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The identification and management of low parasitemia infections have become
increasingly challenging for malaria control and elimination. Submicroscopic
Plasmodium infections and G6PD deficiency among febrile patients require
more sensitive diagnostic methods to improve detection and careful treatment
regime of these infections. In Ethiopia, information on the low density
submicroscopic malarial infections and frequency of G6PD deficiency
(G6PDd) is scarce. In this study, 297 malaria suspected febrile patient
samples were collected from health facilities of Bonga town in southwestern
Ethiopia. The positivity rates of Plasmodium infection were determined by
microscopy and quantitative PCR. G6PD activity level was determined by
careSTART™ G6PD biosensor and the frequency of three common variants:
G6PD*A (A376G), G6PD*A- (G202A) and Mediterranean (C563T) were
investigated. G6PD gene sequencing was performed to detect mutations in
exons 2-11 for both G6PD normal and deficient samples based on the
phenotypic assay. More than twice Plasmodium infected samples was
detected by qPCR (52/297; 17.4%) than microscopy (21/297; 7.0%). About 31
(10%) of the infections were submicroscopic. Bednet usage and age had a
significant association with Plasmodium infection. Of the 271 participants who
were tested for G6PD phenotype, 19 (7.0%) had low G6PD level. No mutations
were observed in A376G, G202A, and C563T in the G6PDd samples, but three
novel non-synonymous mutations in exon 2 including a C to T transition at
position ChrX:6504 (Arg to Thr), G to T at ChrX:6369 (Ser to lle), and G to C at
ChrX:6664 (Gln to His) were detected. A high number of submicroscopic
Plasmodium infections observed in this study pose a challenge for accurate and
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timely diagnosis, which could hinder malaria control efforts. G6PD deficiency in
malaria patients pose danger when treating patients with primaquine. The three
novel mutations detected in exon 2 of the G6PD gene merit further
investigation on the hemolytic risk when exposed to oxidative antimalarials,
their prevalence, and clinical significance.

KEYWORDS

submicroscopic, Plasmodium infection, malaria elimination, G6PD deficiency,

Southwestern Ethiopia

Background

Malaria is one of the major tropical diseases that poses a
threat to public health and adversely affects the economic
development of countries in sub-Sahara Africa (1). In
Ethiopia, malaria accounts for about 60% of all hospital
admission. Much of malaria-related illness and death occur in
the most remote, rural areas of the country where there is
insufficient health care coverage, poverty, and other socio-
economic issues (2-4). In 2019, a total of 904,496 malaria
cases responsible for 213 deaths were recorded. Ethiopia is one
of the few African countries where Plasmodium falciparum and
P. vivax coexist (5, 6). Plasmodium falciparum accounted for
81% of the total cases, and the remaining cases were attributed to
P. vivax (7, 8). As malaria prevalence has shown slight decline in
the past few years, transmission appears to be heterogeneous
across the country, with some areas being relatively free whereas
others are still facing a high malaria burden (5, 6, 9).

Malaria control and elimination strategies heavily depend on
timely, accurate diagnosis and effective treatment (10, 11).
Microscopy is a gold standard and common malaria diagnostic
test in several African countries because of its high specificity,
convenient with a rapid turnaround time, and is inexpensive.
However, it has limited sensitivity especially for low parasitemia
infections, which require highly competent microscopists
complemented by molecular assays. An improved point-of-
care detection method is critical because transmission caused
by low parasitemia infections hinders the progress and goal of
malaria elimination (10). Systematic identification and
treatment of individuals with submicroscopic Plasmodium
infections as part of the surveillance and intervention strategy
would reduce and eliminate the parasite reservoirs that lead to
transmission (11, 12).

