
Simpson et al. Malaria Journal          (2023) 22:102  
https://doi.org/10.1186/s12936-023-04528-z

RESEARCH Open Access

© The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/. The Creative Commons Public Domain Dedication waiver (http://​creat​iveco​
mmons.​org/​publi​cdoma​in/​zero/1.​0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

Malaria Journal

The diversity of Plasmodium falciparum 
isolates from asymptomatic and symptomatic 
school‑age children in Kinshasa Province, 
Democratic Republic of Congo
Shirley V. Simpson1,2, Sabin S. Nundu1,2,6*, Hiroaki Arima2, Osamu Kaneko1,3, Toshihiro Mita4, 
Richard Culleton3,5 and Taro Yamamoto1,2 

Abstract 

Background  Understanding Plasmodium falciparum population diversity and transmission dynamics provides 
information on the intensity of malaria transmission, which is needed for assessing malaria control interventions. This 
study aimed to determine P. falciparum allelic diversity and multiplicity of infection (MOI) among asymptomatic and 
symptomatic school-age children in Kinshasa Province, Democratic Republic of Congo (DRC).

Methods  A total of 438 DNA samples (248 asymptomatic and 190 symptomatic) were characterized by nested PCR 
and genotyping the polymorphic regions of pfmsp1 block 2 and pfmsp2 block 3.

Results  Nine allele types were observed in pfmsp1 block2. The K1-type allele was predominant with 78% (229/293) 
prevalence, followed by the MAD20-type allele (52%, 152/293) and RO33-type allele (44%, 129/293). Twelve alleles 
were detected in pfmsp2, and the 3D7-type allele was the most frequent with 84% (256/304) prevalence, followed 
by the FC27-type allele (66%, 201/304). Polyclonal infections were detected in 63% (95% CI 56, 69) of the samples, 
and the MOI (SD) was 1.99 (0.97) in P. falciparum single-species infections. MOIs significantly increased in P. falciparum 
isolates from symptomatic parasite carriers compared with asymptomatic carriers (2.24 versus 1.69, adjusted b: 0.36, 
(95% CI 0.01, 0.72), p = 0.046) and parasitaemia > 10,000 parasites/µL compared to parasitaemia < 5000 parasites/µL 
(2.68 versus 1.63, adjusted b: 0.89, (95% CI 0.46, 1.25), p < 0.001).

Conclusion  This survey showed low allelic diversity and MOI of P. falciparum, which reflects a moderate intensity 
of malaria transmission in the study areas. MOIs were more likely to be common in symptomatic infections and 
increased with the parasitaemia level. Further studies in different transmission zones are needed to understand the 
epidemiology and parasite complexity in the DRC.

Keywords  Plasmodium falciparum, School-age children, Multiplicity of infection, Genetic diversity, Democratic 
Republic of Congo

*Correspondence:
Sabin S. Nundu
sabitisabin2010@gmail.com; sabitisabin@yahoo.fr
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12936-023-04528-z&domain=pdf


Page 2 of 12Simpson et al. Malaria Journal          (2023) 22:102 

Background
Despite efforts to control and eliminate malaria, the dis-
ease continues to threaten the lives of people in 85 coun-
tries. Globally, 241 million cases and 627,000 deaths were 
estimated to have occurred in 2020, of which 96% and 
95%, respectively, occurred in the World Health Organi-
zation (WHO) African region [1]. Plasmodium falcipa-
rum remains the most prevalent malaria parasite species 
in the WHO African region, and accounts for almost all 
malaria cases [1]. Non-falciparum species are present at a 
low rate and frequently occur as mixed-species infections 
with P. falciparum [2–6]. Despite a decline in the malaria 
burden over the last decade, interrupting transmission 
remains a challenge [7–12].

An efficient malaria vaccine should be part of the arse-
nal of public health tools. However, the extensive genetic 
diversity of the parasite is a major obstacle for the acqui-
sition of immunity against malaria, and thus impedes 
vaccine development [13, 14]. The polymorphic genes 
encoding the P. falciparum merozoite surface proteins 1 
and 2 (PfMSP1 and PfMSP2) and the glutamate-rich pro-
tein have been used to study allelic diversity and estimate 
the minimum number of different parasite clones pre-
sent in malaria infections [15–19]. MSP1 and MSP2 are 
two key blood stage antigens expressed on the surface of 
invasive merozoite stage parasites [20] and are dominant 
targets of the immune response [21]. The major surface 
protein, MSP1, is a 190-kDa glycosylphosphatidylinositol 
(GPI)-anchored protein and is encoded by the msp1 gene 
located on chromosome 9. It comprises 17 blocks with 
different degrees of conservation among isolates [18, 
21]. Block 2 is the most polymorphic region of the msp1 
gene and can be grouped into three major allelic families 
(K1 (K), MAD20 (M), and RO33 (R)-types) [22]. Block 
2 appears to be under the highest degree of diversify-
ing selection within natural populations [23]. In vaccine 
development, the incorporation of two main allelic types 
of block 2 has been shown to strongly protect against P. 
falciparum malaria infections [24], and Pfmsp1 block 2 
combined with a conserved pfmsp1 block 1 sequence has 
been shown to enhance the repertoire of MSP-1 block 2 
antibody responses [25]. Human anti-MSP1 block 2 anti-
bodies enhance monocyte-mediated phagocytosis of P. 
falciparum, thus protecting against malaria [26].

