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Abstract 

Background Haemoglobinopathies such as sickle cell disorder and glucose-6-phosphate dehydrogenase (G6PD) 
deficiency as well as differences in ABO blood groups have been shown to influence the risk of malaria and/or anae-
mia in malaria-endemic areas. This study assessed the effect of adding MNP containing iron to home-made weaning 
meals on anaemia and the risk of malaria in Ghanaian pre-school children with haemoglobinopathies and different 
ABO blood groups.

Methods This study was a double-blind, randomly clustered trial conducted within six months among infants and 
young children aged 6 to 35 months in rural Ghana (775 clusters, n = 860). Participants were randomly selected into 
clusters to receive daily semiliquid home-prepared meals mixed with either micronutrient powder without iron (non-
iron group) or with iron (iron group; 12.5 mg of iron daily) for 5 months. Malaria infection was detected by microscopy, 
blood haemoglobin (Hb) levels were measured with a HemoCue Hb analyzer, the reversed ABO blood grouping 
microtube assay was performed, and genotyping was performed by PCR–RFLP analysis.

Results The prevalence of G6PD deficiency among the study participants was 11.2%. However, the prevalence 
of G6PD deficiency in hemizygous males (8.5%) was significantly higher than that in homozygous females (2.7%) 
(p = 0.005). The prevalence rates of sickle cell traits (HbAS and HbSC) and sickle cell disorder (HbSS) were 17.5% and 
0.5%, respectively. Blood group O was dominant (41.4%), followed by blood group A (29.6%) and blood group B 
(23.3%), while blood group AB (5.7%) had the least frequency among the study participants. We observed that chil-
dren on an iron supplement with HbAS had significantly moderate anaemia at the endline (EL) compared to the base-
line level (BL) (p = 0.004). However, subjects with HbAS and HbAC and blood groups A and O in the iron group had a 
significantly increased number of malaria episodes at EL than at BL (p < 0.05). Furthermore, children in the iron group 
with HbSS (p < 0.001) and the noniron group with HbCC (p = 0.010) were significantly less likely to develop malaria.

Conclusions Iron supplementation increased anaemia in children with HbAS genotypes and provided less protec-
tion against malaria in children with HbAC and AS and blood groups A and O.
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Registration number: https:// clini caltr ials. gov/ ct2/ show/ record/ NCT01 001871.
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Introduction
Haemoglobinopathies and ABO blood types have been 
shown to influence the risk of severe malaria and anae-
mia [1–3]. It has been proposed that in haemoglobin S 
(HbS) and C (HbC), a reduction in parasite growth dur-
ing tissue hypoxia together with lowered cytoadherence 
due to poor display of Plasmodium falciparum erythro-
cyte membrane protein-1 (PfEMP1) enhances parasite 
clearance, which reduces the risk of clinical malaria 
[4–6]. Moreover, deficiency of glucose-6-phosphate 
dehydrogenase (G6PDD) has been reported to decrease 
malaria parasitaemia [7, 8]. Genetic and pathogenic 
mechanisms have shown that blood group O children 
are more resistant to malaria than other blood types, 
while blood group A is detrimental to malaria [9–11].

Over the past two decades, iron (Fe) intervention 
studies in many parts of the world, including Ghana, 
have shown that the use of microencapsulated iron 
micronutrient powder (MNP) “Sprinkles” (minerals and 
vitamins) is cheaper, safer because it is cost effective and 
has less side effects compared to the use of iron droplets 
or syrups, and more effective in reducing anaemia rates 
by up to 60% [12–21]. Moreover, long-term use of iron-
fortified MNP did not increase the incidence of malaria 
among infants and young children living in high malaria 
burden areas when appropriate anti-malaria therapy 
and insecticide-treated bed nets were provided [22].

Nonetheless, there is limited knowledge about the 
effects of iron-fortified micronutrient diets on ABO blood 
groups, haemoglobin and G6PD genotypes and the risk 
of contracting malaria and anaemia among pre-school 
children living in malaria endemic areas. Furthermore, 
the geographical distribution of ABO blood groups, hae-
moglobin and G6PD genotypes are often associated with 
anaemia and malaria protection among certain ethnic 
groups, but their effect among iron-fortified infants and 
young children is unknown [12, 16, 23]. Against this back-
ground, we present a secondary analysis of double-blind, 
cluster-randomized trial data [22] aimed at determining 
the effect of ABO blood groups, haemoglobin and G6PD 
genotypes against the risk of malaria and anaemia among 
Ghanaian infants and young children receiving iron-con-
taining MNP in high malaria burden areas.

Materials and methods
Study design
This retrospective community-based, double-blinded, 
cluster-randomized controlled trial (RCT) was 

conducted in 2009 among children aged 6 to 35 months 
over a 6-month period in a rural setting in the middle 
belt of Ghana [22]. The children were enrolled and rand-
omized into clusters to receive MNP with iron (interven-
tion group) or without iron (placebo group). The MNP 
was distributed weekly and advised to be mixed with a 
home-prepared weaning meal for five months followed 
by a further month without micronutrient powder. Insec-
ticide-treated bed nets were provided during enrollment, 
as well as malaria treatment when required.

Study site
This study was conducted in Wenchi Municipal and Tain 
District located within the forest-savanna zone in the 
middle belt of Ghana. The mean temperature in the area 
ranges between 18 and 38  °C with an average rainfall of 
1250 mm per annum, occurring mainly between May and 
October, as previously reported elsewhere [22]. Malaria 
is holoendemic in Ghana, with an estimated 3.2 million 
cases, mostly caused by Plasmodium falciparum [24]. 
At the study site, malaria transmission is highest dur-
ing the rainy season (April-November) [22, 25], and the 
prevalence of anaemia among preschool-aged children is 
76.1% (95% CI, 73.9% -78.2%) [26]. In 2010, the popula-
tion of Wenchi and Tain was 153,633, with 11,215 chil-
dren younger than five years, representing approximately 
0.3% of the total preschool-aged child population in 
Ghana [22]. There are 99 smaller communities across the 
municipality and district, consisting of 8,548 compounds 
[22]. A compound was considered eligible for inclusion 
in the study if the resident families had at least one child 
younger than 35  months but older than five months. 
However, all compounds and households in the munici-
pality and district had been previously enumerated into 
a geographical information system (GIS) database and 
were used to identify targeted study communities as pre-
viously reported elsewhere [22].

Study population
Approximately 2220 infants and young children were 
screened. Those on weaning foods in addition to breast-
milk, free from major illness, afebrile and living in the 
study area for the duration of the trial were enrolled in 
the study. Parental consent was obtained after the pos-
sible risks and benefits had been discussed with the par-
ents or guardians (caregivers of the eligible child) in the 
appropriate local language and signed. Therefore, in 2013, 
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the nutritional status was defined by WHO as follows; 
Moderate wasting (MW): -3 ≤ weight-for-height (WLZ/
WHZ) < -2: Moderate stunting (MS): -3 < length-for-
height (LAZ/HAZ) < -2: if height or length was measured 
differently according to the age: Moderate underweight 
(MUW): -3 ≤ weight-for-age (WAZ) < -2 as previ-
ously described in details elsewhere [16, 22, 27, 28]. The 
exclusion criteria included severe anaemia (haemoglo-
bin < 70 g/L); WHZ < -3 (severe wasting), and kwashiorkor 
(defined as evidence of oedema); IDA; congenital abnor-
mality or any chronic illness; and receipt of iron supple-
ments within the past six months. However, severely 
anaemic and malnourished children were referred to the 
local healthcare facility for treatment according to Ghana 
Health Service guidelines [22, 29, 30].