Another factor that impacts the risk of malaria infections is
glucose-6-phosphate dehydrogenase deficiency (G6PDd), which
is the most common enzymatic disorder of red blood cells,

Abbreviations: G6PD, Glucose-6-phosphate dehydrogenase; PQ,
Primaquine; CQ, Chloroquine; AMM, Adjusted Male Median.
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affecting 400 million people worldwide (13). G6PDd is an X-
linked disorder with high prevalence particularly in people of
African, Asian, and Mediterranean descent. The gene encoding
the G6PD protein is polymorphic, with more than 400 variants.
In Sub-Saharan Africa, G6PD* B, G6PD*A and G6PD*A- were
the most common variants (14). The G6PD variants were
relative homogeneous in America, Africa, and western Asia,
sharply contrasted with the heterogeneity of variants in China
and Southeast Asia. While individuals with G6PD-deficient
alleles have selective advantage against severe malaria, they can
still be infected with low plasmodium densities and contribute to
the transmission reservoirs. The prevalence of G6PDd is high in
areas where malaria is endemic (15). In Ethiopia, G6PDd was
estimated to be 1-14% (16), but G6PD information is still lacking
in most part of southwestern Ethiopia where malaria
transmission is high.

The use of single dose primaquine has been recently adopted
by the Ethiopian Federal Ministry of Health (FMoH) as a radical
treatment regime in 239 districts that are targeted for
elimination. However, such treatment regime will be provided
without prior G6PD testing. This could pose a high risk to
malaria patients who are G6PD deficient and treated with
primaquine. Thus, information on the prevalence of
submicroscopic infections and G6PD deficiency in malaria
patents is necessary for accurate diagnosis and risk-free
treatment. This study determined the prevalence and factors
associated with submicroscopic malaria infections, the frequency
of G6PD deficiency, and the association between G6PD
phenotype and genotype among malaria suspected febrile
individuals in Southwest part of Ethiopia.

Materials and methods

Ethics approval and consent
to participate

The study protocol was reviewed and approved by
Institutional Review Board (IRB) of Institute of Health, Jimma

frontiersin.org
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University (Ref. No. IHRPGD/711/20) and written informed
consent/assent was obtained from all consenting heads of
households, parents/guardians, and individuals who were
willing to participate in the study. All experimental procedures
were performed following the IRB approved protocol.

Study site and sample collection

A total of 297 malaria suspected febrile patients were
collected at the Bonga Gebretsadiek Shawo general hospital
of Bonga town, Southwestern Ethiopia (7°16'N 36°14’E with
an average elevation of 1,714 meters; Figure 1) from July to
October 2020 based on a cross-sectional study design. Socio-
demographic data including gender, age, occupation, records of
antimalarial drug treatment, medical history, hemoglobin and
G6PD levels (Tables 1, 2) was collected from each study
participant. For participants aged below 18 years old, the
questionnaire was completed by their guardians or parents.
Finger-pricked blood sample of approximately 300ul was
collected and preserved in a EDTA tube following standard
WHO protocols (17). Thin and thick blood smears were
prepared for microscopic examination of malaria parasites
(18). A sample was considered as malaria-negative if no
parasites were detected after examining 200 fields of the thick
smear following standard WHO protocol (19-21). All slides
were read in duplicate by two microscopists at the time of
sample collection. For samples that showed discrepancy with
qPCR results, we repeated the slide read for verification.

Bonga town

Road
River
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10.3389/fitd.2022.966930

Parasite DNA extraction and
molecular screening

For each sample, parasite DNA was extracted from a dried
blood spot (~50 pl) using the Saponin/Chelex method (22).
Plasmodium species was examined by quantitative PCR of the
18S rDNA gene using species-specific primers, for P. falciparum
and P. vivax, respectively (23, 24). Amplification was performed in
a 20 pl reaction mixture containing 2 pl of genomic DNA, 10 ul
2xSYBR Green qPCR Master Mix (Thermo Scientific), and 0.5
uM primer with an initial denaturation at 95°C for 3 min, followed
by 45 cycles at 94°C for 30 sec, 55°C for 30 sec, and 68°C for 1 min
with a final 95°C for 10 sec. This was followed by a melting curve
step of temperature ranging from 65°C to 95°C with 0.5°C
increments to determine the melting temperature of each
amplified product. Each assay included positive controls of P.
falciparum HB-2 767G (MRA-667) and P. vivax E. coli (MRA-
178), in addition to negative controls including uninfected
samples and nuclease-free water. A standard curve was
produced from a 10-fold serial dilution of the control plasmids
to determine the efficiency of QPCR. Melting curve analyses were
performed for each amplified sample to confirm specific
amplifications of the target sequence. Samples yielding threshold
cycle (Ct value) higher than 38 (as indicated in the negative
controls) were considered negative for Plasmodium species.
Parasite density in a sample was quantified with the follow
equation: GCN gmple = 2 Ex(38-Ct sample), \where GCN stands for
gene copy number, Ct for the threshold cycle of the sample, and E
for amplification efficiency (25). The differences in the log-

