu-

Lys) are two common red cell disorders in Southeast Asia. G6PD deficiency produces hemo-

lytic anemia, which can be triggered by certain drugs or infections. HbE is asymptomatic or

is manifested as microcytic, minimally hemolytic anemia. The association between G6PD

deficiency and HbE is little understood. This study aimed to investigate G6PD deficiency

and HbE in a Kachin ethnic group in the China-Myanmar border area. G6PD enzyme activity

was measured using a quantitative G6PD assay, G6PD variants genotyped by the SNaP-

shot assay, and an HbE gene mutation identified by an amplification refractory mutation sys-

tem and subsequently confirmed by using a reverse dot blot hybridization assay from 100

unrelated individuals in the study area. G6PD enzyme activity ranged from 0.4 to 24.7 U/g

Hb, and six males had severe G6PD deficiency (<0.12–1.2 U/g Hb), while six males and 12

females had mild G6PD deficiency (>1.2–4.5 U/g Hb). Among the 24 G6PD-deficient sub-

jects, 22 (92%) had the Mahidol 487G>A mutation (12 male hemizygotes, one female homo-

zygote, and nine female heterozygotes), while the G6PD genotypes in two female subjects

were unknown. HbE was identified in 39 subjects (20 males and 19 females), including 15

HbEE (seven males and eight females) and 24 HbAE (13 males and 11 females). Twenty-

three subjects co-inherited both G6PD deficiency and HbE (22 with HbAE and one with

HbEE). Whereas mean Hb levels were not significantly different between the HbA and HbE

groups, G6PD-deficient males had significantly lower Hb levels than G6PD-normal males

(P < 0.05, t-test). However, it is noteworthy that two G6PD-deficient hemizygous males with

HbAE were severely anemic with Hb levels below 50 g/L. This study revealed high preva-

lence of co-inheritance of G6PD deficiency with HbAE in the Kachin ethnicity, and a poten-

tial interaction of the G6PD Mahidol 487G>A and HbAE in males leading to severe anemia.
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The presence of 6% males with severe G6PD deficiency raised a major concern in the use

of primaquine for radical cure of vivax malaria.

Introduction

Genetic disorders of red blood cells (RBCs) are important public health issues in Southeast

Asian populations, among which thalassemia and glucose-6-phosphate dehydrogenase

(G6PD) deficiency are two main erythrocyte disorders with clinical symptoms [1,2]. G6PD

deficiency produces hemolytic anemia, which can be triggered by certain drugs or infections.

Hemoglobin E (HbE) is a β-chain structural variation at the globin gene with a codon 26 G to

A mutation, and is one of the most common hemoglobin (Hb) variants with a reported fre-

quency of 50–70% in Southeast Asian populations and 10–25% in southwestern China [3–5],

suggesting that this mutation might have originated in Southeast Asia. The incidence of HbE

varies from different regions and among different ethnic groups. Some of the mechanisms

underlying protection against malaria have been put forward to explain the variation fre-

quency of hemoglobinopathies in malaria-endemic regions [6]. Hb-inherited disorders such

as thalassemia, sickle-cell trait, HbC, and HbE provide significant protection from severe

malaria syndromes [7]. However, recent reports from northern Thailand showed that the pres-

ence of HbE does not have an effect on in vitro infectivity and proliferation of Plasmodium fal-
ciparum, formation of hemozoin (the malaria pigment) [8], and cerebral malaria [9]. The

distribution of differential HbE prevalence was attributed to ancestral genetic drift and admix-

ture. Thus, the genetic fitness of HbE in Southeast Asia remains uncertain as compared with

that of the HbA/S in Africa [10,11].

G6PD deficiency is widespread across malaria-endemic regions and is the most common

human hereditary RBC enzyme defect disorder in Southeast Asia. G6PD gene mutations

reduce enzyme activity, leaving RBCs vulnerable to oxidative stress. A number of studies pro-

vided evidence about the association of G6PD deficiency with protection against malaria,

which explains the high prevalence of G6PD deficiency in malaria endemic areas [12–14].

Meanwhile, G6PD-deficient individuals are at risk of hemolysis when exposed to 8-aminoqui-

noline drugs such as primaquine and tafenoquine, which are needed for radical cure of vivax

malaria. The high prevalence of G6PD deficiency in endemic countries and the lack of point-

of-care diagnostics for G6PD deficiency hinder the wide use of primaquine for treatment of

vivax malaria [15].

Malaria remains one of the most life-threatening infectious diseases in the tropics, and

almost half a million people die from malaria each year. In the Greater Mekong Sub-region

(GMS) of Southeast Asia, malaria transmission is heterogeneous with most of the cases occur-

ring along international borders [16,17]. At the China-Myanmar border area, malaria trans-

mission has been significantly reduced on the China side as China is aiming for malaria

elimination by 2020, whereas vivax malaria continues to be relatively prevalent and cause spo-

radic outbreaks on the Myanmar side. Along many international borders of the GMS are the

homes of a large number of ethnic minorities and hill tribes. The prevalence of G6PD defi-

ciency among these populations present a major challenge for eliminating vivax malaria in

these border regions. For example, among the Kachin ethnic groups, G6PD deficiency is pres-

ent in more than 20% of the population [18]. The Kachin ancestors lived in Central Asia (prob-

ably east or northeast of Tibet) and migrated gradually to Southeast Asia. Nowadays the

Kachins largely inhabit northern Myanmar, India and along the China-Myanmar border area.

G6PD deficiency and HbE co-inheritance
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In addition to G6PD deficiency, HbE is supposed to occur at a relatively high frequency in the

China-Myanmar border region, suggesting that co-inheritance of these two genetic disorders

might be present in the local populations. Thus, this study aims to determine the prevalence of

these two genetic disorders and explore their relationship in the Kachin population.