Recruitment and randomization
A detailed overview of the context of trial recruitment 
and randomization has previously been published else-
where [22]. Subjects were recruited from selected com-
munities in Wenchi Municipal and Tain District once 
permission was obtained from the opinion elders, as well 
as the caregivers. A powdered mineral and vitamin forti-
ficant product, “Sprinkles” (Ped-Med Limited and Sprin-
kles Global Health Initiative Inc. India) was used in the 
study. The World.

Health Organization (WHO), International Nutri-
tional Anemia Consultative Group (INACG), and United 
Nations Children’s Fund (UNICEF) recommended that 
the ‘Sprinkle’s formulation should contain 12.5  mg of 
elemental iron (as microencapsulated ferrous fumarate) 
plus ascorbic.acid (30 mg), vitamin A (400 μg), and zinc 
(5  mg) [31, 32]. The placebo group received a similar 
MNP without iron. The caregivers were instructed to mix 
MNP with a small portion of a semi-liquid food, such 
as porridge or thin gruel, and feed it to the child every 
day for five months, after which the dosing regimen was 
discontinued for an additional month, as published else-
where [22, 23]. Detailed procedures on the consumption 
of MNP with the meal by the participants including the 
estimated actual amount of iron intake have been previ-
ously reported elsewhere[16, 22, 23].

Data and specimen collection
Baseline (BL) and endline (EL) MNP intervention of the 
child’s health was assessed (including axillary tempera-
ture), and a capillary blood sample of 500µL from the 
finger or heel was taken into a 0.5 mL ethylene diamine 
tetra-acetic acid (EDTA) tube. A HemoCue Hb  201+ 
analyzer (HemoCue AB, Angelholm, Sweden) was used 
to measure haemoglobin levels, and children found to 
be severely anaemic (Hb < 70  g/L) were immediately 
referred. The Malaria Rapid Diagnostic Test (RDT) 

(Paracheck Pf Unit, Orchid Biomedical Systems Verna, 
Goa, India) was performed quickly in the field, and a 
3-day course of treatment was given to those who tested 
positive for malaria. They were only enrolled later upon 
recovery if any other eligibility requirements had been 
met. The remaining sample was transferred to the hae-
matological, malaria microscopy and immunogenetic 
testing laboratory.

During the MNP intervention period and at six-month 
follow-up, children found to be febrile (i.e., axillary tem-
perature > 37.5  °C) or have had a fever in the past 48  h 
were, blood sampled of 100μL in 0.5 mL EDTA for hae-
matological and malaria tests. Anthropometric, socioec-
onomic, demographic, adherence to MNP intervention, 
insecticide-treated bed net use and participants’ mor-
bidity data were collected during the study as previously 
described in details elsewhere [22, 23].

Processing and analysis of the specimen
Both thick and thin smears were prepared on the same 
slide at the laboratory for malaria parasitaemia and spe-
ciation. Thin films were fixed with methanol, and both 
smears were stained with Giemsa. Two independent 
microscopists read each slide, while a third microscopy 
was conducted in case of over 50% discrepancy as pre-
viously described [22, 23]. Complete blood cell count 
(CBC) were determined using a haematology autoana-
lyzer (Horiba ABX Micros 60-OT-CT-OS-CS, France) 
and an automated microplate reader (DYNEX Technolo-
gies, Inc. USA) for matrix ABO reverse grouping was 
used to determine the blood groups of participants [33]. 
Human genomic DNA was purified from blood sam-
ples in EDTA tubes stored between 2 and 8 °C using the 
QIAamp® DNA Mini Kit (QIAGEN Sample and Assay 
Technologies, USA) protocol based on published meth-
ods [34, 35].

Polymerase chain reaction (PCR) for haemoglobin 
genotyping amplified a 358 base pair region within the 
β-globin gene in human genomic DNA using primer 
sequences SC1F: 5’-AGG AGC AGG GAG GGC AGG A-3’ 
and SC2R: 5’-TCC AAG GGT AGA CCA CCA GC-3’ based 
on published methods [36]. PCR amplification was per-
formed in a 50μL reaction containing 20 – 40 ng genomic 
DNA, 20 mM of each primer (DNA Technology A/S, Ris-
skov, Denmark), 25 mM of each of the four deoxynucleo-
tide triphosphates (dNTPs), 5.0 units of ProofStart DNA 
Polymerase (QIAGEN Ltd. UK and Ireland) and 15 mM 
 MgCl2 (QIAGEN Sample and Assay Technologies, USA) 
and 10X ProofStart PCR Buffer (QIAGEN Sample and 
Assay Technologies, USA) containing 15 mM  MgCl2. The 
cycling conditions were as follows: initial denaturation at 
95  °C for 15 min, 34 cycles of denaturation at 95  °C for 
45  s, annealing at 65  °C for 45  s and extension at 72  °C 
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for 120 s, followed by a final extension at 72 °C for 10 min 
in a Peltier thermal cycler (PTC) – 200 model (M. J 
Research Inc; MA, USA). The PCR product was analyzed 
by electrophoresis (Apelex Power station, France) at 90 V 
for 60 min using 1µL of blue DNA loading dye (Promega 
Co, USA) on 3% (w/v) agarose (SeaKem® GTG® Aga-
rose, Lonza, Rockland, ME, USA) with ethidium bromide 
(AppliChem, Damstadt, Germany) staining, and pictures 
were taken using the Ultra-Violet Product (UVP) Bio-
spectrum AC Imaging system with Biochemi-camera 
(AH Diagnostics, Cambridge, UK).

Thereafter, restriction fragment length polymorphism 
(RFLP) was used to differentiate between the point muta-
tions (which translate into the various sicklings) within the 
amplified gene region. The enzymes MnlI and DdeI (New 
England BioLabs Inc. Ipswich, MA, USA) were added to 
the two separate PCR products and incubated at 37 °C for 
3 h and run on 3% agarose gel electrophoresis for 45 min 
to further differentiate into their various genotypes [36].

Polymerase chain reaction for G6PD genotyping ampli-
fied 354 base pair (allele 202 polymorphism detection) and 
296 base pair (allele 376 polymorphism detection) DNA 
regions within the G6PD gene in human genomic DNA 
using primer sequences 5’-CAG CCA CTT CTA ACC 
ACA CAC CT-3′5’-CCG AAG TTG GCC ATG CTG 
GG-3’ for allele 202 (354 base pairs) and 5’-CTG TCT GTG 
TGT CTG TCT GTC C-3’’5’-GGC CAG CCT GGC AGG 
CGG GAA GG-3’ for allele 376 (296 base pairs) manufac-
tured by Sigma-Aldrich Inc. PCR amplification was per-
formed in a 50μL reaction containing 20 – 40 ng genomic 
DNA, 20 mM of each primer (DNA Technology A/S, Ris-
skov, Denmark), 25 mM of each of the four deoxynucleo-
tide triphosphates (dNTPs), 5.0 units of ProofStart DNA 
Polymerase (QIAGEN Ltd. UK and Ireland) and 10X Proof-
Start PCR Buffer (QIAGEN) containing 15 mM  MgCl2.

The cycling conditions were as follows: initial denatura-
tion at 95 °C for 10 min, 34 cycles of denaturation at 95 °C 
for 30 s, annealing at 60 °C for 30 s and extension at 72 °C 
for 60 s, followed by a final extension at 72 °C for 5 min in a 
PTC – 200. The PCR product was analyzed by electropho-
resis on 3% (w/v) agarose with ethidium bromide staining, 
and pictures were taken using UVP. The PCR products 
were digested with restriction enzymes NlaIII and FokI 
(New England BioLabs Inc.) and incubated at 37  °C for 
3 h. Thereafter, 3% agarose gel electrophoresis was run for 
1 h. The restriction enzyme NlaIII cleaved allele 202 PCR 
product (354 base pairs), while the FokI restriction enzyme 
cleaved allele 376 (296 base pairs) to enable discrimination 
between the various polymorphisms [37–40].