Ethiopia

Kefa zone

FIGURE 1
Map of the study area.
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TABLE 1 Demographic characteristics of clinical malaria among suspected febrile individuals in Bonga, southwestern Ethiopia.

Parameters Number of  Total Odds ratio P. Odds ratio  P.falciparum Odds ratio  Mixed  Odds ratio
samples  infection  (95% CI) virax (95% CI) (95% Cl)  infection (95% Cl)
Overall
297 23 (7.7%) 17 (5.7%) 12 (4.0%)

Gender

Female 176 (59.3%) 29 1 14 (7.9%) 1 10 (5.6%) 1 5(2.8%) 1

Male 121(40.7%) 23 1.19(0.7-2.12)  9(7.4%)  0.93[0.42-2.1] 7 (5.7%) 1.02[0.39-2.6] 7 (5.7%) 2.03(0.66-6.3)
p=0.572 P=0.87 P=0.97 P=0.215

Age

>4 and <15 (%) 5 (.6%) 3 1 2 (40%) 1 1 140%) 1 0 1

215 and <35 215 (72.3%) 27 021[01-0.5] 16 (7.4%) 0.1&[0.057-0.6) 13 (16.0%) 0.30(0.1- 1.9] 8(3.7%) 0.47(0.03-7.3)

(%) p=0.0001** P=0.005 P=0.20 P=0.591

235 and <50 54 (18.1%) 7 0.1[0.01-07) 3 (55%)  0.14[0.029-0.5) 2 (3.7%) 0.19[0.02-1.64]  2(37%)  0.55(0.03-10.1)

(%) p=0.02 1* P=0.012 P=0.128 P=0.684

>50 (%) 23 (7.7%) 5 02[0.02-143) 2 (8.6%)  0.22[0.039-1.2) 1(4.3%) 0.22[0.02-2.92]  2(8.6%)  125[0.07-22.8]
p=0.106 P=0.079 P=0.249 P=0.88

Occupation

Indoor worker * 185 (62.2) 32 1 12 (6.4%) 1 14 (7.5%) 1 6(3.2%) 1

Open filed 112 (37.7) 20 103[0.62-1.71) 11 (9.8)  151[0.69-3.32) 3 (2.6%) 0.35[0.104-1.2] 6(5.3%) 1.65[0.55-4.99)

worker p=0.902 P=0.299 P=0.096 P=0.374

* Office clerks, teachers, shopkeepers, students, pre-school children and housekeeping (Indoor workers).
b Farmers, daily laborer, construction workers, guardsman or soldiers, gardener, casual workers, and unemployed (Open filed workers).

* and ** represent a significant level of 0.05 and 0.01, respectively.

transformed parasite GCN between the microscopic-positive and
-negative samples were assessed for significance at the level of
P<0.05 by one-tailed t-tests.

Measuring G6PD phenotype

Blood samples from each participant were tested for G6PD
enzyme levels by the careSTART ™ POCT S1 system (Access Bio
Inc.) following the manufacturer’s instructions. Two drops (20—
30 ul) of finger-prick whole blood was transferred by micro-
pipettes to a strip and inserted into the biosensor at room
temperature. The G6PD level was displayed within four
minutes and automatically recorded. G6PD normal and
deficient individuals were categorized into two classes in male
and three classes in female following the WHO classification (26,
27). The adjusted male median (AMM) G6PD activity, defined
as the median G6PD activity of all male participants after
excluding samples with less than 10% of the overall median
activity, was calculated. For male, class I is G6PD deficient with <
30% of the AMM activity and class II is normal with > 30% of the

AMM activity. For female, G6PD activity < 30%, 30-80%, and >
80% of the AMM activity are considered as G6PD deficient,
intermediate, and normal, respectively (27).