Materials and methods

Subjects

A total of 100 “healthy” unrelated subjects—comprising 53 males and 47 females, and aged

4–75 years living in villages near the Laiza township in northeast Kachin State of Myanmar

along the China-Myanmar border—were recruited to the study in August 2015. The inclusion

criteria were: Kachin ethnicity, unrelated to each other, women who were not pregnant,

healthy at the time of enrolment (no malaria infection by microscopic examination of blood

smears and asymptomatic for blood disorders), and those able to provide consent/assent. The

exclusion criteria were: other ethnicities, pregnant women, not healthy, and those unable to

consent/assent. Written informed consent was obtained from adult and children, while assent

was also obtained from children 7–18 years. A total of 120 people were approached; five people

were excluded because they belong to other ethnicities and 15 declined to participate. After

obtaining written informed consent/assent, a venous blood sample (approximately 1–2 ml)

was drawn from each adult participant, while a finger-prick blood sample (~200 μl) was

obtained from each child participant. The blood sample was put into an EDTA-filled tube,

kept on ice, and used for measuring G6PD activity within 12 hours. Hb concentrations were

measured by the impedance method using an automated hematological analyzer (TEK-II

Mini, China). Hb thresholds used to define anemia are<130 g/L in men and <120 g/L in

women according to the World Health Organization (WHO) criteria. Hb levels at 80 –< 110

g/L and< 80 g/L are classified as moderate and severe anemia, respectively.

G6PD assay

Quantitative determination of G6PD activity was performed using a commercial kit (Trinity

Biotech, St. Louis, MO, USA) according to the manufacturer’s instructions. Quality control

was performed on each day of testing using G6PDH controls manufactured by Trinity Biotech.

Three control levels [deficient level (catalog no. G5888), intermediate level (catalog no.

G5029), and normal level (catalog no. G6888)] were analyzed before the test panels and were

considered to be valid if control values fell within the given ranges. For this assay, the cut-off

value for G6PD deficiency was set at 4.5 U/g Hb, with those having G6PD activity higher than

4.5 U/g Hb considered to be normal.

Genotyping G6PD variants

Genomic DNA was extracted from whole blood using the Takara DNA Kit (Takara Biotech-

nology, Japan) according to the manufacturer’s instructions. Genomic DNA was eluted in

80 μL of water and stored at -20˚C until genotyping. Common G6PD variants, including 11

common G6PD variants, were genotyped using the SNaPshot assay described previously [19].

Determination of the HbE genotype

The HbE mutation was determined using the amplification refractory mutation system PCR

described previously [20]. Identification of HbE mutation was performed using the allele-

specific PCR primer pair βES (50-CGTGGATGAAGTTGGTGGTA-30) and βEA (50-TCCCA
TAGACTCACCCTGAA-30), which produces a 400-bp fragment. Two additional primers
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[50-CAATGTATCATGCCTCTTTGCACC-30 (Control A) and 50-GAGTCAAGGCTGAGAGATG
CAGGA-30 (Control B)] were included to produce an 861-bp fragment of the globin 30 UTR

and exon 3 to serve as an internal amplification control. The multiplex PCR reaction mixture

(25 μl) contained TakaraTaq1 Master Mix (2×PCR Buffer, 25 mM MgCl2, Taq DNA polymer-

ase, and 200 μM dNTPs), 1 μg genomic DNA, and 15 pmol of each of the four primers men-

tioned above. The PCR procedure included 3 min of heating at 94˚C, and 30 cycles of 94˚C for

1 min and 67˚C for 1.5 min in a DNA T100™ Thermal Cycler (BioRad, Hercules, USA). The

amplified DNA product was analyzed in a 1.5% agarose gel and visualized under UV light after

staining. Each amplification reaction included an HbE positive sample and a healthy control.

Reverse dot blot hybridization to analyze β thalassemia genotypes

Seventeen known β-thalassemia genotypes most commonly seen in the Chinese and Southeast

Asian populations [41/42M (-TTCT), 654M (C!T), -28M (A!G), 71/72M (+A), 17M

(A!T), βE M (G!A), 31M (-C), 27/28M (+C), IvsI-1M (G!A, G!T), 43M (G!T), -32M

(C!A), -29M (A!G), -30M (T!C), 14/15M (+G), CapM (-AAAC), IntM (T!G), and IvsI-

5M (GRC)] were analyzed by PCR reverse dot blot hybridization (Yishengtang Biological

Products Co., Shenzhen, China). The assay was performed according to the manufacturer’s

protocol. PCR amplification products were hybridized to the test strips containing allele-spe-

cific oligonucleotide probes, which covered 17 β-thalassemia genotypes.

Statistical analysis

G6PD enzyme activity data and Hb concentration were entered in a Microsoft Excel spreadsheet.

Statistical comparison of G6PD enzyme activity and Hb concentration was done using the

GraphPad Prism 6.0 statistical software. Differences in G6PD enzyme activity and Hb concentra-

tion individuals were compared using the t-test with P<0.05 considered statistically different.

Results

G6PD enzyme activity and identification of G6PD mutations

The mean G6PD enzyme activity of all participants was 5.7 U/g Hb, ranging from 0.4 to 24.7

U/g Hb (S1 Table). Twenty-four of the participants (12 males and 12 females) had G6PD levels

below the cutoff value of 4.5 U/g Hb and were considered to be G6PD deficient (Fig 1). With

the test used, the mean G6PD activity in normal females of the study population was deter-

mined to be 6.7±1.8 U/g Hb while that in normal males was 6.7±3.1 U/g Hb. Differences in

mean G6PD activity between normal male and female groups were not statistically significant

(P>0.05). Six males (25%) with G6PD enzyme activity in the range of 0.12–1.2 U/g Hb were

considered to have severe deficiency, whereas 18 subjects (75%, 6 males and 12 females) with

G6PD enzyme activity in the range of 1.2–4.5 U/g Hb were considered to have mild deficiency.