MSP2 is an ~ 25-kDa GPI-anchored protein abundantly 
expressed on the merozoite surface. It is encoded by the 
msp2 gene located on chromosome 2 and contains 5 
blocks, of which block 3 is the most polymorphic [27]. 
The msp2 gene has 2 major allelic families, FC27 (F)-type 
and 3D7 (D)-type [28]. PfMSP2 was found to be a poten-
tial vaccine candidate when its two main allelic types 
were coupled to PfMSP8 (rPfMSP2/8) [29]. PfMSP1 block 
2 and PfMSP2 block 3 are mostly targeted by the immune 

response due to their higher polymorphisms and are 
associated with protection from clinical malaria [24, 30, 
31]. Thus, pfmsp1 block 2 and pfmsp2 block 3 may consti-
tute good indicators for measuring malaria transmission 
intensity and malaria control interventions. The pfmsp2 
gene was previously found to be more genetically diverse 
than pfmsp1 in the Democratic Republic of Congo (DRC) 
[32] and the Republic of Congo and Cameroon [33–35]. 
MSP2 is considered to be a candidate marker for evaluat-
ing parasite virulence [27, 32].

The extent of diversity, estimated in part by polyclonal 
infection frequency, the number of alleles detected, and 
the multiplicity of infection (MOI) of P. falciparum, 
constitutes a parameter for measuring the impact of 
malaria control strategies; and can provide information 
on malaria transmission intensity that is useful for moni-
toring and evaluating possible gaps in malaria control 
interventions [16, 19, 28, 36–39]. These indicators may 
vary depending on the region due to differences in trans-
mission intensity and malaria control interventions and 
thus may highlight differences regarding malaria parasite 
transmission in different public health areas [40, 41].

The Democratic Republic of Congo follows only Nige-
ria in malaria prevalence in sub-Saharan Africa (SSA) and 
accounted for 12% of both the estimated global malaria 
cases and deaths in 2020 [1]. In the DRC, malaria remains 
a public health problem and is responsible for 44% of all 
outpatient visits and 22% of deaths among children under 
five years of age. Approximately 97% of the population 
lives in stable malaria transmission zones where trans-
mission occurs from 8 to 12 months annually [42].

School-age children are often neglected in malaria 
control interventions, and thus constitute a reservoir of 
infections and contribute substantially to malaria trans-
mission [43–48]. In high-transmission settings, approxi-
mately 70% of school-age children (5 to 14 years of age) 
have a higher prevalence of malaria than children under 
five [45]. Children under five years of age are often at risk 
of symptomatic malaria, including severe malaria and 
death, while school-age children mainly carry asympto-
matic malaria infections due to acquired immunity as a 
result of repeated exposure to parasites [49–52]. Thus, 
studies generally target children under five years of age, 
while surveys focusing on school-age children are scarce 
[43, 47]. A report from Senegal showed that the genetic 
characteristics of parasite populations were different 
between asymptomatic and symptomatic malaria carriers 
[53]. Such findings have not yet been established in the 
DRC.

The genetic diversity of P. falciparum in various regions 
and populations has been extensively studied [18, 32, 36, 
39, 54]. However, there is limited information on pfmsp1 
and pfmsp2 genetic diversity among school-age children 
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in the DRC. Understanding the extent of parasite diver-
sity will provide information on malaria transmission 
intensity in this population, which will be useful for for-
mulating public health policy.  Here, the allelic diversity 
of pfmsp1 and pfmsp2, the MOI and the prevalence of 
polyclonal infections in malaria parasites isolated from 
asymptomatic and symptomatic school-age children in 
Kinshasa Province, DRC were determined.