Ethics approvals
The study protocol was reviewed and approved by the 
ethics committees of Kintampo Health Research Centre 

Institutional Ethics Committee; Approval ID: KHRC/
IEC/FEA/2009–2, Ghana Health Service Ethics Commit-
tee, Food and Drug Authority of Ghana and Hospital for 
Sick Children Research Ethics Board (REB), Toronto, and 
Canada REB File No.: 1000013476 approved the study 
as previously reported in detail elsewhere [22, 23]. This 
study was appropriately registered: https:// clini caltr ials. 
gov/ ct2/ show/ record/ NCT01 001871.

All methods were performed in accordance with the 
relevant guidelines and regulations by the Declaration of 
Helsinki. The trial was overseen by an independent Data 
and Safety Monitoring Board (DSMB). International and 
local health policymakers with experience in randomized 
controlled trials, nutrition, paediatrics, statistics, and 
social sciences made up the members of the DSMB. At 
the end of the recruiting phase and halfway through the 
intervention stage, the DSMB’s statistician summarized 
the accumulated outcome data for any major adverse 
effects. The primary caregivers gave their consent for 
their children to participate in this study. For the interim 
analysis, if the iron group had any more major adverse 
events (i.e., hospital admissions or deaths) than the non-
iron group, the trial would be terminated.

Statistical analysis
Clinical and epidemiological data were entered into a 
data processing system for Visual Fox Pro version 9.0 
(Microsoft Corporation, Redmond, WA. USA), imported 
into STATA version 14.0 (Statcorp Inc. TX. USA) and 
SigmaPlot version 11.0 (Systat Software Inc. CA. USA) 
for analysis. World Health Organization anthropometric 
software was used to transform the age, weight and length 
of the study participants into growth indices: weight-
for-age, weight-for-length and length-for-age z-scores. 
Infants with z-scores less than -2 standard deviations of 
the median reference length-for-age (LAZ), weight-for-
length (WLZ) and weight-for-age (WAZ) were classified 
as stunted, wasted and underweight, respectively [22]. 
An overall wealth index was computed for each study 
participant using principal component analysis [41, 42] 
by including the number and type of assets (such as tele-
visions, cars, electricity, toilet facilities, house ownership) 
available in a study participant’s household. Study partici-
pants were grouped by their wealth indices into high or 
low socioeconomic status. The distribution and compari-
son of proportions of the various haemoglobinopathies 
and polymorphisms were analyzed using the chi-square 
and Fisher’s exact tests. Multiple logistic regression anal-
ysis was used to determine whether haemoglobinopathies 
and polymorphisms were associated with the risk of con-
tracting malaria and anaemia in the cohort study. Multi-
collinearity was checked using variance to inflation ratio 
and these were well below 10 and the tolerance statistics 
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were all above 0.2. The model goodness-fit-test was done 
using log-likelihood chi-square test. A p-value < 0.05 was 
considered statistically significant.

Results
Baseline characteristics of the study participants
A total of 2220 children were screened from 22 commu-
nities and over 80% were recruited to receive the multi-
micronutrient powder (Fig.  1). This study used data and 
samples from a main study conducted to see how provid-
ing a micronutrient powder (MNP) with or without iron 
affected the incidence of malaria in pre-school children 
living in a malaria-endemic region [22]. The remaining 860 
children from 775 clusters were randomized into 433 and 
427 children from the iron and noniron groups respectively, 
which accounted for about 44% of the recruited population 
in order to meet the sample size requirements (Fig. 1).

Baseline anthropometric, socioeconomic and demo-
graphic characteristics were similar between the two 
groups (p > 0.05) (Table  1). Of 409 children in the iron 
group, the baseline asymptomatic malaria parasitaemia 
prevalence was 25.9%, and 28.9% of 422 were in the non-
iron group. (Additionally, at baseline, moderate anaemia 
was observed in 40.4% of 431 children in the iron group 
and 35.7% of 434 in the noniron group (Table 1).

Prevalence of ABO blood groups 
and haemoglobinopathies amongst participants
The prevalence of G6PD deficiency among the study 
participants was 11.2%. However, the prevalence of 
female homozygous G6PDD was 2.7%, whereas that 
of male hemizygous G6PDD was 8.5% and the defi-
ciency was statistically significant between both sexes 
(p = 0.005). The sickling traits (HbAS & HbSC) and dis-
order (HbSS) among participants were 17.5% and 0.5%, 
respectively (Table  2). The haemoglobin SS (HbSS) 
genotype frequency was the lowest (0.5%). Blood group 
O (41.4%) was dominant, while blood group AB (5.7%) 
was the rarest. Children with blood group A were more 
prevalent than those with blood group B (Table 2).

Risk of anaemia and malaria on host genes
Multivariate analysis showed that blood group AB 
children (aOR 2.24, 95% CI 1.03 – 4.85, p = 0.041) 
were significantly more likely to develop anaemia than 
blood group A children. However, ABO blood group 
were not statistically associated with malaria (Table 3). 
The result also shows that compared to children with 
HbAA, the children with HbCC (aOR: 0.7, 95% CI: 
0.23 – 2.23, p > 0.05) were not significantly less likely to 
develop malaria (Table  3). Furthermore, children with 

Fig. 1 Schematic representation of study participants. Micronutrient powder (MNP), month (mo), a cluster is an identified compound with 1 or 
more households (or family units) residing together with at least 1 eligible child recruited into the study
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Table 1 Baseline characteristics of study participants

Frequency (n) and percentages (%) of participants, 95% confidence interval (95% CI), standard deviation (SD), age in months (mo), estimated using the World Health 
Organization growth charts (-2 SD), two-sample Wilcoxon rank-sum (Mann–Whitney) and 1-sided Fisher’s exact tests for p-values

Characteristics Iron Group
(n = 433)

Noniron Group
(n = 427)

p-values

Age, mean (SD) [range], mo 19.7 (8.5) [6–35] 19.3 (8.6) [6–35] 0.74

Gender (%), Male: female 52:48 51:49 0.97

Anthropometric status 0.55

 Wasting, n (%) [95% CI] 40 (9.2) [7.3–11.0] 32 (7.4) [5.7–9.1]

 Weight-for-length Z score mean (SD) -0.62 (1.0) -0.59 (1.0)

 Stunted growth, n (%) [95% CI] 64 (14.7) [12.4–17.1] 60 (13.8) [11.5–16.1]

 Length-for-age Z score, mean (SD) -0.81 (1.5) -0.80 (1.2)

 Underweight, n (%) [95% CI] 56 (12.9) [10.7–15.4] 46 (10.6) [8.5–12.6]

 Weight-for-age Z score mean (SD) -0.87 (1.2) -0.85 (1.0)

Prevalence of asymptomatic malaria parasitaemia, n (%) 409 (23.0) 422 (25.4) 0.47

Prevalence of moderate anaemia, n (%) 433 (40.4) 427 (35.7) 0.16

Bednet use, n (%) 433 (100) 427 (100)

 Yes 379 (87.5) 380 (89.0)

 No 34 (8.2) 43 (10.1)

 Missing 20 (4.6) 4 (0.9)

Parasitaemia, n, geometric mean, count/µL of blood 409, 2868.2 422, 2478.6 0.63

Household education, n (%) 433 (100) 427 (100) 0.19

 None 138 (31.9) 137 (32.1)

 Primary school 89 (20.6) 64 (15.0)

 Middle/continuation, JSS school 161 (37.2) 185 (43.3)

 Technical, commercial, SSS, secondary school 23 (5.6) 33 (7.7)

