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Abstract
Background Combined malaria control interventions have reduced mortality rate, number of clinical cases
and parasite prevalence across Africa between 2000 and 2015. As a consequence, Plasmodium
infections have become mostly asymptomatic and often sub-microscopic in many endemic areas. The
present study aims to evaluate the contribution of asymptomatic sub-microscopic P. falciparum carriage
on antibody responses against malaria antigens.

Methods A total of 353 samples from a cross-sectional sampling conducted in Ndiop (Senegal) in 2016
were tested by qPCR and microscopy to determine parasite prevalence. Plasmodium falciparum positive
samples were genotyped using msp-2 marker. The IgG seroprevalence against crude schizont antigen of
a local P. falciparum strain, tested by ELISA, was compared to parasite prevalence. An age-matched,
under 10 years, 10-15 and over 15 years cohort of 110 positive and negative qPCR samples were used to
determine the impact of sub-microscopic carriage on IgG and IgM antibody responses against schizont
extract and MSP3 recombinant antigen.

Results The microscopic diagnosis was negative for all thick smears defining a study cohort of
submicroscopic asymptomatic individuals with an overall parasite prevalence of 22.37% (79/353) by
qPCR. Submicroscopic infections were associated with significant lower IgG responses in qPCR positive
samples for individuals over 15 years of age, for both crude schizont (p=0.021) and MSP3 recombinant
antigen (p=0.035). IgM responses were significantly higher (p=0.034) in children under 10 years, showing
their susceptibility to primary infection. Above 15 years of age, a significant difference was found
between parasite prevalence of 9.3% (33/353) and IgG seroprevalence of 23.8% (84/353) (p=0.01). The
overall genetic diversity detected is characterized by a complexity of infection (COI) and a number of
genotypes of 2.4 and 17, respectively.

Conclusion Asymptomatic submicroscopic P. falciparum carriage is prevalent in the study area and is
associated with immune tolerance to parasites in adults. The difference between parasite prevalence and
IgG seroprevalence results from long-lived IgG in adults point out attention for elders in endemic areas as
a stable parasite reservoir. In this context, mass molecular detection followed by treatment could be a
valuable method for achieving elimination.

Introduction
Malaria is a major health concern in endemic countries, causing 228 million cases and 405, 000 deaths in
2018 [1]. Nevertherless, the burden of malaria has decreased over the past 15 years due to sustained
investment in malaria control programs. These programs had a greater impact in Africa, which supports
93% of the global malaria morbidity and mortality [1]. As a result, the mortality rate fell by 57% in sub-
Saharan Africa between 2000 and 2015 [2]. At the same time, the parasite prevalence and the number of
malaria cases have decreased by 50%, while mortality declined by 40% across Africa. The overall decline
of malaria prevalence is attributed for 60%, 19% and 13% to widespread use of insecticide-treated nets
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(ITNs), treatment with artemisinin-based combination therapies (ACTs) and indoor residual spraying (IRS)
respectively [3]. The scaling-up of interventions on several fronts has led to a decrease in transmission,
which, although heterogeneous, has profoundly changed the epidemiology of malaria in Africa [3, 4].

The intensity of malaria transmission can be directly measured by the entomological inoculation rate
(EIR) [5], but generalization of EIR is limited by its cost and the wide variation observed even within a
single locality [6, 7]. EIR is also influenced by factors such as temperature, rainfall and urbanization
[8]. Therefore, to overcome these limitations, parasite carriage in children aged 2-10 years was used to
epidemiologically classify regions as there is a strong correlation between parasite prevalence and
EIR [4]. However, some studies failed to establish a link between parasite prevalence and EIR [9]. For this
reason, seroprevalence of antibodies to malaria antigens has also been considered to evaluate the
burden of malaria [10, 11]. Both parasite prevalence and seroprevalence reflect the history of malaria and
can be used to infer changes in transmission over time [10, 11, 13]. Seroprevalence is less affected by
seasonal and local variations and reflects more recent changes in malaria exposure [10, 12]. Overall
antibody responses to malaria antigens have proven to be a very useful epidemiological tool for
monitoring transmission [14, 15]. 

