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Natural antibody responses to Plasmodium
falciparum MSP3 and GLURP(R0) antigens
are associated with low parasite densities
in malaria patients living in the Central
Region of Ghana
L. E. Amoah1*, S. V. Nuvor2, E. K. Obboh3, F. K. Acquah1, K. Asare4, S. K. Singh5,6,7, J. N. Boampong4,
M. Theisen5,6,7 and K. C. Williamson8,9

Abstract

Background: Plasmodium falciparum genetic diversity and multiplicity of infection (MOI) are parasite features that
have been suggested to influence the acquisition of protective immunity against malaria. This study sought to
assess the relationship between MOI and parasite density (PD) in malaria patients living in the Central Region of
Ghana and to determine whether naturally occurring antibody levels against P. falciparum GLURP (PF3D7_1035300)
and MSP3 (PF3D7_1035400) antigens are associated with decreased parasite load.

Methods: Dried filter paper blood blots were obtained from children and adults diagnosed with uncomplicated P.
falciparum malaria. Microscopy was used to estimate P. falciparum parasite density and polymerase chain reaction
(PCR) amplification of the polymorphic regions of msp1 (PF3D7_0930300) and msp2 (PF3D7_0206800) was used for
parasite genotyping and MOI determination. ELISA was used to measure the serum IgG concentration of R0
fragment of GLURP (GLURP(R0)) and MSP3 antibodies.

Results: All 115 samples were positive for P. falciparum by PCR using either the msp1 or msp2 genotyping primer
sets. The most prevalent msp1 and msp2 alleles were KI and 3D7, respectively. The geometric mean (GM) for MOI
determined by both msp1 and msp2 genotyping was 1.3 for the entire population and was generally higher in
children than in adults. Seropositivity was estimated at 67 and 63% for GLURP(R0) and MSP3 antibodies,
respectively, and antibody titers were negatively correlated with parasite density.

Conclusions: The negative correlation between naturally occurring GLURP(R0) and MSP3 antibody levels and
parasite density observed in this study suggest that augmenting the antibody response with the GMZ2 vaccine
could enhance protection in the Central Region of Ghana.
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Background
The 2015 annual report of the Ghana National Malaria
Control Program reported that 39.2% of all the Out-
patient Department cases recorded in the Central Region
were due to malaria [1]. This 44.5% increase in reported
malaria cases from 2014 to 2015 [1] suggests that
malaria still remains a disease of public health concern
despite the enormous advances in interventions to con-
trol the disease. The enormous genetic diversity found
in the P. falciparum parasites is likely to complicate dis-
ease control. This diversity within P. falciparum has
served as a key survival mechanism for the parasite, as it
allows for immune evasion as well as drug resistance [2].
Major malaria treatment regimens such as chloroquine
[3] have already failed and tolerance and resistance to ar-
temisinin combination therapy has been reported in
some malaria endemic countries [4, 5]. Specific P. falcip-
arum parasite genotypes, such as PfEMP1-DBL1α, have
also been implicated with severe malaria [6] and the
CAMP(C-) genotype of EBA 175 associated with severe
malaria and fatal outcome [7], again suggesting parasite
diversity plays an important role in the clinical manifest-
ation and pathology of malaria [8]. Merozoite surface
antigens of the parasite such as MSP1 and MSP2 are ex-
posed directly to immune pressure and found to be
highly polymorphic. Plasmodium falciparum merozoite
surface proteins 1 (MSP1: PF3D7_0930300) and 2
(MSP2: PF3D7_0206800) are widely used in the field for
determining parasite diversity and multiplicity of infec-
tion. The msp1 gene has been divided into three allelic
families namely K1, MAD20, and RO33 type based on
the diversity within the Block 2 region of the gene se-
quence [9]. The msp2 gene is dimorphic [10] based
on diversity with the Block 3 region of its gene se-
quence and it is classified as being in the FC27 or
3D7 allele family. These merozoite surface antigens
have proven to be vital tools in characterizing P. fal-
ciparum parasites [11].
Infections of P. falciparum have also been implicated

in the maintenance of strain-specific anti-merozoite
antibodies. An increase in the number of FC27 alleles in
an infection has been associated with increased antibody
titres to the MSP2-Dd2 (FC27 family allele) but not
MSP2-Ch150/9 (3D7 family allele) antigen [12]. To
cover both 3D7 and FC27 allele families, a MSP1-C1
combination vaccine containing 3D7 and FC27 alleles
was developed, but unfortunately it showed unaccept-
able reactogenicity limiting further analysis [13]. Multi-
clonal infections, consisting of diverse concurrent
clones, could be advantageous to the host as it enables
the acquisition of antibodies to genetically diverse para-
sites (increased breadth of antibodies) as has been shown
in asymptomatic infections [11, 14]. It has also been re-
ported to reduce the risk of clinical illness during a

subsequent infection with a clonally similar parasite [15,
16], as antibody titers maintained by multiclonal asypto-
matic infection may be more likely to arrest the growth
of newly acquired, but clonally similar parasites [17].
In addition to merozoite surface proteins, parasite an-

tigens released when mature schizont-infected erythro-
cytes burst are also exposed to host immune defenses
and one of these, GLURP(R0), is included in a current
vaccine candidate GMZ2 [18–20]. GMZ2 is a chimeric
malaria vaccine composed of the R0 fragment of
GLURP(R0) fused to MSP3 [21] and is undergoing vac-
cine trials in a number of African countries including
Ghana [22]. Antibodies against both GLURP(R0) and
MSP3 have been implicated in the acquisition of protect-
ive immunity to malaria [23]. The present study was de-
signed to identify possible associations between the
natural immune response to GLURP(R0) and MSP3,
parasite density and multiplicity of infection in the forest
zone of the Central Region of Ghana.