In the G6PD-deficient hemizygous males, mean enzyme activity was 2.2±1.8 U/g Hb (0.4–4.1

U/g Hb), whereas mean enzyme activity in the G6PD-deficient female group was 2.8±0.9 U/g

Hb (1.3–4.3 U/g Hb). G6PD activity was significantly lower in deficient groups than in the

normal groups (P< 0.05). However, there was not a significant difference in the mean G6PD

activity between the G6PD-deficient female and male groups (P> 0.05). According to the

WHO classification, which defines G6PD enzyme activity levels in the 0.12–1.2 U/g Hb (>1–

10% of the normal enzyme activity level) as class II or severe deficiency, the six G6PD-deficient

males should belong to this class.

The 24 G6PD-deficient subjects were genotyped for the 11 common G6PD variants occur-

ring in Southeast Asia using the Snapshot assay. Consistent with the earlier finding [16], the

G6PD deficiency and HbE co-inheritance
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majority (22/24) of them carried the G6PD Mahidol variant (487G>A), including 12 male

hemizygotes, 1 female homozygote, and 9 female heterozygotes. Two (8%) females had

unknown G6PD genotypes. All six aforementioned males with severe G6PD deficiency had

the G6PD Mahidol 487G>A mutation. This result showed that the G6PD Mahidol variant

(generally considered to be benign or to only cause moderate levels of deficiency) could also

cause severe G6PD deficiency in males (Fig 1).

β-thalassemia genotypes and Hb levels

Using an allele-specific PCR for HbE (S1 Fig), a total of 39 (39%) participants including 20

males and 19 females were found to carry the HbE alleles. To identify whether these 39 HbE

individuals carried additional β-thalassemia genotypes, they were analyzed for the 17 known

β-thalassemia genotypes using a PCR reverse dot blot hybridization assay (S2 Fig). This analy-

sis only identified HbE mutations in the population, while the rest of 16 β-thalassemia geno-

types were not found. HbE heterozygotes had two hybridization spots in the N (wild-type) and

M (mutation) probe blots (S2 Fig), whereas homozygotes had one hybridization spot in the M

(mutation) probe blot (S2 Fig). The 39 subjects carrying the HbE alleles were identified to be

15 HbE homozygotes and 24 HbE heterozygotes.

Co-inheritance of G6PD deficiency and HbE

In the study population, co-inheritance of G6PD deficiency and HbE occurred at 23%

(Table 1). Twenty-two G6PD-deficient subjects carrying the G6PD 487G>A allele (12 male

hemizygotes, one female homozygote, and nine female heterozygotes) were HbAE heterozy-

gotes, whereas the two females with unknown G6PD genotypes were with HbAA and HbEE,

respectively. Twenty-two of the 24 (91.7%) subjects co-inherited with HbE and G6PD defi-

ciency were HbAE heterozygotes. Surprisingly, HbEE and HbAE genotypes were overly pre-

sented in the G6PD-deficient group (95.8%) as compared with those in the G6PD-normal

group (21.1%, P< 0.005, nonparametric test, Table 1).

Fig 1. Distribution of the G6PD enzymatic activity values (U/g Hb) in 100 individuals of the Kachin

ethnicity. These with enzyme activity at 1.2–4.5 U/g Hb were considered mildly G6PD deficient, while those

with enzyme activity below 1.2 U/g Hb were considered severely G6PD deficient based on the population

mean of G6PD enzyme activity at 12.7 U/g Hb.

https://doi.org/10.1371/journal.pone.0177917.g001
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Potential effects of G6PD deficiency and HbE on Hb levels

In the entire study population, there were 23 anemic people, 20 with mild/moderate anemia

and three with severe anemia. The prevalence of anemia was 30.7% (12/39) in the HbE group

and 18% (11/61) in the HbA group. All three subjects with severe anemia were male and in the

HbE group. The mean Hb level in the HbA group (136.5±1.7 g/L, n = 61) was higher than in

the HbE group (127.3±4.9 g/L, n = 39), albeit the difference was not significantly different

(P> 0.05, t-test) (Fig 2A). The mean Hb levels were 141.5±2.3 g/L and 121.0±9.0 g/L in the

HbA and HbE male groups respectively, while they were 130.5±2.0 g/L and 133.9±3.1 g/L in

the HbA and HbE female groups, respectively. These levels were not significantly different

from each other (P> 0.05). Furthermore, to determine the potential effect of the HbE trait on

the Hb level without the influence of G6PD status, we analyzed the effect of HbE in G6PD nor-

mal individuals (Fig 2B). The results showed no difference in Hb levels between the HbE and

HbA groups, although one male with severe anemia and one male with moderate anemia both

were in the HbE group (Fig 2B).

Comparison of the Hb levels between the G6PD-normal (135.2±1.8 g/L, n = 76) and -defi-

cient (125.8±7.2 g/L, n = 24) groups did not detect a significant difference (P> 0.05, t-test)

(Fig 2C). Where Hb levels were not significantly different between G6PD-normal (130.6±2.0

g/L, n = 35) and -deficient (135.8±3.3 g/L, n = 12) females (P> 0.05, t-test), G6PD-deficient

males had significantly lower Hb level (115.4±13.6 g/L, n = 12) than G6PD-normal males

(139.1±2.7 g/L, n = 41) (P< 0.05, t-test).