Measurement of prevalence and seroprevalence has shown that malaria control interventions have
favored transition from high to low transmission in many endemic areas [16]. As a consequence, most of
Plasmodium infections are asymptomatic in these regions [17, 18]. Asymptomatic malaria can be
classified as microscopic or submicroscopic depending on whether the parasite can be detected by thick
blood smears examination or not.

Antibodies against Plasmodium antigens are associated with protection against clinical malaria in
endemic areas [19, 20]. These antibodies are involved in mechanisms such as inhibition of invasion [21],
parasite opsonization [19, 22], and complement mediated lysis of infected red blood cells [23].
Antimalarial immunity is also linked to reduced failure of malaria treatment in endemic regions [24].

To date, little information is available about submicroscopic asymptomatic carriage of Plasmodium in
relation with the acquisition of antimalarial immunity. Therefore, understanding the role of
submicroscopic asymptomatic parasites in the immune response could contribute to the development of
effective vaccine [25, 26, 27] or treatment [28] towards malaria elimination.

In this study, we analyzed the contribution of asymptomatic submicroscopic carriage of P. falciparum on
IgG and IgM responses to malaria antigens. We examined the association between parasite prevalence
and IgG seroprevalence. We also studied the genetic diversity associated with these asymptomatic
submicroscopic infections.

Methods
Study site
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This study is part of an ongoing program initiated in the villages of Dielmo and Ndiop (Fatick region,
Senegal) in 1990 and 1993 respectively. The project consists of long-term investigations on host-parasite
relationships and the study of the mechanisms of protective immunity against malaria [29]. Ndiop is
located 280 km from the capital Dakar and about 15 km north of the Gambian border. At the beginning of
the study, Ndiop was a mesoendemic area with a moderate seasonal malaria transmission [30]. Vector
control was implemented in July 2008 and long-lasting insecticide-treated nets (LLINs) were provided to
each household [31]. The EIR was estimated to 20 infective bites/person/year in 1993 [32], 79 in 2000
and 4.6 in 2010 [33]. Microscopic parasite prevalence followed the same trend as EIR with 50%, 7% [33],
0.27% and 0% [34] in 2000, 2010, 2014 and 2015 respectively. From 2014, parasite prevalence in Ndiop
has become predominantly submicroscopic with community-based prevalence estimated by qPCR to
12.5 % and 6.4 % in 2014 and 2015, respectively. The majority of these infections (95.5 %) were due to P.
falciparum [34]. 

Ethical consideration

The Dielmo/Ndiop project was approved by the Senegalese Ministry of Health and National Ethics
Committee for Health Research of Senegal [35]. Informed written consent was initially obtained from
individuals, parents or guardians of children and was regularly renewed.  

Sample collection and study design

The samples used in this study were collected during a cross-sectional survey conducted at the village
level in June 2016 (just before the malaria transmission season) in Ndiop. A venous blood sample was
taken from each participant, and thick and thin blood smears were prepared for malaria diagnosis by
microscopy. Plasma and blood pellets were separated and stored at -20°C for serological and molecular
analysis respectively.

The study involved 353 venous samples from individuals over 5 years of age. Children less than 5 years,
whose blood was collected on capillary tubes, were excluded because DNA extraction required 200 µl
globular pellet. The microscopic parasite prevalence was determined by examination of thick and thin
blood smears stained with Giemsa. The submicroscopic parasite prevalence was determined by real-time
PCR (qPCR). In order to compare parasite prevalence and IgG seroprevalence, all 353 samples were tested
for IgG against the crude schizont antigen of a local P. falciparum strain using the ELISA technique. A first
set of 45 qPCR positive samples were genotyped at the msp-2 locus to investigate parasite genetic
diversity. A second set of age-matched cohort of 110 individuals between qPCR positive (N=55) and
qPCR negative (N=55) samples was used to analyze the impact of submicroscopic carriage of
Plasmodium on the antibody responses. An age-stratified analysis was done with three age groups: under
10 years, 10-15 years and over 15 years old. 

Microscopic examination
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Thick and thin smears were stained with 10% Giemsa for 25 minutes and microscopically examined for
determination of parasite density and identification of Plasmodium species.  The number of parasites per
200 white blood cells in thick films was recorded and parasite density was estimated by counting the
number of leucocytes by field examined and by arbitrarily considering that 8,000 leucocytes were present
in 1µl of blood. At least two hundred thick-film fields were examined before a slide was declared negative.
Each slide was read by two experienced microscopists and in the case of a discrepancy, a third
microscopist examined the slide. A slide was considered positive after two concordant readings.