 Tertiary institution 2 (0.5) 4 (0.9)

 Missing 20 (4.6) 4 (0.9)

No. of people in household, n, mean (SD) 433, 6.0 (2.8) 427, 6.2 (5.3) 0.52

Wealth index of household, n (%) 433 (100) 427 (100) 0.11

 High 125 (28.9) 142 (33.2)

 Low 288 (66.5) 278 (65.0)

 Missing 20 (4.6) 4 (0.8)

Table 2 Prevalence of hemoglobinopathies and ABO blood groups

Data reported as the number (n) and percentage (%) of participants, glucose-6-phosphate dehydrogenase (G6PD). For G6PD genotype: male hemizygous (deficient 
variant or mutant) = A-; male (non-deficient variant) = A; male (wild type) = B; female homozygous (deficient variant or mutant) = A-/A-; female heterozygous 
(intermediate type) = A/B; and female homozygous (non-deficient variant) = A/A; female homozygous (wild type) = B/B. Haemoglobin (Hb); For Hb genotype: sickling 
traits (HbAS & HbSC), sickle disorder (HbSS), haemoglobin C traits (HbAC), normal or wild-type haemoglobin (HbAA), variant haemoglobin (HbCC) and 1-sided Fisher’s 
exact tests for p-values

G6PD genotypes A-A- AA AB BB Total
n (%) 96 (11.2) 236 (27.6) 95 (11.1) 430 (50.1) 857 (100)

Male: female (%) 8.5:2.7 14.3:13.3 0:11.1 28.1:22.0 51:49

P-values 0.005 0.919 NA 0.668 0.972

Hb genotypes Hb AA Hb AC Hb CC Hb AS Hb SC Hb SS Total
n (%) 627 (72.9) 63 (7.3) 15 (1.7) 106 (12.3) 45 (5.2) 4 (0.5) 860(100)

ABO Blood groups A B AB O Total
n (%) 244 (29.6) 192 (23.3) 47 (5.7) 341 (41.4) 824 (100)
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G6PD genotype AA were less likely to develop malaria 
compared to A-A- (aOR: 0.56, 95% CI: 0.32—0.96, 
p < 0.05). Conversely, no significant association were 
found between G6PD genotypes and anaemia (Table 3).

Effect of ABO blood groups and haemoglobinopathies 
on anaemia
The children from the iron group with HbAS had sig-
nificantly higher moderate anaemia at EL than at BL 
(p = 0.004) (Table  4). However, G6PD and blood group-
ing did not influence the anaemic status of the children 
receiving iron at EL compared to children at BL (Table 4).

Effect of haemoglobinopathies and ABO blood groups 
on clinical malaria
Drawing on the analysis in Table 5, a clinical malaria epi-
sode is defined as fever (temperature more than 37.5 °C) 
or a history of fever in the last 24  h with malaria para-
sitaemia more than 5,000 counts/mL of blood [23]. The 
highest number of clinical malaria episodes experienced 

by a study participant following the intervention with 
iron was 5, while those without iron were 4 (Table  5). 
Participants with HbAS and AC alleles in the iron group 
had a significantly higher mean number of malaria epi-
sodes than children in the noniron group (p < 0.05). The 
mean number of malaria episodes among participants 
with blood groups A and O in the iron group was also 
significantly increased compared with children in the 
noniron group (p < 0.05) (Table  5). The iron group with 
the heterozygote G6PD AB had a significantly higher 
geometric mean parasitaemia 27,970 (95% CI, 11,498 
– 68,041; 25/435) than children in the noniron group 
11,729 (95% CI, 5745 – 23,946; 28/436) (p = 0.03) (not 
shown in Table 5).

Discussion
The overall effect of home fortification improved the par-
ticipants’ overall Hb levels and iron status after the inter-
vention, as previously reported in detail elsewhere [16, 
22, 23]. Furthermore, when participants were provided 
with insecticide-treated nets to prevent malaria and 
appropriate antimalarial treatments to manage malaria 
infection, the home fortification effect did not increase 
their risk of malaria, as described in detail elsewhere [16, 
22, 23]. Persistent holoendemic malaria conditions have 
led to the emergence of host genes that offer different 
effects against malaria and anaemia, but awareness of the 
risks or benefits they provide in large-scale iron interven-
tion studies among infants and young children is poorly 
understood.

In our study, the basic characteristics of the partici-
pants in the study arms were homogeneous, and these 
values were in line with the studies of Zlotkin et al. [22]. 
A prevalence of G6PD deficiency of 11.2% was observed, 
and this was comparable to Carter et al. [43], studies in 
Burkina Faso (9.4%), Kenya (11.4, 13.5%) [43], and Ghana 
(13.4%) [43] and George et  al. [44], a study in Nigeria 
(14.6%). However, the observed G6PDD prevalence rates 
from our study are higher than those of Carter et al. [43], 
a study in Mali (5.6% and 8.7%) and Tanzania (7.6%) [43], 
including Ghana (5.3%, 6.0%) [43, 45]. These variations 
in the prevalence rates suggest that the genes, although 
rare, are highly polymorphic (almost 500 variants), and 
clinically relevant variants may be ignored during G6PD 
genotyping in holoendemic malaria zones [46, 47].

The G6PDD prevalence among male children (8.5%) 
was significantly higher than that among females (2.7%) 
among the study participants. Similarly, Carter et al. [43] 
reported 8.9% deficiency among males and 4.5% among 
females in a similar geopolitical setting in Ghana [43]. 
This may explain why the recessive X-linked gene is con-
sistent with G6PDD and more prevalent in males [48], 
with variable prevalence rates from one geopolitical zone 

Table 3 Multiple logistic regression analysis of the association 
between selected host genes and anaemia and malaria

Data reported as 95% confidence interval (95% CI), percentage (%) of 
participants, glucose-6-phosphate dehydrogenase (G6PD). For G6PD genotype: 
deficient variant or mutant = A-A-, non-deficient variant = AA, wild type = BB, 
intermediate type = AB, Haemoglobin (Hb), For Hb genotype: sickling traits 
(HbAS & HbSC), sickle disorder (HbSS), haemoglobin C traits (HbAC), normal or 
wild-type haemoglobin (HbAA), variant haemoglobin (HbCC)
a Adjusted for child’s age and sex

Anaemia Malaria
Host 
characteristics

aOR (95% CI)a P-value aOR (95% CI)a P-value

Experimental group
 No iron 1 1

 Iron 0.85 (0.63-1.15) 0.303 0.95 (0.71-1.26) 0.708

G6PD genotypes
 A-A- 1 1

 AA 0.87 (0.51-1.50) 0.622 0.56 (0.32-0.96) 0.035

 AB 0.85 (0.45-1.59) 0.605 0.68 (0.37-1.27) 0.230

 BB 0.76 (0.46-1.26) 0.291 0.49 (0.30-0.82) 0.006

Hb genotypes
 AA 1 1

 AC 1.04 (0.58-1.86) 0.885 0.61 (0.35-1.07) 0.083

 AS 1.37 (0.86-2.20) 0.185 1.58 (0.99-2.51) 0.054

 CC 1.27 (0.36-4.49) 0.714 0.71 (0.23-2.23) 0.561

 SC 1.07 (0.57-2.01) 0.831 1.02 (0.56-1.89) 0.940

 SS - - -

ABO group
 A 1 1

 AB 2.24 (1.03-4.85) 0.041 0.79 (0.42-1.51) 0.482

 B 1.02 (0.68-1.54) 0.922 1.23 (0.82-1.85) 0.315

 O 1.02 (0.71-1.45) 0.932 0.99 (0.70-1.39) 0.929
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to another among different ethnic communities [49]. The 
prevalence of haemoglobin trait (HbAS and HbSC) was 
17.5%, and sickle cell disorder (SCD) (HbSS) was 0.5%; 
these findings were similar to studies in three countries 
(Nigeria, India and the Democratic Republic of Congo) 
that populate half of the world’s SCD individuals, includ-
ing other reports from Ghana and Mali [50–53]. Blood 
group O children (41.4%) dominated, followed by A 
(29.6%), B (23.3%) and AB (5.7%). The results from our 
present study agreed with findings from Uganda [54], 
Cameroon [55], Brazil [56] and Ghana [57]. The G6PD 
genotypes did not influence the anaemic status at the 
end of the MNP intervention even though G6PD-defi-
cient RBCs are known to be more vulnerable to oxidative 
stress, which prevents malaria parasitization and eventu-
ally reduces anaemia [58]. Our observation also showed 
that G6PD alleles were not associated with anaemia in 
iron- or noniron-containing MNP participants, and these 
results were similar to reports from countries such as 
Tanzania [59], Ghana [60] and Nigeria [46].