Methods
Study site and sample acquisition
Peripheral whole blood samples used for dried filter
paper blood blots, thick and thin blood smears and har-
vesting of serum were collected from each participant as
part of a larger study from three districts in the Central
Region of Ghana [24]. The hemoglobin concentrations
of the blood samples were measured directly using auto-
mated blood analyzers in the various study hospitals.
The study was conducted a district hospital located in
Abura Dunkwa, Twifo Praso and Assin Fosu in the Cen-
tral Region of Ghana (Fig. 1). All the three study sites
are in the forest zone of Ghana and share common peak
(April-September) and off peak (November-March) mal-
aria seasons. In 2013, the incidence of clinical malaria
ranged between 11 and 15% in the three sites [25, 26].

Extraction of parasite DNA
Two 3 mm punches (discs) of dried blood blots from the
filter paper were used for gDNA extraction using the
Saponin-Chelex extraction method [27]. Briefly, discs for
each sample were incubated in 1120 μl of a 0.5% sap-
onin/phosphate buffered saline (PBS) solution overnight
at room temperature on a shaking incubator. After incu-
bation, the discs were washed twice with 1 ml PBS,
followed by centrifugation at 10,000× g. Subsequently,
150 μl of a 6% Chelex-100 (Sigma-Aldrich, Missouri,
USA) in DNase/RNase free water was added to the discs
and incubated for 5 min at 95 °C. After a final high-
speed centrifugation, the supernatant containing the
gDNA was either used immediately for the genotyping
PCR amplification reactions or stored at - 20 °C.
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Molecular identification and genotyping
To distinguish between the three major msp1 allelic
families (K1, MAD 20, and RO33) and the two msp2
allelic families (FC27 and 3D7), nested PCR was
performed using family-specific primers [28] shown in
Table 1. The outer PCR reaction mixture contained
200 nM dNTP, 2 mM MgCl2, 133 nM of each forward
and reverse primer, 0.5 units of One Taq DNA polymer-
ase (New England BioLab, MA, USA) and 4 μl (about
0.25 μl of whole blood) of genomic DNA (gDNA) tem-
plate. The inner nested reaction mixture contained
200 nM dNTP, 1.8 mM MgCl2, 200 nM of each forward
and reverse primer and 0.5 unit of One Taq DNA poly-
merase supplemented with 0.5 μl of the primary PCR
product. The cycling parameters for the nested PCR
consisted of an initial denaturation at 94 °C for 3 min,
followed by 30 cycles at 94 °C for 1 min; 50–59 °C (opti-
mized for each primer pair) for 35 s, and 68 °C for
2 min 30 s; with a final extension at 68 °C for 5 min.
The PCR reactions were all run on a Biometra TAdvance
thermal cycler (Göttingen, Germany). Positive gDNA
controls for each allelic family (3D7 strain - alleles, msp2

3D7/msp1 KI; K1 strain - alleles, msp1 KI/msp2 FC27;
HB3 strain - alleles msp1 MAD20/msp2 FC27 and RO33
strain - alleles, msp1 RO33/msp2 3D7 were from MR4)
and no template negative control were included in each
set of PCR reactions. PCR products were separated on
2% ethidium bromide-stained agarose gels and visualized
under UV illumination.

Multiplicity of infection
The number of concurrent infecting genotypes con-
tained in each sample, which represents the multiplicity
of infection (MOI) for that sample, was calculated as the
highest number of alleles obtained in the sample after ei-
ther msp1 or msp2 genotype reactions. Samples with
more than one PCR fragment per marker (infecting
genotype) were considered as containing multiclonal in-
fections, whereas samples with only one infecting geno-
type for either marker were considered as clonal with
respect to that marker. The geometric mean (GM) of
MOI for both msp1 and msp2 genotyping was calculated
by determining the GM for the sum of the MOI

Fig. 1 Map of Ghana showing study sites. Samples were collected from the hospitals marked H located in Twifo Praso, Assin Fosu and Abura
Dunkwa in the Central Region of Ghana. Twifo Praso is the district capital of Twifo-Ati Morkwa district, Assin Fosu in the district capital of Assin
North Municipality and Abura Dunkwa is the district capital of Abura-Asebu Kwaman Kese
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identified for each sample divided by the total number
of samples positive for the same marker.