Molecular detection and characterization of Plasmodium species

The detection of Plasmodium spp was carried out by qPCR following genomic DNA isolation of
Plasmodium parasites using QIAamp DNA Blood Mini Kit (Qiagen, Hilden, Germany) according to
manufacturer’s instructions. Extraction was performed from 200 μl of packed red blood cells, and. the
DNA was recovered in 50 μl of elution buffer provided with the kit into a properly labelled 1.5 ml
Eppendorf tube and was stored at - 20°C until used.

Parasite diagnostic by qPCR was based on melt curve comparison against negative and positive controls
using “screening real-time PCR” with genus-specific primers targeting the Plasmodium cytochrome b gene
[34]. Briefly, a 20 μl mix was prepared with 4 μl of 5X Evagreen qPCR Master Mix (Solis Biodyne), 0.3 μl of
each primer (10 μM), 5 μl of genomic DNA and 10.4 μl distilled water. Primers and running programs were
as described by Carnier et al. [36].

Identification of Plasmodium species was carried out using a nested PCR technique with primers
targeting the Plasmodium spp. 18S small sub-unit ribosomal RNA (18S ssrRNA) gene. A volume of 5 µl
from the primary PCR amplification with Plasmodium genus-specific rPLU 5 and rPLU6 primers pairs is
used as a template for the second PCR. The primer pairs: rFAL1 and rFAL2 for P. falciparum, rVIV1 and
rVIV2 for P. vivax, rOVA1 and rOVA2 for P. ovale and rMAL1 and rMAL2 for P. malariae were synthesized
from TIB MOLbIOL (Germany). The PCR conditions were described by Zhou et al. 2014 [37]. The expected
sizes for the different species were: 120 bp for P. vivax, 144 bp for P. malariae, 205 bp for P. falciparum,
375 bp for P. ovale. 

msp-2 genotyping

DNA from 45 qPCR P. falciparum positive samples was genotyped by nested PCR amplification of the
highly polymorphic region of msp-2 gene (block 3) as described previously [38, 39]. All primers used were
synthesized from Tib Molbiol (Germany). In the primary reaction, the primers used span the entire msp-2
block 3. The initial amplification was followed by individual nested PCR reactions using primers specific
for FC27 and 3D7 allelic families of msp-2. In the first PCR, 5 μl of DNA was amplified with 12.5 μl of
2×GMM (Go Taq Green Master Mix, Catalogue no M7113 Promega), 1 μl of each primer (10 μM) and
sterile ultrapure water to a final volume of 25 μl. For the second PCR, 5 μl of product from the first PCR
was amplified using 12.5 μl of 2× GMM (Go Taq Green Master Mix, M7113 Promega), 1 μl of each primer
(10 μM) and sterile ultrapure water to a final volume of 25 μl. Positive and negative controls were
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included in each set of reactions. After amplification, 10 μl of each PCR product were separated by
electrophoresis on a 1.5% agarose gel that was stained with ethidium bromide. The size of the PCR
products was estimated using a DNA ladder (1 kb Plus DNA ladder, Invitrogen). Amplified DNA was
visualized by ultraviolet trans-illumination using an E-GEL IMAGER (Life Technologies). Gel photographs
were re-scored by visual comparison of DNA fragments and genotypes were identified according to band
sizes for each individual sample. The size polymorphism for each allelic family was analyzed assuming
that one band represented one amplified PCR fragment derived from a single copy of P. falciparum msp-
2 gene.

 