The iron group HbAS and noniron group HbAC chil-
dren were less protected against anaemia at the end of 
the MNP intervention. However, studies have shown that 
the presence of HbS alleles enhances the removal of para-
sitized sickle trait red blood cells (RBCs) via the spleen 
and reduces the cytoadhesion of parasitized erythrocytes, 
resulting in increased anaemic status among affected hae-
moglobin genotypes [61]. In agreement with our study, 
Kreuels et al. [51] demonstrated that HbC alleles reduce 
the cytoadhesion of parasitized erythrocytes, leading 
to less protection against anaemia [51]. While poorly 
understood, the reasons for our observation with regard 
to defending against anaemia for noniron HbAC can be 
due to reduced parasitization of malaria or other immune 
mechanisms [51]. Furthermore, the overall Hb and anae-
mia levels among the participant with malaria were lower 
compared with those without any malaria infection. 
However, our study shows that haemoglobin genotypes 
were not associated with Hb or anaemia induced malaria 
in MNP children with or without iron. These findings 
were consistent with the results of the iron supplementa-
tion cohort observational study among anaemic Gambian 
children [62] and Patel et al. [63], a study in India. In con-
trast, Kreuels and his colleagues, in a cohort study, stated 
that Ghanaian children with HbAS alleles were protected 
from anaemia [51]. Albiti and Nsiah (2014) also showed 
that Yemeni children with HbAS alleles were vulnerable 
to mild anaemia (10.0–10.9 g/dL) but resistant to moder-
ate and severe anaemia [64].

The O blood group has anti-A and B antibodies with 
no terminal saccharide moiety, making its RBCs more 
haemolysis-stable than the non-O blood group [65]. 
However, in our trial, the ABO blood group did not show 

any defense against anaemia, and this finding corrobo-
rates other studies among Nigerian pregnant women [66] 
and Indians [67]. Blood group O susceptibility to anae-
mia may be attributable to the pathogenesis of malaria, 
gender or other unknown causes. Nevertheless, our study 
failed to establish the link between the ABO blood group 
among children with iron or noniron-containing MNP 
and anaemia, as postulated in other findings in India [68] 
and the case–control analysis in Pakistan [69].

This study was performed during the rainy season 
(March to September), and malaria parasitaemia was high 
in both groups. Although malaria parasitaemia was higher 
in the noniron group than in the iron group, there were 
similarities between the groups. However, there was a 
higher risk of malaria for children with G6PD A-A- in both 
groups. These findings were inconsistent with investiga-
tions by Ouattara et al. (2014), who reported the existence 
of a protective association for the G6PD A- variant against 
uncomplicated malaria in Burkina Faso [70], and a study 
by Sirugo et al. [71], who established heterozygote G6PD 
A- variant females have immunity against malaria among 
Gambians [71]. However, our findings are consistent with 
those of Carter and his colleagues, who found that G6PD 
status had no association with malaria in six African coun-
tries [43]. Moreover, a multi-centre trial involving Kenyan, 
Gabonese and Ghanaian severe malaria children aged 
between 6 and 120  months also reported no association 
between G6PD variants and malaria [72]. The reason for 
this could be that G6PD does not play any vital antioxida-
tive role under the influence of MNP intervention.

Moreover, our study found that the iron group with 
HbAS and HbAC was less protected against malaria 
because the administration of iron increased haemoly-
sis of AS red blood cells by promoting auto-oxidation of 
haemoglobin S (ferroptosis) and the generation of free 
oxygen radicals (due to failure of glutathione-depend-
ent antioxidant defences), which damaged the red cell 
membrane and further damaged it by the deposition of 
ferritin-like and haemosiderin-like iron on the red cell 
surface and eventually excessive loss of erythrocytes. 
Our study was consistent with similar research among 
pregnant Gambian women with HbAS who had a lower 
anaemia status when offered iron supplements [73]. 
However, these findings were in contrast with the con-
cept that heterozygote sickle haemoglobin traits have an 
advantage in protecting against malaria [51, 64, 74–76]. 
Similarly, these selective sickle malaria-infected RBCs 
enhance their removal via the spleen, timely phagocyto-
sis, decrease RBC invasion, reduce parasitization in the 
venous microvessels due to oxygen stress, and reduce 
erythrocyte rosetting and cytoadherence [51, 77]. These 
mechanisms enhance acquired and innate immunity to 
offer protection against malaria.
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Furthermore, blood group A and O participants were 
less protected against malaria in the Fe group. The pos-
sible reason for this could be that malaria parasites easily 
mimic antigen A, with the erythrocytes of blood group A 
forming larger and stronger rosettes that selectively allow 
merozoites to prefer A antigen receptors for RBC inva-
sion. Therefore, the presence of iron acts as a nutrient 
for the parasites, thereby increasing parasitization and 
the rapid expression of surface cell membrane proteins 
to enhance rosette formation and cytoadherence in the 
endothelia of the microvessels. In addition, iron elevated 
macrophage-facilitated phagocytes of malaria parasitized 
RBCs of blood group O, which increased their suscepti-
bility to malaria.

Conclusion
Iron supplementation increased anaemia in children with 
haemoglobin AS genotypes and offered less protection 
against malaria for children with haemoglobin AC and 
AS and blood groups A and O. Therefore, this new evi-
dence will inform global and national policy on the risks 
and benefits of iron interventions and guide the imple-
mentation of programs to prevent and treat iron defi-
ciency disorders in malaria endemic regions.

Abbreviations
MNP  Micronutrient powder
Pf  Plasmodium falciparum
G6PDD  Glucose-6-phosphate dehydrogenase deficiency
HbAS  Haemoglobin AS
HbAA  Haemoglobin AA
HbAC  Haemoglobin AC
HbCC  Haemoglobin CC
HbSS  Haemoglobin SS
Fe  Iron
Non-Fe  Noniron
IDA  Iron deficiency anaemia
RCT   Randomized controlled trial
WHO  World Health Organization INACG—International Nutritional 

Anemia Consultative Group
UNICEF  United Nations Children’s Fund
GIS  Geographical Information System
BL  Baseline
EL  Endline
RDT  Rapid Diagnostic Test
RFLP  Restriction fragment length polymorphism
EDTA  Ethylene diamine tetra-acetic acid
dNTPs  Deoxynucleotide triphosphates
FBCs  Full blood counts

Acknowledgements
We would like to thank the study participants and their caretakers; the KHRC 
field team and staff; chiefs, opinion leaders, and elders of participating 
communities; participating health facilities; the Ghana Health Service staff in 
Wenchi and Tain; and the Ethics Committees of KHRC, Ghana Health Service, 
Hospital for Sick Children, DSMB, Food and Drugs Authority, Ghana.

Role of the funding source
The sponsor of this study had no role in the study design, data collection, 
analysis interpretation, or writing of the report.