Further analyses were performed to determine whether co-inheritance of the G6PD variant

and the HbE allele affected the Hb levels. Among the HbE (both HbEE and HbAE) subjects,

Hb levels in the G6PD-normal (129.3±5.5 g/L, n = 16) and G6PD-deficient (125.9±7.5 g/L,

n = 23) groups did not differ significantly (P> 0.05, Fig 2D). In addition, among the HbE

females, Hb levels were also similar in the G6PD-normal group (129.9±5.6 g/L, n = 8) and

G6PD-deficient group (136.8±3.5 g/L, n = 11) (P> 0.05). However, among the HbE males, the

Hb level in the G6PD-normal group (128.8±9.9 g/L, n = 8) was higher than in the G6PD-defi-

cient group (115.8±13.6 g/L, n = 12), but the difference did not reach statistical significance

(P> 0.05, Mann-Whitney test, Fig 2D). Nevertheless, two G6PD-deficient males with HbAE

displayed severe anemia with Hb levels below 80 g/L, suggesting that co-inheritance of the

G6PD deficiency and HbAE may have more severe impacts on Hb levels in males.

Discussion

The spread and fixation of malaria-related red-cell disorders are driven by migration and

selection pressure of malaria in malaria-endemic areas. Strong positive selection for malaria

resistance imposed on these genes has led to high frequencies of these mutations in the human

populations under selection [21], and the selective advantage has left a number of genetic

Table 1. G6PD phenotypes and HbE and genotypes in the study population (n = 100).

G6PD Deficient (N = 24) G6PD Normal (N = 76)

HbAE HbEE HbAA HbAE HbEE HbAA

Male 12 0 0 1 7 33

Female 10 1 1 1 7 27

Total 22 1 1 2 14 60

Total with HbE (%) or HbAA (%)* 23 (95.8%) 1 (4.2%) 16 (21.1%) 60 (78.9%)

* For HbEE and HbAE analysis in G6PD-deficient and -normal groups, P <0.005, 95% (CI = 10.813–688.097)

https://doi.org/10.1371/journal.pone.0177917.t001
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variants as genome imprints over generations [22]. The malaria-resistant red-cell disorders

such as G6PD deficiency and thalassemias are common in parts of Southeast Asia where

malaria is endemic [23–25]. The high frequencies of G6PD deficiency linked to the X chromo-

some and recessive autosomal HbE disorder observed in the China-Myanmar border area sug-

gest selection advantages in the human host, which led to their co-adaptation. Most previous

studies about the influence of hemoglobinopathies on malaria focused on the HbS and HbC

mutations, whereas HbE was rarely addressed. This study addressed two prevalent erythrocyte

disorders, G6PD deficiency and HbE, in the malarious Kachin region of northeastern Myan-

mar, and revealed that these two disorders co-occur at high frequencies in the study popula-

tion. A potential link between Hb levels and these two genetic RBC disorders was explored

both individually and in combination.

This study further confirmed that the prevalence (>20%) of G6PD deficiency in people of

Kachin ethnicity living near the China-Myanmar border was slightly higher than that deter-

mined for the Karen ethnicity residing at the Thailand-Myanmar border. In both border

Fig 2. Comparison of Hb levels between different groups. A. Hb levels between HbA and HbE groups. B. Hb levels in G6PD normal

individuals between the HbE and HbA groups. C. Hb levels between G6PD-deficient and G6PD-normal groups. D. Hb levels in HbE

individuals between G6PD-deficient and G6PD-normal groups.

https://doi.org/10.1371/journal.pone.0177917.g002
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regions, the Mahidol type was the predominant variant. Although the Mahidol variant is his-

torically considered as a WHO Class III G6PD deficiency and is associated with mild levels of

enzyme deficiency, this study revealed that half of the hemizygous males with the Mahidol

487G>A mutation had severe G6PD deficiency. This finding echoed that by Bancone et al.

(2014), who reported that the G6PD enzymatic activity of the Mahidol variant in some hemi-

zygous males was below 10% of the G6PD activity in normal males at the Thailand-Myanmar

border [26]. Given that primaquine is likely to induce acute hemolysis in these patients with

severe G6PD deficiency, it is highly necessary to evaluate G6PD deficiency in malaria patients

prior to prescribing primaquine for radical cure of vivax malaria.

Since oxidative stress may trigger hemolysis of senescent G6PD-deficient RBCs with

reduced levels of NAPDH, severe G6PD deficiency is linked to severe hemolytic anemia

induced by food (e.g., fava bean) and drugs (e.g., primaquine) [27]. Although Hb levels were

similar between G6PD-normal and -deficient females, G6PD-deficient hemizygous males

had significantly lower Hb level than G6PD-normal males. This result suggests that at least

in males of the Kachin ethnicity, G6PD deficiency may be an important causative factor of

anemia.

Worldwide, HbE is caused by an amino acid substitution in the β chain and predominates

in Southeast Asia with reported high prevalence in parts of Thailand, Laos, Cambodia, India,

Sri Lanka, and Malaysia [8,25,28]. Previous data from China’s Yunnan Province also showed

high prevalence of HbE [29,30]. This study estimated a 39% overall prevalence of HbE in the

Kachin ethnicity. Mean Hb levels did not differ significantly between the HbA and HbE

groups regardless of sex, suggesting that HbE alone might not be the only reason for anemia.