GLURP(R0) and MSP3 ELISA
One hundred microliters of affinity purified GLURP(R0)
[19, 29] or MSP3 [19, 29] in PBS at 1 μg/ml was used to
coat 80 wells of a NUNC maxisorp 96-well ELISA plate
overnight at 4 °C. The remaining 16 wells were filled
with 100 μl of purified human polyclonal IgG (PB055,
The Binding Site) serially titrated to serve as standards.
The plates were subsequently washed four times with 1×
PBS with 0.05% Tween 20 (1× PBST), blocked with
150 μl of 3% skimmed milk in 1× PBST, washed twice
and incubated for 1 h with 100 μl of test serum or a pool
of negative control serum from donors living in non-
endemic countries, diluted 1:200 in 1% skimmed milk in
1× PBST. Subsequently, after four 1× PBST washes,
bound IgG were probed with polyclonal rabbit anti-
human IgG-horseradish peroxidase (1:3000 dilution in
1% skimmed milk in 1× PBST) for 1 h. Plates were then
washed four times as described above and the bound
conjugate detected by incubating with 50 μl of tetra-
methylbenzidine substrate and stopping the reaction
with 50 μl of 0.2 M sulphuric acid. ELx808 Absorbance
Reader (BioTek, VT, USA) was used to read the ODs of
each sample.

Data analysis
Data were entered into Excel, converted to concentra-
tions using ADAMSEL (Ed Remarque) and analyzed
using GraphPad Prism v7 and SPSS v.22 (IBM). The fre-
quency of each msp1 and msp2 allelic family as well as
the geometric mean and corresponding 95% confidence

interval were calculated using frequency distribution in
GraphPad Prism. The correlation between age and PD,
GLURP(R0) and MSP3 IgG concentrations was per-
formed using GraphPad Prism. SPSS descriptive statis-
tics (cross tabs) was used to determine the descriptive
statistics for the participants per study site (Additional
file 1: Table S1). SPSS nonparametric tests (independent
samples) were used to determine the association be-
tween IgG concentrations and antibody seropositivity
with MOI and parasite density and also to draw graphs
showing the relationship between PD, Age and IgG sero-
positivity (Additional file 2: Figure S1). Statistical signifi-
cance was defined as P value ≤ 0.05 unless otherwise
stated. Using an estimate of 8000 white blood cells/μl of
blood, the number of asexual blood stage parasites was
determined for 200 WBCs and multiplied by 40.

Results
The study population included 115 symptomatic malaria
patients, 47 (41%) were from Assin Fosu, 36 (31%) from
Twifo Praso and 32 (28%) from Abura Dunkwa (Fig. 1).
The geometric mean (GM) age of the study population
was 6.37 (95% CI: 5.1–7.97) years. The GM of the P. fal-
ciparum parasite density (PD) was 7715 (95% CI: 5719–
10,408) parasites/μl blood with a standard error of the
mean of 3230. The GM of the hemoglobin concentra-
tions within the population was 9.4 (95% CI: 9.0–9.8)
(Table 2). Due to the similarities in demographic features
between the three study sites (Additional file 1: Table
S1), data analysis was performed on the total sample set
without differentiating according to study site. Although
children had relatively higher parasite densities than the

Table 1 msp1 and msp2 genotyping primers

Marker Primer name Primer sequence (5′-3′) Annealing temperature (°C)

msp1

Primary M1- OF CTAGAAGCTTTAGAAGATGCAGTATTG 54

M1- OR CTTAAATAGTATTCTAATTCAAGTGGATCA

K1 M1- KF AAATGAAGAAGAAATTACTACAAAAGGTGC 59

M1- KR GCTTGCATCAGCTGGAGGGCTTGCACCAGA

MAD 20 M1- MF AAATGAAGGAACAAGTGGAACAGCTGTTAC 59

M1- MR ATCTGAAGGATTTGTACGTCTTGAATTACC

RO33 M1- RF TAAAGGATGGAGCAAATACTCAAGTTGTTG 59

MI- RR CAAGTAATTTTGAACTCATGTTTTAAATCAGCGTA

msp2

Primary M2- OF ATGAAGGTAATTAAAACATTGTCTATTATA 54

M2- OR CTTTGTTACCATCGGTACATTCTT

3D7/FC27- F S1fw GCTTATAATATGAGTATAAGGAGAA 50

FC27- R M5rev GCATTGCCAGAACTTGAA

3D7 - R N5rev CTGAAGAGGTACTGGTAGA
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adults, the correlation was not significant (Spearman’s
r = -0.949, P = 0.35; Additional file 3: Figure S3).