Authors’ contributions
KT, FA, BA, SS, BA, TG and KP made primary contributions to the overall trial 
development and design and manuscript writing. KT coordinated the trial 
under the supervision of FA and KP. KT and LA conducted and managed the 
laboratory analyses. FD designed the database and data management system. 
FO and FD conducted the statistical analyses. All authors reviewed and 
approved the final paper.

Funding
Funding for the original study was provided by the National Institutes of 
Health (NIH) (grant 423 5U01HD061270-02); Eunice Kennedy Shriver National 
Institute of Child Health and Human Development (NICHD); Office of Dietary 
Supplements (ODS); Kintampo Health Research Centre (KHRC). The sponsor of 
the study had no role in the study design, data collection, analysis or interpre-
tation, or writing of the report. However, specific funding for this manuscript 
as part of my doctoral research programme was not available (Not applicable).

Availability of data and materials
The datasets supporting the conclusions of this article are available; https:// 
doi. org/ 10. 6084/ m9. figsh are. 19768 321. v1

Declarations

Ethics approval and consent to participate
Ethics approval for the original clinical trial was obtained from the Ghana 
Health Service (GHS).
Ethical Review Committee, Food and Drugs Authority (FDA) of Ghana, Kin-
tampo Health.
Research Centre (KHRC) Institutional Ethics Committee Institutional Ethics 
Committee and Hospital for Sick Children (SickKids) Research Ethics Board, 
Canada. The secondary analysis of trial data, as well as the primary analysis of 
immunogenetic data, were approved by the SickKids.
Research Ethics Board and KHRC Institutional Ethics Committee Institutional 
Ethics Committee. Informed consent was obtained from each participant’s 
primary caregiver before screening and enrolment in the trial.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biochemistry and Biotechnology, College of Sciences, Kwame 
Nkrumah University of Science and Technology, Kumasi, Ghana. 2 Kintampo 
Health Research Centre, Ghana Health Service, Kintampo-North, Bono East 
Region, Ghana. 3 Department of Molecular Medicine, School of Medical 
Sciences, Kwame Nkrumah University of Science and Technology, Kumasi, 
Ghana. 4 Department of Immunology, Noguchi Memorial Institute for Medi-
cal Research, College of Health Sciences, University of Ghana, Legon, Accra, 
Ghana. 5 West African Centre for Cell Biology of Infectious Pathogens, Uni-
versity of Ghana, Accra, Ghana. 6 Department of Biomedical Sciences, School 
of Allied Health Sciences, University of Cape Coast, Cape Coast, Ghana. 

Received: 9 May 2022   Accepted: 11 March 2023

References
 1. Rihet P, Flori L, Tall F, Traoré AS, Fumoux F. Hemoglobin C is associated 

with reduced Plasmodium falciparum parasitemia and low risk of mild 
malaria attack. Hum Mol Genet. 2004;13(1):1–6.

 2. Haldar K, Mohandas N. Malaria, erythrocytic infection, and anemia. ASH 
Education Program Book. 2009;2009(1):87–93.

 3. Ahmed JS, Guyah B, Sang D, Webale MK, Mufyongo NS, Munde E, et al. 
Influence of blood group, Glucose-6-phosphate dehydrogenase and 
Haemoglobin genotype on Falciparum malaria in children in Vihiga 
highland of Western Kenya. BMC Infect Dis. 2020;20(1):1–8.

https://doi.org/10.6084/m9.figshare.19768321.v1
https://doi.org/10.6084/m9.figshare.19768321.v1


Page 12 of 13Tchum et al. BMC Nutrition            (2023) 9:56 

 4. Heussler V, Spielmann T, Frischknecht F, Gilberger T. Plasmodium. Molecu-
lar Parasitology: Springer; 2016. p. 241–84.

 5. Cholera R, Brittain NJ, Gillrie MR, Lopera-Mesa TM, Diakité SA, Arie T, et al. 
Impaired cytoadherence of Plasmodium falciparum-infected erythrocytes 
containing sickle hemoglobin. Proc Natl Acad Sci. 2008;105(3):991–6.

 6. Fairhurst RM, Baruch DI, Brittain NJ, Ostera GR, Wallach JS, Hoang HL, et al. 
Abnormal display of PfEMP-1 on erythrocytes carrying haemoglobin C 
may protect against malaria. Nature. 2005;435(7045):1117–21.

 7. Goheen MM, Campino S, Cerami C. The role of the red blood cell in host 
defence against falciparum malaria: an expanding repertoire of evolu-
tionary alterations. Br J Haematol. 2017;179(4):543–56.

 8. Lelliott PM, McMorran BJ, Foote SJ, Burgio G. The influence of host genet-
ics on erythrocytes and malaria infection: is there therapeutic potential? 
Malar J. 2015;14(1):289.

 9. Rowe JA, Opi DH, Williams TN. Blood groups and malaria: fresh insights 
into pathogenesis and identification of targets for intervention. Curr Opin 
Hematol. 2009;16(6):480.

 10. Fry AE, Griffiths MJ, Auburn S, Diakite M, Forton JT, Green A, et al. 
Common variation in the ABO glycosyltransferase is associated with 
susceptibility to severe Plasmodium falciparum malaria. Hum Mol Genet. 
2007;17(4):567–76.

 11. Amodu O, Olaniyan S, Adeyemo A, Troye-Blomberg M, Olumese P, 
Omotade O. Association of the sickle cell trait and the ABO blood 
group with clinical severity of malaria in southwest Nigeria. Acta Trop. 
2012;123(2):72–7.

 12. Zlotkin SH, Christofides AL, Hyder SM, Schauer CS, Tondeur MC, Sharieff 
W. Controlling iron deficiency anemia through the use of home-fortified 
complementary foods. Indian J Pediatr. 2004;71(11):1015–9.

 13. Zlotkin SH, Schauer C, Christofides A, Sharieff W, Tondeur MC, Hyder 
SM. Micronutrient sprinkles to control childhood anaemia. PLoS Med. 
2005;2(1):e1.

 14. Schauer C, Zlotkin SH. Home fortification with micronutrient sprinkles - A 
new approach for the prevention and treatment of nutritional anemias. 
Paediatric Child Health. 2003;8(2):87–90.

 15. Zlotkin S, Antwi KY, Schauer C, Yeung G. Use of microencapsulated iron(II) 
fumarate sprinkles to prevent recurrence of anaemia in infants and 
young children at high risk. Bull World Health Organ. 2003;81(2):108–15.

 16. Zlotkin S, Arthur P, Antwi KY, Yeung G. Treatment of anemia with micro-
encapsulated ferrous fumarate plus ascorbic acid supplied as sprinkles to 
complementary (weaning) foods. Am J Clin Nutr. 2001;74(6):791–5.

 17. Christofides A, Asante KP, Schauer C, Sharieff W, Owusu-Agyei S, Zlotkin 
S. Multi-micronutrient Sprinkles including a low dose of iron provided 
as microencapsulated ferrous fumarate improves haematologic indices 
in anaemic children: a randomized clinical trial. Matern Child Nutr. 
2006;2(3):169–80.

 18. Zlotkin S, Arthur P, Schauer C, Antwi KY, Yeung G, Piekarz A. Home-forti-
fication with iron and zinc sprinkles or iron sprinkles alone successfully 
treats anemia in infants and young children. J Nutr. 2003;133(4):1075–80.

 19. Khan E, Hyder SMZ, Tondeur MC, Raza S, Khan NA, Zlotkin S. Home 
fortification with Sprinkles to reduce childhood anemia: Lessons 
learned in North West Frontier Province. Pakistan Pakistan J of Med Res. 
2006;45(2):35–40.