G6PD genotyping

Four PCR assays were conducted using previously published
primers to determine mutations in exons 2-11 of the G6PD gene
(Supplementary Table 1). For each assay, water was used as a
negative control. PCR amplification was conducted in a 20ul
reaction mixture containing 2 ul of genomic DNA (~50 ng/ul),
10 pul of 2xMaxima SYBR Green PCR Master Mix (Thermo
Fisher) and 0.3uM of each forward and reverse primers.
Amplifications were performed with an initial denaturation at
94°C for 3 min, followed by 38 cycles at 94°C for 30 sec, 55°C for
30 sec and 72°C for 60 sec, with a final 6 min extension at 72°C.
Amplified PCR products were separated by gel electrophoresis
with 1.5% agarose gel at 120 V for 2.00 hours. Amplified PCR
products were purified and sequenced on an ABI 3730x] DNA
analyzer (28). Sequences were analyzed using ClustalX v2.1 and

TABLE 2 Prevalence of submicroscopic infections among 297 malaria suspected febrile individuals in Bonga, southwestern Ethiopia.

Total number of Number of P.vivax Number of P. falciparum  Number of P.vivax and P. falcip arum

infections infections infections coinfections
Microscopy 21 (7.0%) 5 (1.6%) 15 (5.0%) 1 (0.3%)
qPCR 52 (17.4%) 23 (7.7%) 17 (5.7%) 12 (4.0%)
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BioEdit v7.2 (29). All sequences were aligned to the NCBI
reference sequence (NG_009015.2) to verify the specificity of
the PCR products. Samples with poor sequencing quality or
showing singleton mutations were re-amplified and sequenced.

Statistical analyses

All data were analyzed using SPSS software package version
21.0. Descriptive statistics was used to summarize the socio-
demographic characteristics of the study participants. Bivariate
logistic regression was used to determine association of malaria
infection with independent variables. Odds ratio and the
corresponding 95% CI was calculated to determine the
strength of the association. P-value < 0.05 was considered as
statistically significant.

Results

Demographic characteristics of
study participants

Among all patient samples, 121 (40.7%) were males and 176
(59.3%) were females (Table 1). About 112 (37.2%) participants
were engaged in agriculture and open field work (farmers,
construction workers, guardsmen and soldiers, gardeners); the

10.3389/fitd.2022.966930

remaining 185 (62.2%) were involved in work that is indoors
(office clerks, teachers, shopkeepers, students, pre-school
children, and housekeepers). The number of Plasmodium
infection detected by qPCR (52 out of 297; 17.4%) was more
than two-fold higher than that detected by microscopy (21 out of
297; 7.0%). Among the qPCR-positive samples, 23 (7.7%) were
identified as P. vivax, 17 (5.7%) as P. falciparum, and 12 (4.0%)
as mixed infection (Table 3). Age group and bednet usage were
significantly associated with Plasmodium infection (P<0.05). For
those who aged 215 - <35 (AOR=0.21, 95% CI: 0.02-0.59,
P=0.0001) and >35 - <50 (AOR=0.1, 95% CI: 0.01-0.7,
P=0.021) were significantly more likely to have malaria
infection than those aged below 15 and above 50. Also, those
who did not use bednet had significantly higher odds for malaria
infection (AOR=0.54, 95% CI: 0.34-0.86, P=0.01) than
those who routinely used bednet. All the other variables did
not show significant association with Plasmodium infection
(P>0.05; Table 2).

Frequency of G6PD deficiency based on
phenotypic assay

The adjusted median G6PD enzyme activity for male
participants was calculated by excluding 26 participants who
had enzyme activity less than 10% (i.e., below 0.405 U/g Hb) of
the median value obtained for all male participants. The median

TABLE 3 Risk factors associated with clinical malaria among febrile individuals in Bonga, southwestern Ethiopia.