Parasite genotyping
Out of the 115 samples collected 97 (84.3%) and 99
(86.1%) were successfully amplified for msp1 and msp2
genes, respectively. From the 97 samples with positive
PCR products from the msp1 PCR amplifications, a total
of 126 PCR fragments were obtained. The overall fre-
quency of the K1 allele was the highest, 67 (53.2%),
followed by MAD20, 38 (30.1%), and RO33 at 33
(26.2%). Similarly, from the 99 samples that yielded posi-
tive PCR fragments for the msp2 gene, a total of 52 sam-
ples contained parasites belonging to the FC27 allele
family, of which 10 (19.2%) harbored double infections
and thus resulted in a total of 62 PCR fragments (42
samples with single and 10 with double PCR fragments,
42.2%). Seventy-six samples contained parasites belong-
ing to the 3D7 allele family, with 9/76 (11.8%) of the
samples harboring two distinct parasite populations
thereby producing a total frequency of 85 PCR frag-
ments (57.8%) (Fig. 2). In total, 147 PCR fragments (62

FC alleles and 85 3D7 alleles) were obtained from the
msp2 targeted PCR amplifications from 99 samples.

Multiplicity of infection
Combining the number of independent PCR fragments
obtained for the three families, specific PCR amplifica-
tions for msp1 revealed that 62 samples produced a sin-
gle PCR fragment, two PCR fragments were obtained
from 29 samples and 6 samples produced three different
PCR fragments (Fig. 3). The GM for MOI obtained after
msp1 genotyping was 1.32 (95% CI: 1.22–1.42) (Additional
file 1: Table S1). Combining the total number of PCR frag-
ments obtained from a sample after msp2 genotyping re-
vealed that 64 samples contained a single PCR fragment,
24 samples contained two different fragments, 9 samples
contained 3 PCR fragments and 2 samples contained 4
PCR fragments (Fig. 3). The GM for MOI obtained after
msp2 genotyping was 1.34 (95% CI: 1.24–1.46) (Additional
file 1: Table S1). MOI determined by msp2 genotyping
was significantly negatively correlated with age (Spear-
man’s r = -0.2103, P = 0.044), but positively correlated
with PD (Spearman’s r = 0.2290, P = 0.023). The GM of
MOI determined by both msp1 and msp2 genotyping gen-
erally decreased with increasing age (Fig. 4a, b). The over-
all MOI in each sample was taken as the highest MOI
predicted by either msp1 or msp2 genotyping. The GM
for the overall MOI in this study population was 1.43
(95% CI: 1.32–1.55).

IgG concentrations of GLURP(R0) and MSP3 antibodies
IgG concentrations of antibodies against MSP3 were
significantly higher than those against GLURP(R0)
(Spearman’s r = 0.588, P < 0.0001). A significantly posi-
tive correlation was found to exist between age and IgG

Table 2 Background characteristics of study participants

Age (years) HB (g/dl) PD/μl

Count (n) 102 99 112

Minimum n 0.5 4.4 40

Maximum n 35 13.6 184,600

Geometric mean (GM) 6.369 9.352 7715

Lower 95% CI of GM 5.095 8.967 5719

Upper 95% CI of GM 7.962 9.754 10,408

Abbreviations: n total number of samples analyzed, HB (g/dl) hemoglobin
concentration, PD/μl parasite density

Fig. 2 Distribution of msp1 and msp2 alleles. A graphical representation of data obtained from agarose gel electrophoresis of the allele-specific
(msp1 and msp2 family) genotyping reactions. The number of samples that yielded one msp1 allele (black checked) or one (dark grey) or two
(light grey) msp2 alleles in PCR reactions with the indicated allele-specific primer set are plotted
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concentrations of both GLURP(R0) (Spearman’s
r = 0.454, P < 0.0001) and MSP3 (Spearman’s r = 0.494,
P < 0.0001) antibodies (Table 3, Fig. 5).
In contrast, PD was negatively correlated with MSP3

(Spearman’s r = -0.1944, P < 0.0502) as well as
GLURP(R0) (Spearman’s r = -0.2461, P < 0.015) IgG con-
centrations. Seropositivity in this study was defined as
serum antibody levels higher than the cutoff value, which
is the mean of the antibody concentrations of the negative
control plus 2 standard deviations. Applying the cutoff of
589 ng/μl and 3249 ng/μl for GLURP(R0) and MSP3, re-
spectively; 67% of the participants were seropositive for
GLURP(R0) and 63% for MSP3.

Multiplicity of infection and GLURP(R0) and MSP3
antibody concentrations
Although the GM of the MOI in this study was relatively
low, a significant association was identified with IgG con-
centrations of MSP3 (Independent-Samples Median
Test, P = 0.008), but not GLURP(R0) antibodies

(Independent-Samples Median Test, P = 0.053), across the
varying msp2 MOI categories. No significant association
was found between either GLURP(R0) (Independent-Sam-
ples Median Test, P = 0.702) or MSP3 (Independent-Sam-
ples Median Test, P = 0.343) IgG concentrations and
MOI determined by msp1 genotyping.