 20. Hirve S, Bhave S, Bavdekar A, Naik S, Pandit A, Schauer C, et al. Low dose 
’Sprinkles’– an innovative approach to treat iron deficiency anemia in 
infants and young children. Indian Pediatr. 2007;44(2):91–100.

 21. Menon P, Ruel MT, Loechl CU, Arimond M, Habicht JP, Pelto G, et al. Micro-
nutrient Sprinkles reduce anemia among 9- to 24-mo-old children when 
delivered through an integrated health and nutrition program in rural 
Haiti. J Nutr. 2007;137(4):1023–30.

 22. Zlotkin S, Newton S, Aimone AM, Azindow I, Amenga-Etego S, Tchum K, 
et al. Effect of iron fortification on malaria incidence in infants and young 
children in Ghana: a randomized trial. JAMA. 2013;310(9):938–47.

 23. Tchum SK, Arthur FK, Adu B, Sakyi SA, Abubakar LA, Atibilla D, et al. 
Impact of iron fortification on anaemia and iron deficiency among pre-
school children living in Rural Ghana. PLoS ONE. 2021;16(2):e0246362.

 24. Owusu-Agyei S, Asante KP, Adjuik M, Adjei G, Awini E, Adams M, et al. 
Epidemiology of malaria in the forest-savanna transitional zone of Ghana. 
Malar J. 2009;8(1):220.

 25. Becher H, Kynast-Wolf G, Sié A, Ndugwa R, Ramroth H, Kouyaté B, et al. 
Patterns of malaria: cause-specific and all-cause mortality in a malaria-
endemic area of west Africa. Am J Trop Med Hyg. 2008;78(1):106–13.

 26. Aimone AM, Brown PE, Zlotkin SH, Cole DC, Owusu-Agyei S. Geo-spatial 
factors associated with infection risk among young children in rural 
Ghana: a secondary spatial analysis. Malar J. 2016;15(1):349.

 27. WHO. Guideline: assessing and managing children at primary health-care 
facilities to prevent overweight and obesity in the context of the double 
burden of malnutrition. 2017.

 28. WHO. WHO child growth standards and the identification of severe acute 
malnutrition in infants and children: joint statement by the World Health 
Organization and the United Nations Children’s Fund. 2009.

 29. Agyepong IA, Adjei S. Public social policy development and implementa-
tion: a case study of the Ghana National Health Insurance scheme. Health 
Policy Plan. 2008;23(2):150–60.

 30. Chandler CI, Whitty CJ, Ansah EK. How can malaria rapid diagnostic tests 
achieve their potential? A qualitative study of a trial at health facilities in 
Ghana. Malar J. 2010;9(1):95.

 31. Trumbo P, Yates AA, Schlicker S, Poos M. Dietary reference intakes: vitamin 
A, vitamin K, arsenic, boron, chromium, copper, iodine, iron, manganese, 
molybdenum, nickel, silicon, vanadium, and zinc. J Am Diet Assoc. 
2001;101(3):294–301.

 32. Meyers LD, Hellwig JP, Otten JJ, editors. Dietary reference intakes: the 
essential guide to nutrient requirements. National Academies Press; 2006.

 33. Piccirilli RJ, Tomchick C, Williams R, Beckjord PA, Park FK. An automated 
microplate system for blood group serology. Laboratory Medicine. 
1985;16(12):775–8.

 34. QIAamp D. Mini and Blood Mini Handbook. Qiagen. 2012.
 35. QIAamp D. Mini kit and QIAamp DNA blood mini kit handbook. Quigen 

Feb. 2003. p. 1–66.
 36. Danquah I, Ziniel P, Eggelte TA, Ehrhardt S, Mockenhaupt FP. Influ-

ence of haemoglobins S and C on predominantly asymptomatic 
Plasmodium infections in northern Ghana. Trans R Soc Trop Med Hyg. 
2010;104(11):713–9.

 37. Frank JE. Diagnosis and management of G6PD deficiency. Am Fam Physi-
cian. 2005;72(7):1277–82.

 38. Meissner PE, Coulibaly B, Mandi G, Mansmann U, Witte S, Schiek W, et al. 
Diagnosis of red cell G6PD deficiency in rural Burkina Faso. Comparison 
of a rapid fluorescent enzyme test on filter paper with polymerase chain 
reaction based genotyping. Br J Haematol. 2005;131(3):395–9.

 39. Clark TG, Fry AE, Auburn S, Campino S, Diakite M, Green A, et al. Allelic 
heterogeneity of G6PD deficiency in West Africa and severe malaria 
susceptibility. Eur J Hum Genet. 2009;17(8):1080–5.

 40. Carter N, Pamba A, Duparc S, Waitumbi JN. Frequency of glucose-6-phos-
phate dehydrogenase deficiency in malaria patients from six African 
countries enrolled in two randomized anti-malarial clinical trials. Malar J. 
2011;10(1):1.

 41. Asante KP, Owusu-Agyei S, Cairns M, Dodoo D, Boamah EA, Gyasi R, 
et al. Placental malaria and the risk of malaria in infants in a high malaria 
transmission area in Ghana: a prospective cohort study. J Infect Dis. 
2013;208(9):1504–13.

 42. Vyas S, Kumaranayake L. Constructing socio-economic status indi-
ces: how to use principal components analysis. Health Policy Plan. 
2006;21(6):459–68.

 43. Carter N, Pamba A, Duparc S, Waitumbi JN. Frequency of glucose-6-phos-
phate dehydrogenase deficiency in malaria patients from six African 
countries enrolled in two randomized anti-malarial clinical trials. Malar J. 
2011;10(1):241.

 44. George I, Akani N. Evaluation of Glucose–6–Phosphate dehydrogenase 
deficiency in icteric newborns in Nigeria. Am J Trop Med Public Health. 
2011;1(3):73–8.

 45. Burchard G-D, Browne EN, Sievertsen J, May J, Meyer CG. Spleen size 
determined by ultrasound in patients with sickle cell trait, HbAC trait and 
glucose-6-phosphate-dehydrogenase deficiency in a malaria hyperen-
demic area (Ashanti Region, Ghana). Acta Trop. 2001;80(2):103–9.

 46. Beutler E, Vulliamy TJ. Hematologically important mutations: glucose-
6-phosphate dehydrogenase. Blood Cells Mol Dis. 2002;28(2):93–103.

 47. Lin M, Yang LY, De Xie D, Chen JT, Nguba S-mM, Ehapo CS, et al. G6PD 
deficiency and hemoglobinopathies: Molecular epidemiological charac-
teristics and healthy effects on malaria endemic Bioko Island, Equatorial 
Guinea. PLoS one. 2015;10(4):e0123991.

 48. Nassef YE, Fathy HA, Ali A, Hamed MA, Fathy GA. Evaluation of G6PD 
activity and antioxidants status in jaundiced Egyptian neonates. Int J Med 
Med Sci. 2013;5(12):550–9.



Page 13 of 13Tchum et al. BMC Nutrition            (2023) 9:56  

 49. Settin A, Al-Haggar M, Al-Baz R, Yousof H, Osman N. Screening for G6PD 
Mediterranean mutation among Egyptian neonates with high or pro-
longed jaundice. Haema. 2006;9(1):83–90.

 50. Quirolo K, Vichinsky E. Sickle cell anemia, thalassemia, and congenital 
hemolytic anemias. Rossi’s Principles Trans Med. 2016:126–43.

 51. Kreuels B, Kreuzberg C, Kobbe R, Ayim-Akonor M, Apiah-Thompson P, 
Thompson B, et al. Differing effects of HbS and HbC traits on falciparum 
malaria, anemia and child growth. Blood. 2010:blood-2009–09–241844.