Of the several hypotheses put forward to explain the high frequency of HbE in Southeast Asia,

one considered the result of selection by malaria. HbE is proposed to offer protection against

the deleterious effects of malaria by reducing erythrocyte invasion by merozoites, lowering

intra-erythrocytic parasite growth, and enhancing phagocytes of infected erythrocytes. The

age of the HbE variant in the Thai population was estimated to be between 1,240 and 4,440

years ago using a simulation analysis [31]. Interestingly, this time frame coincided with that of

the G6PD Mahidol variant, the most common G6PD mutation in Myanmar, western Thai-

land, and the China-Myanmar border, which also was under strong and recent positive selec-

tion over the past 1,500 years [32]. This highlights malaria as an important ecologic factor in

the selection and maintenance of high frequencies of G6PD deficiency and HbE in the human

populations in this region. In other words, the Kachins were historically located in mountain

areas with restricted transportation. The high prevalence of G6PD deficiency and HbE may

be the results of multiple factors in addition to selection by malaria. Genetic exchange with

other neighboring groups such as the Achang ethnicity with similar levels of G6PD deficiency

and the Mahidol variant as the major G6PD variant, as well as genetic drift as the result of

restricted gene flow in the relatively small population, may also contribute to the high preva-

lence of the two malaria-related RBC disorders [30,33]. The high levels of co-inheritance of

G6PD deficiency and HbE in the Kachin ethnicity deserves future studies with regard to their

evolutionary histories.

This study evaluated the interactions of two red-cell disorders and their potential combina-

tory effect on anemia. Hemoglobinopathies and G6PD deficiency occur at high frequencies in

malaria-endemic areas such as the GMS and co-inheritance of two traits is expected to be also

common. In Thailand, screening of 410 thalassemia patient samples for G6PD deficiency iden-

tified 37 (9%) patients with co-inheritance of the two traits, among which 10 co-inherited HbE

and G6PD deficiency [34]. Yet, co-inheritance of G6PD with α-thalassemia or HbE trait did

not affect the hematological parameters or induce more severe anemia. In Bangladesh, a study

of 202 individuals showed that 36% were HbAE and 8% were HbEE. Meanwhile, 34.7% and
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6.4% of the population had mild and severe G6PD deficiency, respectively. It has been argued

that the >6% of the individuals with severe G6PD deficiency necessitates G6PD screening

before the prescription of primaquine, whereas the HbEE may lead to an increased risk of

uncomplicated malaria. However, the co-inheritance of the two traits and their potential

impacts on malaria were not examined [35]. Another survey of hemoglobinopathies and

G6PD deficiency in various ethnic groups living in Shan State of Myanmar detected the overall

frequencies of α-thalassemia, HbE and G6PD-Mahidol at 37.5, 20.3 and 17.5%, respectively,

and G6PD-Mahidol and HbE co-occurred in 2.8% of the population [25]. In the present study,

with the prevalence of HbE at 39% and G6PD deficiency at 24%, 22% of the study population

was found to have co-inherited the HbE and G6PD 487G>A variant. Tagarelli et al. (2000)

reported that in the Calabrian population in Italy the G6PD enzymatic activity of thalassemia

trait groups was significantly higher than that from the normal subjects [36]. However, our

study showed that most of the participants who co-inherited both traits showed low G6PD

enzyme activity. This discrepancy may lie in the types of G6PD deficiencies and thalassemias

involved in these studies. The early study used both α- and β-thalassemia subjects who had a

high number of young erythrocytes in circulation, which have contributed to the increased

G6PD activity. However, our results indicated that the HbE trait in Southeast Asia did not

show a clear effect on Hb levels. Nevertheless, two G6PD-deficient males with HbAE were

severely anemic with Hb levels of< 80 g/L, suggesting that co-inheritance of these two traits

may have more drastic effects on anemia in males. Previous speculations on malaria as a selec-

tive agent favoring G6PD deficiency and HbE were based on evidence derived from their geo-

graphical distributions. A population genetic study further indicated that the Mahidol G6PD

variant provides significant protection against P. vivax malaria [32]. Interestingly, an over-

whelming proportion (22/24) of G6PD-deficient subjects in this study also carried the HbAE

genotype. The reasons for such an association between G6PD deficiency and HbAE are not

known, but it is possible that such a combination would offer more protection against malaria.

A major limitation of the study is that the small sample size of 100 individuals may be too

small to provide sufficient statistical power and the results may not represent the true preva-

lence of the two RBC disorders in the total Kachin population. Nevertheless, the information

on the prevalence of the two RBC disorders and the proportion of anemia estimated in this

study will provide baseline information for more vigorous studies on the evolutionary histories

of these disorders and their impacts on malaria.

Conclusions

This study revealed a high prevalence of HbE (39%) and G6PD deficiency (24%) in a small

population of the Kachin ethnicity. Genotyping confirmed the G6PD Mahidol variant as the

predominant mutation. A G6PD enzymatic assay revealed that the Mahidol variant could be

associated with G6PD enzyme activity levels below 10% of the normal level. Interestingly,

HbEE and HbAE genotypes were significantly overrepresented in the G6PD-deficient group.

In this area of P. vivax endemicity, the presence of severe G6PD deficiency highlights an

increased risk of hemolytic anemia due to primaquine use and emphasizes the necessity of

screening for G6PD deficiency before prescribing radical treatment with primaquine.
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S1 Fig. Detection of HbE alleles by allele-specific PCR. HbE allele-specific PCR produces a

band of 400 bp, while an internal control of 861 bp was included in each sample. M, 1000 bp

DNA Ladder; Lanes 1–6, DNA products of individual samples. Lanes 1, 2, 4 and 6 show the

861 bp PCR products from normal samples, while lanes 3 and 5 show the PCR products of 861

bp and 400 bp from samples carrying the HbE mutant allele.

(TIF)

S2 Fig. Genotyping of β thalassemia genotypes by reverse dot blots. A. The positions of the

probes blotted on the nylon membrane used for the reverse dot blot assay. Wild-type and

mutant probes are denoted by N and M, respectively. B. Representative image of a blot from a

normal person showing hybridization to the first row only. C. Representative image of an HbE

heterozygote showing hybridization to both βEN and βEM probes in column 6. D. Representa-

tive image of an HbE homozygote showing hybridization only to the βEM probe in column 6.

(TIF)

Author Contributions

Conceptualization: YH LC.

Data curation: YH LC.

Formal analysis: ZSD FY YB.