Risk factors ~ Number of  Total Odds ratio P.
samples  infection  (95% CI)  vivax
Prior use of antimalarial drugs
Yes 81 (82.6%) 12 2.52[0.4-18.1] 2
p=0.358 (2.4%)
No 17 (17.4%) 1 1 1
(5.8%)
Bead nets usage
Yes 95(31.9%) 26 1 10
(10.5%)
No 202(68.0%) 30 0.54[0.34-0.864] 13
p=0.010* (6.4%)
Previously infected with malaria
No 199 (67%) 39 1 20
(10.0%)
Yes 98 (33%) 13 0.63[0.32-1.24] 3
p=0.179 (3.0%)
G6PD level
Normal (%) 214 (78.9%) 37 0.82[0.33-2.1] 17 (7
p=0.674 9%)
Intermediate (for 38(14.0%) 4 0.5[0.14- 1.8] 2
female; %) P=0.285 (5.2%)
Deficient (%) 19(7.0%) 4 1 2
(10.5%)

** represents a significant level of 0.01.

Frontiers in Tropical Diseases

Odds ratio P. Odds ratio Mixed Odds ratio
(95% CI) falciparum  (95% CI) infection (95% CI)
0.42[0.04-4.4] 5 (6.1%) 2.41[0.14-41.74] 5 (6.1%) 2.41[0.14-41.7]
P=0.467 P=0.544 P=0.544
1 0 1 0 1
1 6 (6.3%) 1 6 (6.3%) 1
0.61[0.3-1.34] 11 (5.4%) 0.86[0.33-2.3] 6 (2.9%) 0.5[0.16-1.42]
P=0.221 P=0.763 P=0.181
1 12 (6.0%) 1 7 (3.5%) 1
0.31[0.1-1.0] 5 (5.1%) 0.85[0.31-2.334] 5 (5.1%) 1.5[0.5-4.6]
P=0.050 P=0.746 P=0.516
0.8[0.2-3.023] 13 (6.1%)  0.58[0.14 1-2.4] 7 (3.2%) 1.4[0.1-23.6]
P=0.691 P=0.446 P=0.817
0.5[0.1-3.3] 1(2.6%) 0 25[0 024-2 6] 3 (7.8%) 3.6[0.2-66.2]
P=0.47 P=0.245 P=0.389
1 2 (10.5%) 1 0 1
05 frontiersin.org
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G6PD activity for all study participants was 4.0 U/g Hb
(range: <0.4-13.5 U/g Hb). The adjusted male median enzyme
activity (4.05 U/g Hb) was considered 100% enzyme activity
(Figure 2). Participants with enzyme activity between 0.4-1.215
U/g Hb (10%-30% of adjusted male median) were considered as
deficient. Based on this cut-oft value, 19 (6 males and 13 females;
7%) out of 271 participants were identified as deficient for G6PD
enzyme activity, 38 (14.0%) had intermediate (for female) and
214 (78.9%) are normal (Table 4). For the six G6PD deficient
males, four of them were between 4-35 years old, and two
of them were between 35-<50 years old. For the 13 G6PD
deficient females, five of them were between 40-50 years old,
and the remaining were younger than 18 years of age. Both P.
vivax and P. falciparum infections were observed in G6PD
deficient patients (Figure 3). No significant association was
observed between G6PD level and Plasmodium infection
(P>0.05; Table 2).

Association between G6PD phenotype
and genotype

No mutations were detected in C563T, G202A, A376G, nor
ChrX:154535443 across all samples (Table 5). However,
sequence analysis revealed three new mutations in exon 2
namely ChrX:6504 C—T (resulting in the substitution

10.3389/fitd.2022.966930

Arg — Thr), ChrX:6369 G—T (resulting in the substitution
Ser — Ile), and ChrX:6664 G—C (resulting in the substitution
Gln — His). Three of the individuals had normal G6PD activity
and the others were G6PD deficient (Table 6).