Discussion
This study accessed the genetic diversity and multiplicity
of P. falciparum infection as well as antibody reponses
to two asexual malaria vaccine candidate antigens
(GLURP(R0) and MSP3) in a cohort of patients presenting
to the hospital with uncomplicated malaria. The geometric
mean (GM) of the parasite density (PD) in the study partic-
ipants was 7715 parasites/μl (Additional file 1: Table S1).
This was much lower than previously reported,
(20,319/μl) for children with malaria in a different
community within the same Region of Ghana [28]. Al-
though there was a general decrease in PD with in-
creasing age, no significant difference in PD among

Fig. 3 Multiplicity of infection for msp1 and msp2. The number of samples are indicated that contained a total of one, two, three or four msp1
alleles (black) or msp2 alleles (light grey) when the results of all the genotyping reactions using the msp1 K1, MAD20 or RO33 (black) or msp2
FC27 or 3D7 (dark grey) allele-specific primer sets were combined

Fig. 4 Geometric mean of MOI determined by msp 1 (a) and msp 2 (b) genotyping. Study participants were grouped into young children
(0–5 yrs), older children (6–17 yrs) and adults (> 17 yrs). The geometric mean of the total number of PCR fragments obtained in each group per
marker (msp1 or msp2), which also represents the geometric mean of the MOI, is plotted with the 95% confidence interval
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the study population was observed (Additional file 3:
Figure S3) which is contrary to other reports, such as
one from a study conducted in Kenya where young
children (5–10 years) carried significantly higher para-
site densities than older children (10–15 years) [30].
The most prevalent msp1 allelic family was the KI al-

lele (Fig. 2); this finding is consistent with our previous
study [28] conducted along the coast of the Central Re-
gion of Ghana as well as other studies on asymptomatic
and uncomplicated malaria patients in Cameroon [31]
and Ethiopia [32]. However, this study identified the 3D7
allele of msp2 as the most prevalent (Fig. 2), which was
contrary to our previous study [28] but similar to other
studies conducted in Ghana [33, 34].
The presence of concurrent P. falciparum parasite infec-

tions in this study population was low (Fig. 3), with a GM
for MOI as 1.3 (Additional file 1: Table S1) indicating only
a minority of patients being infected with multiple para-
sites. A previous study conducted in Southern Ghana in
2013 identified the GM for MOI of malaria patients as 1.3
[34]. However, our previous study conducted along the
coast of the Central Region of Ghana reported a relatively
higher geometric mean for MOI, 1.92 and 1.88 for MOI
determined by msp1 and msp2, respectively, in children
with uncomplicated malaria [28].
There was no significant difference in MOI deter-

mined by either msp1 or msp2 genotyping among the

three age groups studied (Fig. 4), which is consistent
with recent reports from Sudan [35], Uganda [36] and
Ethiopia [32]. Although there was a significant relation-
ship between MOI and parasite density which was not
observed in the Ethiopian study [32]. The MOI analysis
might have been more sensitive if pyrosequencing [37]
or capillary electrophoresis [38] had been used for the
msp1 and msp2 genotyping as these techniques are able
to distinguish between all possible different strains con-
tained within a single PCR amplicon.
This study shows higher IgG levels against MSP3 than

GLURP(R0) (Fig. 5), previously reported [39], however, IgG
antibody levels for GLURP(R0) measured in children from
Dodowa in the Greater Accra Region of Ghana in 2002
were higher than those for MSP3 [19]. This study reports
increased IgG levels against GLURP(R0) and MSP3 with in-
creasing age, which is similar to the previous report from
Dodowa [19]. The overall seroprevalence of 67% for
GLURP(R0) to 63% for MSP3 is also is similar to other
studies which ranged from 58.6% [39] to 65% [40]. The re-
sults from this study also indicate that high antibody levels
against GLURP(R0) and MSP3 are associated with lower
parasite density [41–43] and likely protection from disease.

Conclusions
The negative correlation between naturally occurring
GLURP(R0) and MSP3 antibody levels and parasite

Table 3 Correlation between age and PD, R0 IgG and MSP3 IgG concentrations

Age (yrs) vs PD Age (yrs) vs RO Age (yrs) vs MSP3

Spearman’s r -0.09489 0.4546 0.4941

95% confidence interval -0.2923 – 0.1103 0.2675 – 0.6087 0.3164 – 0.6384

P-value (two-tailed) 0.3501 < 0.0001 < 0.0001

Number of XY pairs 99 90 92

Fig. 5 IgG concentrations of GLURP(R0) (a) MSP3 (b) and antibodies across the various age groups. A graphical represtation of the total IgG
concentration (ng/ml) against GLURP(R0) (a) and MSP3 (b) in young children (0–5 yrs), older children (6–17 yrs) and adults (> 17 yrs). For each
age group the GM with the 95% confidence interval of the antibody concentrations are indicated
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density observed in this study suggest that augmenting
the antibody response with the GMZ2 vaccine, or other
vaccines that stimulates an increased production of anti-
bodies against GLURP(R0) and MSP3, could enhance
protection in the Central Region of Ghana. However,
diversity in candidate vaccine antigens could influence
the effect and will have to be monitored prior to and
during vaccine trials.