 52. Amoako N, Asante KP, Adjei G, Awandare GA, Bimi L, Owusu-Agyei S. 
Associations between red cell polymorphisms and Plasmodium falcipa-
rum infection in the middle belt of Ghana. PLoS ONE. 2014;9(12):e112868.

 53. Gonçalves BP, Sagara I, Coulibaly M, Wu Y, Assadou MH, Guindo A, 
et al. Hemoglobin variants shape the distribution of malaria para-
sites in human populations and their transmission potential. Sci Rep. 
2017;7(1):14267.

 54. Apecu RO, Mulogo EM, Bagenda F, Byamungu A. ABO and Rhesus (D) 
blood group distribution among blood donors in rural south western 
Uganda: a retrospective study. BMC Res Notes. 2016;9(1):513.

 55. Bamou R, Sevidzem SL. ABO/Rhesus blood group systems and malaria 
prevalence among students of the University of Dschang, Cameroon. 
Microwave J. 2016;7(4):1–4.

 56. Carvalho D, de Mattos L, Souza-Neiras W, Bonini-Domingos C, Cósimo 
A, Storti-Melo L, et al. Frequency of ABO blood group system polymor-
phisms in Plasmodium falciparum malaria patients and blood donors 
from the Brazilian Amazon region. Genet Mol Res. 2010:1443–9.

 57. Ofosu DN, Dotsey C, Debrekyei YM. Association of Asymptomatic Malaria 
and ABO Blood Group among Donors Attending Asamankese Govern-
ment Hospital. 2015.

 58. Akide-Ndunge OB, Tambini E, Giribaldi G, McMillan PJ, Müller S, Arese 
P, et al. Co-ordinated stage-dependent enhancement of Plasmodium 
falciparum antioxidant enzymes and heat shock protein expression in 
parasites growing in oxidatively stressed or G6PD-deficient red blood 
cells. Malar J. 2009;8(1):113.

 59. Enevold A, Lusingu JP, Mmbando B, Alifrangis M, Lemnge MM, Bygbjerg 
IC, et al. Reduced risk of uncomplicated malaria episodes in children 
with alpha+-thalassemia in northeastern Tanzania. Am J Trop Med Hyg. 
2008;78(5):714–20.

 60. Owusu R, Asante KP, Mahama E, Awini E, Anyorigiya T, Dosoo D, et al. 
Glucose-6-Phosphate Dehydrogenase Deficiency and Haemoglobin 
Drop after Sulphadoxine-Pyrimethamine Use for Intermittent Preventive 
Treatment of Malaria during Pregnancy in Ghana–A Cohort Study. PLoS 
ONE. 2015;10(9):e0136828.

 61. Driss A, Hibbert JM, Wilson NO, Iqbal SA, Adamkiewicz TV, Stiles JK. 
Genetic polymorphisms linked to susceptibility to malaria. Malar J. 
2011;10(1):271.

 62. Goheen M, Wegmüller R, Bah A, Darboe B, Danso E, Affara M, et al. Ane-
mia offers stronger protection than sickle cell trait against the erythro-
cytic stage of falciparum malaria and this protection is reversed by iron 
supplementation. EBioMedicine. 2016;14:123–30.

 63. Patel DK, Mashon RS, Purohit P, Meher S, Dehury S, Marndi C, et al. 
Influence of sickle cell gene on the allelic diversity at the msp-1 locus of 
Plasmodium falciparum in adult patients with severe malaria. Mediterr J 
Hematol Infect Dis. 2015;7(1).

 64. Albiti AH, Nsiah K. Comparative haematological parameters of HbAA and 
HbAS genotype children infected with Plasmodium falciparum malaria in 
Yemen. Hematology. 2014;19(3):169–74.

 65. Doumbo OK, Thera MA, Koné AK, Raza A, Tempest LJ, Lyke KE, et al. High 
levels of Plasmodium falciparum rosetting in all clinical forms of severe 
malaria in African children. Am J Trop Med Hyg. 2009;81(6):987–93.

 66. Nwabuko O, Okoh D. Assessment of ABO-Rhesus Blood Groups and 
Hemoglobin Concentrations of Sickle Cell Disease Pregnant Women at 
Booking in Nigeria. Hematol Transfus Int J. 2017;5(2):00113.

 67. Kumar BA, Kaushik M. Blood group and anemia: Exploring a new relation-
ship. J Public Health Epidemiol. 2013;5(1):43–5.

 68. Gupte SC, Patel AG, Patel TG. Association of ABO groups in malaria infec-
tion of variable severity. J Vector Borne Dis. 2012;49(2):78.

 69. Burhan H, Hasan AS, Mansur-ul-Haque S, Zaidi G, Shaikh T, Zia A. Associa-
tion between blood group and susceptibility to malaria and its effects on 
platelets, TLC, and Hb. J Infect Dev Countries. 2016;10(10):1124–8.

 70. Ouattara AK, Bisseye C, Bazie BVJTE, Diarra B, Compaore TR, Djigma F, et al. 
Glucose-6-phosphate dehydrogenase (G6PD) deficiency is associated 
with asymptomatic malaria in a rural community in Burkina Faso. Asian 
Pacific J Trop Biomed. 2014;4(8):655–8.

 71. Sirugo G, Predazzi IM, Bartlett J, Tacconelli A, Walther M, Williams SM. 
G6PD A-deficiency and severe malaria in The Gambia: heterozygote 
advantage and possible homozygote disadvantage. Am J Trop Med Hyg. 
2014;90(5):856.

 72. Nguetse CN, Meyer CG, Adegnika AA, Agbenyega T, Ogutu BR, Kremsner 
PG, et al. Glucose-6-phosphate dehydrogenase deficiency and reduced 
haemoglobin levels in African children with severe malaria. Malar J. 
2016;15(1):346.

 73. Menendez C, Todd J, Alonso PL, Francis N, Lulat S, Ceesay S, et al. The 
response to iron supplementation of pregnant women with the haemo-
globin genotype AA or AS. Trans R Soc Trop Med Hyg. 1995;89(3):289–92.

 74. Gong L, Parikh S, Rosenthal PJ, Greenhouse B. Biochemical and immu-
nological mechanisms by which sickle cell trait protects against malaria. 
Malar J. 2013;12(1):317.

 75. Verra F, Bancone G, Avellino P, Blot I, Simpore J, Modiano D. Haemoglobin 
C and S in natural selection against Plasmodium falciparum malaria: 
a plethora or a single shared adaptive mechanism? Parassitologia. 
2007;49(4):209.

 76. Verra F, Simpore J, Warimwe GM, Tetteh KK, Howard T, Osier FH, et al. 
Haemoglobin C and S role in acquired immunity against Plasmodium 
falciparum malaria. PLoS ONE. 2007;2(10):e978.

 77. Williams TN, Mwangi TW, Wambua S, Alexander ND, Kortok M, Snow RW, 
et al. Sickle cell trait and the risk of Plasmodium falciparum malaria and 
other childhood diseases. J Infect Dis. 2005;192(1):178–86.

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


	Effect of iron fortification on anaemia and risk of malaria among Ghanaian pre-school children with haemoglobinopathies and different ABO blood groups
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 
	Trial registration 

	Introduction
	Materials and methods
	Study design
	Study site
	Study population
	Recruitment and randomization
	Data and specimen collection
	Processing and analysis of the specimen
	Ethics approvals
	Statistical analysis

	Results
	Baseline characteristics of the study participants
	Prevalence of ABO blood groups and haemoglobinopathies amongst participants
	Risk of anaemia and malaria on host genes
	Effect of ABO blood groups and haemoglobinopathies on anaemia
	Effect of haemoglobinopathies and ABO blood groups on clinical malaria

	Discussion
	Conclusion
	Acknowledgements
	References