Funding acquisition: YH LC.

Investigation: ZSD FY YB LJH QL YRW LL HL LMM ZQY.

Methodology: ZSD FY YB LJH QL YRW LL HL LMM ZQY.

Project administration: YH LC.

Writing – original draft: YH LC.

Writing – review & editing: YH LC.

References

1. Charoenkwan P, Tantiprabha W, Sirichotiyakul S, Phusua A, Sanguansermsri T. Prevalence and

molecular characterization of glucose-6-phosphate dehydrogenase deficiency in northern Thailand.

Southeast Asian J Trop Med Public Health. 2014; 45 (1): 187–193. PMID: 24964669

2. Orkin SH, Kazazian HH Jr., Antonarakis SE, Ostrer H, Goff SC, Sexton JP. Abnormal RNA processing

due to the exon mutation of beta E-globin gene. Nature. 1982; 300 (5894): 768–769. PMID: 7177196

3. Glader BE, Look KA. Hematologic disorders in children from southeast Asia. Pediatr Clin North Am.

1996; 43 (3): 665–681. PMID: 8649904

4. He J, Zeng X, Zhang Y, Su J, Ding X, Li S, et al. Prevalence of hemoglobin E in Yunnan Province of

Southwest China. Hematology. 2016; 21 (1): 54–59. https://doi.org/10.1179/1607845415Y.

0000000044 PMID: 26292035

5. Taylor SM, Parobek CM, Fairhurst RM. Haemoglobinopathies and the clinical epidemiology of malaria:

a systematic review and meta-analysis. Lancet Infect Dis. 2012; 12 (6): 457–468. https://doi.org/10.

1016/S1473-3099(12)70055-5 PMID: 22445352

6. Flint J, Harding RM, Boyce AJ, Clegg JB. The population genetics of the haemoglobinopathies. Bail-

lieres Clin Haematol. 1993; 6 (1): 215–262. PMID: 8353314

7. Lopez C, Saravia C, Gomez A, Hoebeke J, Patarroyo MA. Mechanisms of genetically-based resistance

to malaria. Gene. 2010; 467 (1–2): 1–12. https://doi.org/10.1016/j.gene.2010.07.008 PMID: 20655368

8. Lithanatudom P, Wipasa J, Inti P, Chawansuntati K, Svasti S, Fucharoen S, et al. Hemoglobin E preva-

lence among ethnic groups residing in malaria-endemic areas of northern Thailand and its lack of

G6PD deficiency and HbE co-inheritance

PLOS ONE | https://doi.org/10.1371/journal.pone.0177917 May 22, 2017 10 / 12

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177917.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0177917.s003
http://www.ncbi.nlm.nih.gov/pubmed/24964669
http://www.ncbi.nlm.nih.gov/pubmed/7177196
http://www.ncbi.nlm.nih.gov/pubmed/8649904
https://doi.org/10.1179/1607845415Y.0000000044
https://doi.org/10.1179/1607845415Y.0000000044
http://www.ncbi.nlm.nih.gov/pubmed/26292035
https://doi.org/10.1016/S1473-3099(12)70055-5
https://doi.org/10.1016/S1473-3099(12)70055-5
http://www.ncbi.nlm.nih.gov/pubmed/22445352
http://www.ncbi.nlm.nih.gov/pubmed/8353314
https://doi.org/10.1016/j.gene.2010.07.008
http://www.ncbi.nlm.nih.gov/pubmed/20655368
https://doi.org/10.1371/journal.pone.0177917


association with Plasmodium falciparum invasion in vitro. PLoS One. 2016; 11 (1): e0148079. https://

doi.org/10.1371/journal.pone.0148079 PMID: 26808200

9. Naka I, Ohashi J, Nuchnoi P, Hananantachai H, Looareesuwan S, Tokunaga K, et al. Lack of associa-

tion of the HbE variant with protection from cerebral malaria in Thailand. Biochem Genet. 2008; 46 (11–

12): 708–711. https://doi.org/10.1007/s10528-008-9185-3 PMID: 18787944

10. Amoako N, Asante KP, Adjei G, Awandare GA, Bimi L, Owusu-Agyei S. Associations between red cell

polymorphisms and Plasmodium falciparum infection in the middle belt of Ghana. PLoS One. 2014; 9

(12): e112868. https://doi.org/10.1371/journal.pone.0112868 PMID: 25470251

11. Chotivanich K, Udomsangpetch R, Pattanapanyasat K, Chierakul W, Simpson J, Looareesuwan S,

et al. Hemoglobin E: a balanced polymorphism protective against high parasitemias and thus severe P.

falciparum malaria. Blood. 2002; 100 (4): 1172–1176. PMID: 12149194

12. Tsegaye A, Golassa L, Mamo H, Erko B. Glucose-6-phosphate dehydrogenase deficiency among

malaria suspects attending Gambella hospital, southwest Ethiopia. Malar J. 2014; 13: 438. https://doi.

org/10.1186/1475-2875-13-438 PMID: 25406667

13. Vizzi E, Bastidas G, Hidalgo M, Colman L, Perez HA. Prevalence and molecular characterization of

G6PD deficiency in two Plasmodium vivax endemic areas in Venezuela: predominance of the African

A-(202A/376G) variant. Malar J. 2016; 15: 19. https://doi.org/10.1186/s12936-015-1069-5 PMID:

26753754

14. Sarkar S, Biswas NK, Dey B, Mukhopadhyay D, Majumder PP. A large, systematic molecular-genetic

study of G6PD in Indian populations identifies a new non-synonymous variant and supports recent posi-

tive selection. Infect Genet Evol. 2010; 10 (8): 1228–1236. https://doi.org/10.1016/j.meegid.2010.08.