Additional files

Additional file 1: Table S1. Demographic features of the study
participants per site and overall. Abbreviations: n, number of patients; GM,
geometric mean; 95% CI, 95% confidence interval of the GM. Numbers in
parenthesis represent the total number of patients. (DOCX 79 kb)

Additional file 2: Figure S1. Relationship between MSP3 (a) and
GLURP(R0) (b) IgG seropositivity and Age (left y-axis) and PD (right y-axis).
SPSS derived graphs showing the relationship between the mean Age
(left y-axis) and PD/μl blood (right y-axis, log scale) of the study partici-
pants and IgG seropositivity to GLURP(R0) and MSP3. Error bars represent
the standard error of the mean. 0, seronegative; 1, seropositive for MSP3
(a) and GLURP(R0) (b) antibodies. (DOCX 278 kb)

Additional file 3: Figure S2. A graphical representation of the
correlation between log transformed PD and patient age (a) and
stratified patient age (b). (DOCX 131 kb)

Abbreviations
EDTA: Ethylenediaminetetraacetic acid; GLURP: Glutamate rich protein (P.
falciparum); GM: Geometric mean; MOI: Multiplicity of infection;
MSP: Merozoite surface protein (P. falciparum); PBS: Phosphate buffered
saline; PD: Parasite density

Acknowledgements
The authors thank all the study volunteers and MR4 for providing the
reference control gDNA used the study. We also thank staff of the Noguchi
Memorial Institute for Medical Research, especially Mr. George Mensah and
Dr. Kwadwo Kusi for helpful discussion relating to the statistical analysis and
Dr. Nancy Quashie for providing access to her laboratory.

Funding
This project was supported in part by NIAID grant #1R03AI103638 awarded
to KW and a University of Ghana grant URF/5/ILG-013/2011–2012 awarded
to LEA. The funders had no influence on the implementation of the project.

Availability of data and materials
The datasets supporting the conclusions of this article are included within
the article and its additional files.

Authors’ contributions
LEA, MT, SS, JNB, SVN and KW designed the study, KW, SVN, EKO and LEA
wrote the paper, LEA performed the statistical analysis, EKO and FA
performed the experiments. KA collected the samples. All authors read and
approved the final manuscript.

Ethics approval and consent to participate
Archived sera used in this study were from a previous cross sectional study
approved by the Institutional Review Board of the University of Cape Coast
(UCCIRB/28/09/3.1.1) in addition to the Ethical Review Board of the Ministry
of Health, Ghana (GHS-ERC 17/01/12) and carried out in the Central Region
of Ghana between 2011 and 2012. All participants and parents of minors
were educated on the study and gave written consent prior to sample
collection. All patient information is treated as confidential.

Consent for publication
Not applicable.

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

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

Author details
1Noguchi Memorial Institute for Medical Research, University of Ghana, Accra,
Ghana. 2Department of Microbiology and Immunology, School of Medical
Sciences, University of Cape Coast, Cape Coast, Ghana. 3School of Medical
Sciences University of Cape Coast, Cape Coast, Ghana. 4Department of
Biomedical Sciences University of Cape Coast, Cape Coast, Ghana.
5Department for Congenital disorders, Statens Serum Institut, Copenhagen,
Denmark. 6Centre for Medical Parasitology, Department of International
Health, Immunology and Microbiology, University of Copenhagen,
Copenhagen, Denmark. 7Department of Infectious Diseases, Copenhagen
University Hospital, Rigshospitalet, Copenhagen, Denmark. 8Loyola University
Chicago, Chicago, IL, USA. 9Uniform Services University of the Health
Sciences, Bethesda, MD, USA.

Received: 27 April 2017 Accepted: 16 August 2017

References
1. Program GHSNMC. 2015 Annual Report. In: National Malaria Control

Program; 2015.
2. Meyer CG, May J, Arez AP, Gil JP, Do RV. Genetic diversity of Plasmodium

falciparum: asexual stages. Tropical Med Int Health. 2002;7:395–408.
3. Adjuik M, Babiker A, Garner P, Olliaro P, Taylor W, White N. International

artemisinin study G: Artesunate combinations for treatment of malaria:
meta-analysis. Lancet. 2004;363:9–17.

4. Dondorp AM, Nosten F, Yi P, Das D, Phyo AP, Tarning J, et al. Artemisinin
resistance in Plasmodium falciparum malaria. N Engl J Med. 2009;361:455–67.

5. Menard D, Dondorp A. Antimalarial drug resistance: a threat to malaria
elimination. Cold Spring Harb Perspect Med. 2017;7(7):a025619.

6. Normark J, Nilsson D, Ribacke U, Winter G, Moll K, Wheelock CE, et al.
PfEMP1-DBL1alpha amino acid motifs in severe disease states of
Plasmodium falciparum malaria. Proc Natl Acad Sci USA. 2007;104:15835–40.

7. Cramer JP, Mockenhaupt FP, Mohl I, Dittrich S, Dietz E, Otchwemah RN, et
al. Allelic dimorphism of the erythrocyte binding antigen-175 (eba-175)
gene of Plasmodium falciparum and severe malaria: significant association
of the C-segment with fatal outcome in Ghanaian children. Malar J.
2004;3:11.