Discussion

The Ethiopian government aims to eliminate malaria by
2030 (30) but submicroscopic infections, relapses of P. vivax,
and residual transmission pose major challenges to this goal (31,
32). Submicroscopic malaria infections are hidden parasite
reservoirs as infected individuals were not identified and
treated with antimalarial drugs. They can serve as the source
of infection and contribute to transmission in the community
and/or other malaria-free areas (33-35), thereby hindering
malaria control and elimination. The present study showed
that submicroscopic infections were high among malaria
suspected febrile patients in the southwestern part of Ethiopia.
The prevalence of submicroscopic malaria was comparable to
previous studies in low-endemic settings such as Malo in
southwestern Ethiopia, which reported a prevalence of 9.7%
(36, 37); but much lower than that in southwestern Saudi Arabia,
Senegal, and Uganda where submicroscopic infection was more
than 23% (38-40). According to a systematic review of P.
falciparum prevalence measured by both microscopy and PCR,
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FIGURE 2
A histogram to show G6PD enzyme activity levels for male and female participants compared to adjusted male median value.

TABLE 4 G6PD phenotype distributions among male and female individuals in Bonga, southwestern Ethiopia.

Sample size Normal Intermediate Deficient
Male 107 101 (94.4%) - 6 (5.6%)
Female 164 113 (68.9%) 38 (23.2%) 13 (7.9%)
Frontiers in Tropical Diseases 06 frontiersin.org
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FIGURE 3
The frequency of malaria infection by G6PD status.

TABLE 5 Distributions of malaria cases by gender and G6PD genotype among malaria suspected febrile individuals in Bonga southwestern

Ethiopia.
G6PD gene position Total Malaria Phenotype
Deficient Normal

C563T 74 Infected 6 25
Not infected 17 41

ChrX:1545354 43 75 Infected 7 24
Not infected 16 28

A376G 78 Infected 7 21
Not infected 18 32

G202A 75 Infected 7 24
Not infected 16 28

Male Female
Hemizygous Normal Heterozygous Homozygous Normal
3 8 4 3 9
6 11 1 11 14
3 10 4 4 10
5 14 1 11 13
3 8 3 4 10
6 16 2 12 14
3 10 4 4 10
5 14 1 11 13

TABLE 6 Distribution of the three new G6PD genotypes where mutations were detected among male and female individuals in Bonga,

southwestern Ethiopia.

Gender N
C to T at ChrX:6504
Wild Type Mutant
Male 37 34 3 (T,T,T)
Female 48 48 0

the prevalence of infection by microscopy was on average 50.8%
of that by PCR (30). This substantial discordance highlights the
unreliability of microscopic diagnosis particularly in low
transmission settings where infections are sparse and
parasitemia is low. Among various age groups, individuals

Frontiers in Tropical Diseases
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G6PD genotype

G to T at ChrX:6369 G to C at ChrX:6664

Wild Type Mutant Wild Type Mutant
33 4 (T, T,T,A) 34 3 (T,AA)
44 4 (T,C,AA) 46 2 (C)

aged 15 - 50 were found with significantly higher risk for
malaria infection than the others. Such pattern could be
related to underlying medical conditions of the study patients,
recent travel to high transmission areas, occupation, bednet
usage, and/or relapse from previous infections (41).
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Across the globe, the prevalence of G6PD deficiency varies
by countries, regions, and localities, ranging from 5% to 30% in
the Middle East, certain parts of the Mediterranean, and Asia
(15,) and 0.5 to 4% in Gambella, Oromiya, and Benishangule
Gumuz of Ethiopia (42, 43). The frequency of G6PDd among
malaria suspected individuals in Bonga areas as well as other
parts of southwestern Ethiopia (42) was relatively low compared
to other parts of Africa (as high as 35%) (44, 45). There are
several reasons for such differences. In Ethiopia, multiple ethnic
groups coexist and G6PDd varies by ethnic groups, ranging from
1.4 to 14.3% in the Nuer and Anuak (southwest Ethiopia) and
Aregobas (northeast Ethiopia) regions (42, 43). In southern
European countries, such as Greece and Italy, G6PDd
prevalence ranged from 1-30% and 0-3% (46), respectively,
much lower than that reported in Cameroon, Yemen, and
Saudi Arabia (7.9-9%) (17, 18, 38). Based on our findings, the
frequency of G6PDd was higher in females (7.9%) than in males
(5.6%), similar to another study in southeast Iran that showed
G6PDd in 18.9% of females and 10.8% of males (47). There
could be several reasons for such a difference, such as the fact
that X-chromosome inactivation tends to be more prevalent in
elderly women than in young women. Our data indicated that
nearly half of the G6PDd females were between 40-50 years old,
and the remaining were 18 years old or younger. The higher
frequency of X-chromosome inactivation in females may
associate with an increase in malaria risk (48).