Antigen preparation and ELISA assay

Crude schizont antigens from P. falciparum 0703 field-adapted strain [40] were prepared from in vitro
continuous culture on O+ erythrocytes in RPMI medium containing 0.5 % Albumax [41]. The parasites
were incubated in an atmosphere of 5% CO2, 5% O2, and 90% N2 generated with an adjustable gas-
mixing device [42]. Schizonts stage parasites were harvested and lysed in three volumes of sterile
distilled water and stored into aliquotes in liquid nitrogen [43]. The MSP3 antigen (clone T9/96) was an E.
coli-expressed DG-210 purified protein 28 (kind gift from Dr C. Oeuvray) [44].The ELISA assay was
performed as previously described [33, 44]. The 0703 crude extract was set to 1/3000 dilution by a dose-
effect assay using positive control sera. Maxisorp plates (Nunc, Roskilde, Denmark) were coated with 100
μl of diluted crude extracts antigen in phosphate-buffered saline (PBS, pH 7.4). Non-infected red blood
cell extracts were also tested for non-specific binding. MSP3 antigen was diluted to 1 μg/ml in PBS and
100 μl was used for coating the Immulon 4HBX plates (Thermo Fisher Scientific). All plates were
incubated overnight at 4 °C and then washed four times with 200 μl/well of washing buffer (PBS
containing 0.05% Tween 20). The wells were then blocked with 150 μl of blocking buffer (3% skimmed
milk in washing buffer) for 1 hour. Plasma samples were diluted at 1/200 in a dilution buffer (1 %
skimmed milk in PBS with 0.05 % Tween and 0.03% sodium azide) and 100μl of diluted sera were
distributed in triplicate in the wells.  Positive (a pool of 25 sera from clinically immune adults living in
Dielmo) and negative (a pool of non‐immune Europeans) controls were included on each plate. Following
incubation with sera and washing, polyclonal goat anti-human IgG (Life Technologies, USA) or goat anti-
human IgM (Life technologies, USA) conjugated to peroxidase were added at a dilution of 1/6000 and
1/3000 in the dilution buffer (1 % skimmed milk in PBS-Tween 0.05 %) respectively. Bound peroxidase
was detected with 100 μl of substrate solution (TMB Solution; Thermo Fisher Scientific Inc.) for 30 min
and the enzymatic reaction stopped by addition of 50 μl of 0.2 mM sulfuric acid. The optical density (OD)
at 450 nm was read in a BIO-RAD Microplate Reader (iMark).

Parameters definition and statistical analysis

Genetic parameters



Page 8/20

The frequency of allelic families was expressed as the percentage of fragments assigned to one allelic
family or combination of allelic families out of the total number of fragments detected for msp-2 gene.
The complexity of infection (COI), also referred as the multiplicity of infection (MOI) or number of
genotypes per infection was calculated by dividing the total number of fragments detected in msp-1 or
msp-2 by the number of samples positive for the same marker. Multiple infections (MI) or polyclonal
infections corresponded to the proportion of isolates with more than one amplified PCR fragment.
Expected heterozygosity (HE) was defined as the probability of being infected by two parasites with
different alleles at a given locus. Result of HE ranging from 0 to 1 was calculated by using the following
formula: HE=[n/(n−1)][(1−∑pi2)], where n is the number of isolates sampled and pi is the allele frequency
at a given locus.

Immunological parameters

Results were expressed as optical density (OD) ratio calculated as follow: mean OD sample/mean OD
naive serum pool. Sera with an OD ratio > 2 were considered as positive response for prevalence
calculations [44] (Mbengue, B et al., 2019). Variations between tests for positive controls should not
exceed 20 %. The Plate to plate reproducibility was considered satisfactory with coefficients of variation
not exceeding 4 % using two positive controls, two negative controls and the same antigen for each plate.

Statistical analysis

Association between the prevalence of sub-microscopic P. falciparum carriage (qPCR+) and
seroprevalence (IgG+ against crude schizont extract of strain 0703) was analyzed using the chi-square
test. Mean OD ratio differences between qPCR positive and qPCR negative groups were calculated using
Student's t-test. Differences were considered significant when p-value was less than 0.05. All analyses
were performed using R software (version 3.6.1).

Results
Prevalence, seroprevalence and genetic diversity of malaria infections in Ndiop 2016

The 353 individuals considered in the study were divided into three age groups: under 10 years, 10-15
years and over 15 years old comprising 74, 63 and 216 individuals, respectively. The sex ratio was 2 in
favor of females (Table 1). None of the subjects had fever at the time of sampling. The microscopic
diagnosis was negative for all thick smears defining a study cohort of submicroscopic asymptomatic
individuals. An asymptomatic malaria infection was defined as the presence of parasites of the genus
Plasmodium in an individual in absence of clinical manifestations or antimalarial treatment. P.
falciparum was the only species detected by nested PCR technique.