003 PMID: 20713184

15. Chu CS, White NJ. Management of relapsing Plasmodium vivax malaria. Expert Rev Anti Infect Ther.

2016; 14 (10): 885–900. https://doi.org/10.1080/14787210.2016.1220304 PMID: 27530139

16. Hu Y, Zhou G, Ruan Y, Lee MC, Xu X, Deng S, et al. Seasonal dynamics and microgeographical spatial

heterogeneity of malaria along the China-Myanmar border. Acta Trop. 2016; 157: 12–19. https://doi.

org/10.1016/j.actatropica.2016.01.022 PMID: 26812008

17. Lyttleton C. Deviance and resistance: Malaria elimination in the greater Mekong subregion. Soc Sci

Med. 2016; 150: 144–152. https://doi.org/10.1016/j.socscimed.2015.12.033 PMID: 26751710

18. Li Q, Yang F, Liu R, Luo L, Yang Y, Zhang L, et al. Prevalence and Molecular Characterization of Glu-

cose-6-Phosphate Dehydrogenase Deficiency at the China-Myanmar Border. PLoS One. 2015; 10 (7):

e0134593. https://doi.org/10.1371/journal.pone.0134593 PMID: 26226515

19. Zhang L, Yang Y, Liu R, Li Q, Yang F, Ma L, et al. A multiplex method for detection of glucose-6-phos-

phate dehydrogenase (G6PD) gene mutations. Int J Lab Hematol. 2015; 37 (6): 739–745. https://doi.

org/10.1111/ijlh.12405 PMID: 26190099

20. Sanchaisuriya K, Fucharoen G, Sae-ung N, Jetsrisuparb A, Fucharoen S. Molecular and hematologic

features of hemoglobin E heterozygotes with different forms of alpha-thalassemia in Thailand. Ann

Hematol. 2003; 82 (10): 612–616. https://doi.org/10.1007/s00277-003-0689-y PMID: 12955472

21. Min-Oo G, Gros P. Erythrocyte variants and the nature of their malaria protective effect. Cell Microbiol.

2005; 7 (6): 753–763. https://doi.org/10.1111/j.1462-5822.2005.00524.x PMID: 15888079

22. Timmann C, Thye T, Vens M, Evans J, May J, Ehmen C, et al. Genome-wide association study indi-

cates two novel resistance loci for severe malaria. Nature. 2012; 489 (7416): 443–446. https://doi.org/

10.1038/nature11334 PMID: 22895189

23. Yanola J, Kongpan C, Pornprasert S. Prevalence of anemia, iron deficiency, thalassemia and glucose-6-

phosphate dehydrogenase deficiency among hill-tribe school children in Omkoi District, Chiang Mai Prov-

ince, Thailand. Southeast Asian J Trop Med Public Health. 2014; 45 (4): 920–925. PMID: 25427361

24. O’Riordan S, Hien TT, Miles K, Allen A, Quyen NN, Hung NQ, et al. Large scale screening for haemo-

globin disorders in southern Vietnam: implications for avoidance and management. Br J Haematol.

2010; 150 (3): 359–364. https://doi.org/10.1111/j.1365-2141.2010.08237.x PMID: 20497177

25. Than AM, Harano T, Harano K, Myint AA, Ogino T, Okadaa S. High incidence of 3-thalassemia, hemo-

globin E, and glucose-6-phosphate dehydrogenase deficiency in populations of malaria-endemic south-

ern Shan State, Myanmar. Int J Hematol. 2005; 82 (2): 119–123. https://doi.org/10.1532/IJH97.05028

PMID: 16146842

26. Bancone G, Chu CS, Somsakchaicharoen R, Chowwiwat N, Parker DM, Charunwatthana P, et al.

Characterization of G6PD genotypes and phenotypes on the northwestern Thailand-Myanmar border.

PLoS One. 2014; 9 (12): e116063. https://doi.org/10.1371/journal.pone.0116063 PMID: 25536053

27. Khan TA, Mazhar H, Nawaz M, Kalsoom K, Ishfaq M, Asif H, et al. Expanding the clinical and genetic

spectrum of G6PD deficiency: The occurrence of BCGitis and novel missense mutation. Microb Pathog.