Several G6PD variants have been previously identified, and
the severity of the disorder varies from variant to variant. There
are two major types of G6PD variants: the Mediterranean
variant that occurs throughout Europe, Asia, and northern
India, and is considered as the most severe form (49). The
other type is the African variant, which is prevalent among
Africans and is a mild form (50). Though it is yet unclear which
of these G6PD variants is particularly associated with hemolytic
anemia, our analyses did not indicate any association between
G6PD mutations and hemolytic anemia in the Ethiopian P.
vivax samples. There is a number of factors that determine the
level of hemolysis, including the age of the RBC (with lower
G6PD activity in older cells), the total dose of primaquine, and
the type of G6PD variants (51). Previous studies have been
shown that individuals with a non-severe variant of the G6PD
gene are more likely to experience reduced hemoglobin level
when the old RBCs with low G6PD activity are lysed upon
exposure to primaquine (52). As a result, erythropoiesis
increases and the lysed red blood cells are replaced by younger
ones with higher levels of G6PD activity, which help stabilize
and reverse anemia, as well as avoid further drop of hemoglobin
after additional doses of PQ (52). By contrast, RBCs affected by a
severe G6PD variant will display hemolysis regardless of whether
RBCs are young or old; sustained exposure to an oxidizing agent
will result in hemolysis. Continuous uptake of PQ by these
patients will result in severe anemia and can be fatal if not
treated promptly.
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Among G6PD deficient individuals, the number of
Plasmodium infection was comparable to G6PD normal
individuals. Variation in G6PD level had no effect on the
number of clinical cases of malaria. Previous study suggested
that low level G6PD may increase sensitivity of P. vivax to
oxidative stress (44). P. vivax parasites preferred to invade
younger erythrocytes that possess high levels of G6PD
enzyme (53, 54). Though enzyme levels are diminished in
older erythrocytes, these erythrocytes are less preferable for P.
vivax parasite invasion. Thus, there could be a protective
effect of G6PD deficiency against parasite invasion (55, 56).
The African form of G6PD deficiency has been recently
shown to decrease malaria cases by 46% to 58% in endemic
regions (57). Ninokata et al. (2006) (58) investigated 345
healthy adults and found that 10% of them were G6PD
deficient but none had malaria infection (59). It has been
shown that some G6PD variants could have no effect on the
number of clinical cases of malaria but on P. vivax
parasitemia (60). The mechanism by which this protection
is conferred is still unclear. In this study, we found three novel
non-synonymous mutations in exon 2 of the G6PD gene in
both G6PD normal and deficient individuals. Future study
should investigate the prevalence and impact of these
mutations on malarial infections.

Conclusion

This study shows a higher prevalence of submicroscopic
infections among individuals who did not use ITN and a
significantly higher risk of malaria infections in adults.
Submicroscopic malaria infections are hurdles against ongoing
malaria control programs as they influence transmission
dynamics and impose negative health and economic impacts.
Sensitive diagnostic methods are needed to improve detection
and treatment of these infections in health facilities especially in
rural areas of Ethiopia. The use of a single low dose of
primaquine to reduce malaria transmission and relapse has
been recently adopted by the Ethiopian Federal Ministry of
Health as a radical treatment regime for P. vivax in 239 districts
that are targeted for elimination. This treatment regime requires
wide-scale G6PD assessment given that Bonga, one of the
targeted areas, showed a high prevalence of G6PD deficiency
but no G6PD testing is available. This could pose a
high hemolytic risk to malaria patients who are G6PD
deficient and administered with primaquine. It is imperative to
re-evaluate the implementation of this treatment regime and
provide resources for G6PD assessment broadly across the
country to mitigate the potential risk. The prevalence and
clinical significance of novel mutations identified in exon 2 of
the G6PD gene among G6PD deficient individuals merit
further investigations.
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