Table 1: Demographic characteristics of Ndiop cross-sectional sampling in 2016, the ELISA age matched PCR

(+)/ PCR (-) set and genotyped samples
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    Number
 

Sex ratio
F/H

Age groups (year)

        <10  10-15  >15 
             
Ndiop 2016
cross-sectional sampling

  353 2.01 74 63 216

             
Genotyped samples  PCR+  45 3.2 15 13 17

             
ELISA: age matched PCR (+)/ PCR (-) PCR+  55 3.4 17 15 23

PCR- 55 1.7 17 15 23

The overall parasite prevalence obtained by qPCR was 22.37% (79/353). The distribution of this
prevalence was 8.5% (30/353), 4.5% (16/353), 9.3% (33/353) for children under 10 years, 10 to 15 years,
and above 15 years old, respectively. There was a significant difference in qPCR parasite prevalence
between age group 10-15 years and the two other age groups; under 10 years (Chi-square test, p= 0.03)
and over 15 years (Chi-square test, p =0.01).

The global IgG seroprevalence against the crude schizont antigen was 34.8% (123/353). The repartition
of the seroprevalence by age group was 6.2% (22/353), 4.8% (17/353), 23.8% (84/353) for children under
10 years, 10 to 15 years, and above 15 years old, respectively . Seroprevalence was significantly higher
for the age group over 15 years compared to the other two age groups (p=0.0001, Chi-square test).

Parasite prevalence and IgG seroprevalence were strongly related for age groups below 15 years of age.
However, above 15 years of age, a significant difference was found between parasite prevalence of 9.3%
(33/353) and IgG seroprevalence of 23.8% (84/353) (p=0.01, Chi-square test) (Figure 1).

The genotyping of msp-2 marker was performed on samples from 45 P. falciparum positive individuals.
Genotyping was successful in 42 samples distributed as follows: 15, 13 and 14 samples for age groups
under 10 years, 10-15 years and over 15 years old d, respectively (Table 1). The results revealed a
complexity of infection (COI) of 2.4. A total of 17 different alleles were detected, 12 for the allelic family
FC27 and 5 for 3D7. The frequencies of the allelic families FC27, 3D7 or the combination of FC27/3D7
allelic families were 28.6% (12/42), 11.9% (5/42), and 59.5% (25/42), respectively. The expected
heterozygosity (HE) of the sub-microscopic carriage for the msp-2 marker was 0.49, and the prevalence of
multiple infections (MI) was 73.8% (31/42) (Table 2).

Table 2 Allelic diversity of Plasmodium falciparum msp-2 gene
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Allelic families N (%)

FC27 12 (2.6)

3D7 5 (1.9)

FC27/3D7 25 (59.5)

Total combinations 42 (100)

Number of different alleles 16 (11 FC27, 5 3D7)

Expected heterozygosity (HE)  0.49

Multiple infections (MI) 31 (73.8)

Complexity of infection (COI) 2.4

Contribution of sub-microscopic parasite carriage on immune responses

To assess the impact of submicroscopic parasite carriage on antibody responses to malaria, the levels of
circulating antibodies against the crude extract of P.falciparum local strain and MSP-3 recombinant
antigen were analyzed. This analysis was conducted on an age-matched cohort of 55 parasite-free
individuals and 55 parasite submicroscopic carriers from the three defined groups (<10, 10 – 15, and >15
years). It is important to note that, the cohort was limited to 110 individuals as this was the maximum
number that could be matched and only age parameter was taken into account. Interestingly, the level of
circulating IgM, reflecting a recent infection, was significantly higher (p=0.034, Student t-test) in young
children infected (below 10 years) whereas there was no significant difference in older children and
adults (Figure 2).The level of circulating IgG was significantly lower in adults carrying parasite for both
crude schizont extract (p=0.021, Student t-test) (Figure 3) and MSP-3 recombinant antigen (p=0.034,
Student t-test)  (Figure 4). In contrast, IgG level was comparable in children (10 and 10 – 15 years)
independently of the presence of parasite (Figures 3, 4). All together, these results suggest that
submicroscopic carriage of P. falciparum is accompanied by a progressive establishment of a tolerance
toward the parasite.