8. Laishram DD, Sutton PL, Nanda N, Sharma VL, Sobti RC, Carlton JM, Joshi H.
The complexities of malaria disease manifestations with a focus on
asymptomatic malaria. Malar J. 2012;11:29.

9. Miller LH, Roberts T, Shahabuddin M, McCutchan TF. Analysis of sequence
diversity in the Plasmodium falciparum merozoite surface protein-1 (MSP-1).
Mol Biochem Parasitol. 1993;59:1–14.

10. Smythe JA, Coppel RL, Day KP, Martin RK, Oduola AM, Kemp DJ, Anders RF.
Structural diversity in the Plasmodium falciparum merozoite surface antigen
2. Proc Natl Acad Sci USA. 1991;88:1751–5.

11. Farnert A, Williams TN, Mwangi TW, Ehlin A, Fegan G, Macharia A, et al.
Transmission-dependent tolerance to multiclonal Plasmodium falciparum
infection. J Infect Dis. 2009;200(7):1166–75.

12. Rono J, Osier FH, Olsson D, Montgomery S, Mhoja L, Rooth I, et al. Breadth
of anti-merozoite antibody responses is associated with the genetic
diversity of asymptomatic Plasmodium falciparum infections and protection
against clinical malaria. Clin Infect Dis. 2013;57:1409–16.

13. McCarthy JS. A pilot randomized trial of induced blood-stage Plasmodium
falciparum infections in healthy volunteers for testing efficacy of new
antimalarial drugs. PLoS One. 2011;6(8):e21914.

14. Bereczky S, Liljander A, Rooth I, Faraja L, Granath F, Montgomery SM, Farnert
A. Multiclonal asymptomatic Plasmodium falciparum infections predict a
reduced risk of malaria disease in a Tanzanian population. Microbes Infect.
2007;9:103–10.

15. Pinkevych M, Petravic J, Bereczky S, Rooth I, Farnert A, Davenport MP.
Understanding the relationship between Plasmodium falciparum growth
rate and multiplicity of infection. J Infect Dis. 2015;211:1121–7.

Amoah et al. Parasites & Vectors  (2017) 10:395 Page 8 of 9

dx.doi.org/10.1186/s13071-017-2338-7
dx.doi.org/10.1186/s13071-017-2338-7
dx.doi.org/10.1186/s13071-017-2338-7


16. Smith T, Felger I, Tanner M, Beck HP. Premunition in Plasmodium falciparum
infection: insights from the epidemiology of multiple infections. Trans R Soc
Trop Med Hyg. 1999;93(Suppl 1):59–64.

17. Portugal S, Carret C, Recker M, Armitage AE, Goncalves LA, Epiphanio S, et
al. Host-mediated regulation of superinfection in malaria. Nat Med.
2011;17:732–7.

18. Carvalho LJ, Daniel-Ribeiro CT, Goto H. Malaria vaccine: candidate antigens,
mechanisms, constraints and prospects. Scand J Immunol. 2002;56:327–43.

19. Dodoo D, Aikins A, Kusi KA, Lamptey H, Remarque E, Milligan P, et al.
Cohort study of the association of antibody levels to AMA1, MSP119, MSP3
and GLURP with protection from clinical malaria in Ghanaian children. Malar
J. 2008;7:142.

20. Chan JA, Fowkes FJ, Beeson JG. Surface antigens of Plasmodium falciparum-
infected erythrocytes as immune targets and malaria vaccine candidates.
Cell Mol Life Sci. 2014;71(19):3633–57.

21. Esen M, Kremsner PG, Schleucher R, Gassler M, Imoukhuede EB, Imbault N,
et al. Safety and immunogenicity of GMZ2 - a MSP3-GLURP fusion protein
malaria vaccine candidate. Vaccine. 2009;27:6862–8.

22. Sirima SB, Mordmuller B, Milligan P, Ngoa UA, Kironde F, Atuguba F, et al. A
phase 2b randomized, controlled trial of the efficacy of the GMZ2 malaria
vaccine in African children. Vaccine. 2016;34:4536–42.

23. Dodoo D, Theisen M, Kurtzhals JA, Akanmori BD, Koram KA, Jepsen S, et al.
Naturally acquired antibodies to the glutamate-rich protein are associated
with protection against Plasmodium falciparum malaria. J Infect Dis.
2000;181:1202–5.

24. Asare KK, Boampong JN, Afoakwah R, Ameyaw EO, Sehgal R, Quashie NB.
Use of proscribed chloroquine is associated with an increased risk of pfcrt
T76 mutation in some parts of Ghana. Malar J. 2014;13:246.

25. GHS: Ghana health service burden of disease data. 2013.
26. GHS. Population by region, district, age groups and sex, 2010. 2012.
27. Baidjoe A, Stone W, Ploemen I, Shagari S, Grignard L, Osoti V, et al.

Combined DNA extraction and antibody elution from filter papers for the
assessment of malaria transmission intensity in epidemiological studies.
Malar J. 2013;12:272.

28. Ayanful-Torgby R, Oppong A, Abankwa J, Acquah F, Williamson KC, Amoah
LE. Plasmodium falciparum genotype and gametocyte prevalence in
children with uncomplicated malaria in coastal Ghana. Malar J. 2016;15:592.