2017; 102: 160–165. https://doi.org/10.1016/j.micpath.2016.11.025 PMID: 27914961

G6PD deficiency and HbE co-inheritance

PLOS ONE | https://doi.org/10.1371/journal.pone.0177917 May 22, 2017 11 / 12

https://doi.org/10.1371/journal.pone.0148079
https://doi.org/10.1371/journal.pone.0148079
http://www.ncbi.nlm.nih.gov/pubmed/26808200
https://doi.org/10.1007/s10528-008-9185-3
http://www.ncbi.nlm.nih.gov/pubmed/18787944
https://doi.org/10.1371/journal.pone.0112868
http://www.ncbi.nlm.nih.gov/pubmed/25470251
http://www.ncbi.nlm.nih.gov/pubmed/12149194
https://doi.org/10.1186/1475-2875-13-438
https://doi.org/10.1186/1475-2875-13-438
http://www.ncbi.nlm.nih.gov/pubmed/25406667
https://doi.org/10.1186/s12936-015-1069-5
http://www.ncbi.nlm.nih.gov/pubmed/26753754
https://doi.org/10.1016/j.meegid.2010.08.003
https://doi.org/10.1016/j.meegid.2010.08.003
http://www.ncbi.nlm.nih.gov/pubmed/20713184
https://doi.org/10.1080/14787210.2016.1220304
http://www.ncbi.nlm.nih.gov/pubmed/27530139
https://doi.org/10.1016/j.actatropica.2016.01.022
https://doi.org/10.1016/j.actatropica.2016.01.022
http://www.ncbi.nlm.nih.gov/pubmed/26812008
https://doi.org/10.1016/j.socscimed.2015.12.033
http://www.ncbi.nlm.nih.gov/pubmed/26751710
https://doi.org/10.1371/journal.pone.0134593
http://www.ncbi.nlm.nih.gov/pubmed/26226515
https://doi.org/10.1111/ijlh.12405
https://doi.org/10.1111/ijlh.12405
http://www.ncbi.nlm.nih.gov/pubmed/26190099
https://doi.org/10.1007/s00277-003-0689-y
http://www.ncbi.nlm.nih.gov/pubmed/12955472
https://doi.org/10.1111/j.1462-5822.2005.00524.x
http://www.ncbi.nlm.nih.gov/pubmed/15888079
https://doi.org/10.1038/nature11334
https://doi.org/10.1038/nature11334
http://www.ncbi.nlm.nih.gov/pubmed/22895189
http://www.ncbi.nlm.nih.gov/pubmed/25427361
https://doi.org/10.1111/j.1365-2141.2010.08237.x
http://www.ncbi.nlm.nih.gov/pubmed/20497177
https://doi.org/10.1532/IJH97.05028
http://www.ncbi.nlm.nih.gov/pubmed/16146842
https://doi.org/10.1371/journal.pone.0116063
http://www.ncbi.nlm.nih.gov/pubmed/25536053
https://doi.org/10.1016/j.micpath.2016.11.025
http://www.ncbi.nlm.nih.gov/pubmed/27914961
https://doi.org/10.1371/journal.pone.0177917


28. Suresh S, Fisher C, Ayyub H, Premawardhena A, Allen A, Perera A, et al. Alpha thalassaemia and

extended alpha globin genes in Sri Lanka. Blood Cells Mol Dis. 2013; 50 (2): 93–98. https://doi.org/10.

1016/j.bcmd.2012.10.001 PMID: 23138098

29. Liu H, Huang K, Liu S, Sun H, Lin K, Huang X, et al. Gene frequency and haplotype distribution of hemo-

globin E among seven minority groups of Yunnan, China. Am J Hum Biol. 2016; 28 (6): 927–931.

https://doi.org/10.1002/ajhb.22868 PMID: 27273162

30. Wang S, Zhang R, Xiang G, Li Y, Hou X, Jiang F, et al. Mutation screening for thalassaemia in the Jino

ethnic minority population of Yunnan Province, Southwest China. BMJ Open. 2015; 5 (12): e010047.

https://doi.org/10.1136/bmjopen-2015-010047 PMID: 26715484

31. Ohashi J, Naka I, Patarapotikul J, Hananantachai H, Brittenham G, Looareesuwan S, et al. Extended

linkage disequilibrium surrounding the hemoglobin E variant due to malarial selection. Am J Hum

Genet. 2004; 74 (6): 1198–1208. https://doi.org/10.1086/421330 PMID: 15114532

32. 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): 1546–1549. https://doi.org/10.1126/science.1178849 PMID: 20007901

33. Yang Y, Zhu Y, Li D, Li Z, Lu H, Wu J, et al. Characterization of glucose-6-phosphate dehydrogenase

deficiency and identification of a novel haplotype 487G>A/IVS5-612(G>C) in the Achang population of

Southwestern China. Sci China C Life Sci. 2007; 50 (4): 479–485. https://doi.org/10.1007/s11427-007-

0072-7 PMID: 17653668

34. Pornprasert S, Phanthong S. Anemia in patients with coinherited thalassemia and glucose-6-phosphate

dehydrogenase deficiency. Hemoglobin. 2013; 37 (6): 536–543. https://doi.org/10.3109/03630269.

2013.819558 PMID: 23944358

35. Shannon KL, Ahmed S, Rahman H, Prue CS, Khyang J, Ram M, et al. Hemoglobin E and glucose-6-

phosphate dehydrogenase deficiency and Plasmodium falciparum malaria in the Chittagong Hill Dis-

tricts of Bangladesh. Am J Trop Med Hyg. 2015; 93 (2): 281–286. https://doi.org/10.4269/ajtmh.14-

0623 PMID: 26101273

36. Tagarelli A, Piro A, Bastone L, Tagarelli G. Identification of glucose 6-phosphate dehydrogenase defi-

ciency in a population with a high frequency of thalassemia. FEBS Lett. 2000; 466 (1): 139–142. PMID:

10648829

G6PD deficiency and HbE co-inheritance

PLOS ONE | https://doi.org/10.1371/journal.pone.0177917 May 22, 2017 12 / 12

https://doi.org/10.1016/j.bcmd.2012.10.001
https://doi.org/10.1016/j.bcmd.2012.10.001
http://www.ncbi.nlm.nih.gov/pubmed/23138098
https://doi.org/10.1002/ajhb.22868
http://www.ncbi.nlm.nih.gov/pubmed/27273162
https://doi.org/10.1136/bmjopen-2015-010047
http://www.ncbi.nlm.nih.gov/pubmed/26715484
https://doi.org/10.1086/421330
http://www.ncbi.nlm.nih.gov/pubmed/15114532
https://doi.org/10.1126/science.1178849
http://www.ncbi.nlm.nih.gov/pubmed/20007901
https://doi.org/10.1007/s11427-007-0072-7
https://doi.org/10.1007/s11427-007-0072-7
http://www.ncbi.nlm.nih.gov/pubmed/17653668
https://doi.org/10.3109/03630269.2013.819558
https://doi.org/10.3109/03630269.2013.819558
http://www.ncbi.nlm.nih.gov/pubmed/23944358
https://doi.org/10.4269/ajtmh.14-0623
https://doi.org/10.4269/ajtmh.14-0623
http://www.ncbi.nlm.nih.gov/pubmed/26101273
http://www.ncbi.nlm.nih.gov/pubmed/10648829
https://doi.org/10.1371/journal.pone.0177917