Discussion
The study focused on the contribution of asymptomatic submicroscopic P. falciparum carriage to
immune responses. The level of antibody compared between submicroscopic carriers (qPCR positive and
microscopy negative) and age-matched non-P. falciparum carriers (qPCR negative and microscopy
negative) shows clearly acquisition of immune tolerance to carried parasites for elders population (over
15 years).
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The results showed significantly lower antibody levels in P. falciparum carriers over 15 years of age
compared to non-carriers of the same age group for IgG against crude schizont and MSP-3 recombinant
antigen. For age groups under 15 years, however, antibody levels did not differ significantly between P.
falciparum carriers and non-carriers, except for IgM responses, which were significantly elevated in
parasite carriers under 10 years of age, indicating a greater sensitivity to primary infection. These results
indicate that individuals over 15 years of age have not developed significant immune responses against
carried parasites reflecting the possible immune tolerance to malaria that was mentioned very early in a
previous study [45]. The main argument based on the difference in clinical manifestations between naive
and immune individuals from endemic areas [46, 47] is expressed at the molecular level by different rates
of pro-inflammatory cytokines between naïve and immune subjects [48].

This immune tolerance is also supported by the first series of experimental malaria infections in humans,
which revealed that the risk of fever decreases with the number of infections [49]. According to Shanks
[50], parasites in asymptomatic carriage benefit from relative immune tolerance and adults exercise better
control over parasite density and genotypic fluctuations. Indeed, antibodies can be classified into two
groups, those acquired during early childhood, resulting from the primary infection, short-lived in nature,
considered as marker of exposure and those with a long lifespan acquired through repeated infections
and associated with protection [51, 52, 53]. Longer-lasting antibodies are produced by either long-lived
plasma cells or long memory B cells [54, 55]. Accordingly, in this study, in contrast to those over 15 years
of age, prevalence and seroprevalence were closely related in children under 15 years of age. It was also
reported that the occurrence of a clinical episode corresponds to the emergence of a new genotype [56]
and that the genetic characteristics of the parasite populations detected during phases of asymptomatic
carriage differed from those causing a clinical episode [57].

One possible mechanism for parasite tolerance could be through clonal selection in immune adults which
has been reported by Ntoumi et al. [58], who have showed that the number of genotypes and allelic
families per positive sample is significantly reduced around the age of 15 years in endemic areas. The
present study showed that submicroscopic P. falciparum infection was associated with a low COI (2.4)
confirming those obtained by A-Elbasit et al. (COI=1.0 with msp-2 marker) and Gueye et al. (COI=1.4 and
1.7 for less than 5 years old and over 5 years old, respectively, with msp-1 marker) [62, 63]. Among the
two types of antigens tested, the crude antigen was more sensitive than the MSP-3 recombinant antigen
[33]. The results pointed out the limitations of the ELISA test for analysis of seroprevalence, based on the
recombinant antigen, in the context of low parasite densities with substantially reduced response
amplitudes.

Conclusion
The study showed that asymptomatic submicroscopic P. falciparum carriage is associated with immune
tolerance reflected by a decrease in IgG antibody responses for adult parasite carriers over 15 years of
age. The study therefore underlines the particular attention to be paid to asymptomatic submicroscopic
malaria in adults as a stable parasite reservoir in a context of malaria pre-elimination. Since the immune
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system is tolerant to parasites at the submicroscopic level, molecular detection followed by treatment
could be a valuable method for achieving elimination.
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Figures

Figure 1

Association between qPCR-determined parasite prevalence (PCR+) and IgG seroprevalence (IgG+) against
crude schizont antigen according to age groups.



Page 19/20

Figure 2

Levels of circulating IgM antibodies against crude schizont extract antigen in age-matched groups <10
years, 10 – 15 years and >15 years. Results expressed as mean OD ratios are shown for infected (PCR+)
and non-infected (PCR-) individuals.

Figure 3

Levels of circulating IgG antibodies against crude schizont extract antigen in age-matched groups <10
years, 10 – 15 years and >15 years. Results expressed as mean OD ratios are shown for infected (PCR+)
and non-infected (PCR-) individuals.
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Figure 4

Levels of circulating IgG antibodies against the MSP-3 recombinant antigen in age-matched groups <10
years, 10 – 15 years and >15 years. Results expressed as mean OD ratios are shown for infected (PCR+)
and non-infected (PCR-) individuals.