29. Baumann A, Magris MM, Urbaez ML, Vivas-Martinez S, Duran R, Nieves T, et
al. Naturally acquired immune responses to malaria vaccine candidate
antigens MSP3 and GLURP in Guahibo and Piaroa indigenous communities
of the Venezuelan Amazon. Malar J. 2012;11:46.

30. Kepha S, Nikolay B, Nuwaha F, Mwandawiro CS, Nankabirwa J, Ndibazza J, et
al. Plasmodium falciparum parasitaemia and clinical malaria among school
children living in a high transmission setting in western Kenya. Malar J.
2016;15:157.

31. Apinjoh TO, Tata RB, Anchang-Kimbi JK, Chi HF, Fon EM, Mugri RN, et al.
Plasmodium falciparum merozoite surface protein 1 block 2 gene
polymorphism in field isolates along the slope of mount Cameroon: a cross-
sectional study. BMC Infect Dis. 2015;15:309.

32. Mohammed H, Mindaye T, Belayneh M, Kassa M, Assefa A, Tadesse M, et al.
Genetic diversity of Plasmodium falciparum isolates based on MSP-1 and
MSP-2 genes from Kolla-Shele area, Arbaminch Zuria District, southwest
Ethiopia. Malar J. 2015;14:73.

33. Agyeman-Budu A, Brown C, Adjei G, Adams M, Dosoo D, Dery D, et al.
Trends in multiplicity of Plasmodium falciparum infections among
asymptomatic residents in the middle belt of Ghana. Malar J. 2013;12:22.

34. Duah NO, Matrevi SA, Quashie NB, Abuaku B, Koram KA. Genetic diversity of
Plasmodium falciparum isolates from uncomplicated malaria cases in Ghana
over a decade. Parasit Vectors. 2016;9:416.

35. Mahdi Abdel Hamid M, Elamin AF, Albsheer MM, Abdalla AA, Mahgoub NS,
Mustafa SO, et al. Multiplicity of infection and genetic diversity of
Plasmodium falciparum isolates from patients with uncomplicated and
severe malaria in Gezira state, Sudan. Parasit Vectors. 2016;9:362.

36. Ahmed Ismail H, Ribacke U, Reiling L, Normark J, Egwang T, Kironde F, et al.
Acquired antibodies to merozoite antigens in children from Uganda with
uncomplicated or severe Plasmodium falciparum malaria. Clin Vaccine
Immunol. 2013;20:1170–80.

37. Cruz RE, Shokoples SE, Manage DP, Yanow SK. High-throughput genotyping
of single nucleotide polymorphisms in the Plasmodium falciparum dhfr
gene by asymmetric PCR and melt-curve analysis. J Clin Microbiol.
2010;48:3081–7.

38. Pagel UR, Reis RS, Carvalho VP, Santos EV, Zandonade E, Louro ID, Paula F.
Comparative analysis of short tandem repeat data obtained by automated
and gel electrophoresis techniques. Genet Mol Res. 2016;15:3.

39. Soe S, Theisen M, Roussilhon C, Aye KS, Druilhe P. Association between
protection against clinical malaria and antibodies to merozoite surface
antigens in an area of hyperendemicity in Myanmar: complementarity
between responses to merozoite surface protein 3 and the 220-kilodalton
glutamate-rich protein. Infect Immun. 2004;72:247–52.

40. Ouedraogo AL, Roeffen W, Luty AJ, de Vlas SJ, Nebie I, Ilboudo-Sanogo E, et
al. Naturally acquired immune responses to Plasmodium falciparum sexual
stage antigens Pfs48/45 and Pfs230 in an area of seasonal transmission.
Infect Immun. 2011;79:4957–64.

41. Munsoor M, Hamza KM, Eltuhami A, El-Hassan IM. Immunological
characterization of Plasmodium falciparum malaria in Central Sudan using
GLURP. J Prev Med Public Health. 2015;1:42–6.

42. Dziegiel M, Borre MB, Jepsen S, Hogh B, Petersen E, Vuust J. Recombinant
Plasmodium falciparum glutamate rich protein; purification and use in
enzyme-linked immunosorbent assay. Am J Trop Med Hyg. 1991;44:306–13.

43. Sirima SB, Cousens S, Druilhe P. Protection against malaria by MSP3
candidate vaccine. N Engl J Med. 2011;365:1062–4.

•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

Amoah et al. Parasites & Vectors  (2017) 10:395 Page 9 of 9


	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Study site and sample acquisition
	Extraction of parasite DNA
	Molecular identification and genotyping
	Multiplicity of infection
	GLURP(R0) and MSP3 ELISA
	Data analysis

	Results
	Parasite genotyping
	Multiplicity of infection
	IgG concentrations of GLURP(R0) and MSP3 antibodies
	Multiplicity of infection and GLURP(R0) and MSP3 antibody concentrations

	Discussion
	Conclusions
	Additional files
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval and consent to participate
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