Methods
Study site and source of samples
Samples for this study were collected as part of a cross-
sectional study carried out from October to November 
2019 in Kinshasa Province, DRC [48]. The original study 
was conducted at primary schools and health facilities in 
the rural area of Mont-Ngafula 2 Health Zone (HZ) and 
the urban area of Selembao HZ. Mont-Ngafula 2 HZ has 
been classified as an area at high risk of malaria while 
Selembao HZ is an area at moderate risk [48, 55]. Briefly, 
in selected schools, school-age children between 6 and 
14 years of age were examined. Children with body tem-
peratures 37.5 °C and below and with no malaria-related 
symptoms (fever, headache, fatigue, chills, nausea, and 
vomiting) two weeks before the survey were recruited. In 
selected health facilities, outpatient children 6 to 14 years 
of age with fever (body temperatures greater than 
37.5  °C) and/or malaria-related symptoms within three 
days before seeking medical care, and who had not taken 
anti-malarial drugs were recruited. A total of 438 P. falci-
parum-positive genomic DNA samples were analysed in 
this study. The details of the study site and sampling pro-
cedures have been previously described [48].

Laboratory analysis
Genomic DNA was extracted from dry blood spots on 
Whatman 903 filter paper (Whatman plc, UK) using a 
QIAamp DNA Mini Kit (Qiagen, USA) following the 
manufacturer’s instructions. The Plasmodium species 
were identified by amplifying the Plasmodium mitochon-
drial cytochrome c oxidase III (cox3) gene using a modi-
fied protocol described by Nundu et al. [48]. In this study, 
of the 438 falciparum-positive samples, 248 asympto-
matic infections (162 P. falciparum and 86 P. falcipa-
rum + non-falciparum) and 190 symptomatic infections 
(144 P. falciparum and 46 P. falciparum + non-falcipa-
rum) were used for PCR analysis [48].

Genotyping of the pfmsp1 and pfmsp2 genes
Nested PCRs were performed to amplify the pfmsp1 
and pfmsp2 genes using sequence-specific primers as 
described, with slight modifications [16]. Briefly, primary 
and secondary PCRs were carried out in a final volume 
of 20 µL containing 12.5 µL of One Taq® 2X Master 

Mix (New England Biolabs, Massachusetts, USA). A 
final concentration of 125 nM of primers was used. The 
first reaction primer set targeted the conserved regions 
around block 2 for pfmsp1 and block 3 for pfmsp2. The 
second reaction used primers specific for allelic fami-
lies of pfmsp1 (K-, M-, and R-types) and pfmsp2 (F- and 
D-types). Template DNA (2 µL) was used in all first 
reactions, while 1 µL of amplicon was used for the sec-
ond reactions. Cycling conditions and primer sets for 
the respective alleles used in the nested PCRs have been 
reported elsewhere (Additional file 1: Table S1) [16].

In all reactions, genomic DNA from 3D7 (K-type MSP1 
block 2), HB3 (M-type MSP1 block 2), and 7G8 (R-type 
MSP1 block 2) laboratory strains were used as positive 
controls [15] and nuclease-free water was used as a nega-
tive control. Amplifications were performed on a ProFlex 
PCR System (Thermo Fisher Scientific, Massachusetts, 
USA).

All PCR products were analysed by electrophoresis at 
100 V for 30 min on 2.5% agarose gels for pfmsp1 and 2% 
agarose gels for pfmsp2. DNA amplicons were visualized 
under a UV light transilluminator after post staining with 
Gel Red® (Biotium, California, USA) solution for 30 min. 
The fragment sizes were determined using a 100 bp DNA 
ladder (Takara Bio Inc., Shiga, Japan) and alleles were 
categorized according to their sizes.

Data analysis
Categorical variables are presented as proportions and 
numerical variables by median and interquartile range 
(IQR) or by means and standard deviation (SD). The 
pfmsp1 and pfmsp2 allelic frequencies were calculated 
as the proportion of the allele determined for each allele 
family out of the total alleles detected. The number and 
size of bands per sample indicated the minimum num-
ber of clones in a positive sample. Single infections were 
samples with only one band and multiple infections were 
samples with two or more bands. The MOI was deter-
mined by calculating the number of different alleles at 
any locus detected in the sample. The mean MOI was cal-
culated by dividing the respective total number of pfmsp1 
or pfmsp2 genotypes by the number of positive samples 
for each marker [15, 34, 56]. Polyclonal infections and 
MOIs of pfmsp1 and pfmsp2 in single-species P. falci-
parum infections were described with proportions and 
mean (SD), respectively.

The MOIs of P. falciparum clones in single and mixed 
infections were determined for comparison among 
asymptomatic and symptomatic groups. Evaluations were 
made to determine the number of pfmsp1 and pfmsp2 
genotypes in asymptomatic and symptomatic P. falcipa-
rum  monoinfections and in mixed-species infections. 
The chi-square test was used to compare proportions, 
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Student’s t test and ANOVA were used to compare 
means among categorical groups, and simple and mul-
tiple logistic regression with odds ratios (ORs) and 95% 
confident intervals (95% CIs) were used to establish the 
associations between independent factors and polyclonal 
infections. Simple and multiple linear regression with 
95% CIs were used to establish the associations between 
independent factors and the mean MOI. Statistical sig-
nificance was set at P ˂ 0.05. All data were analysed using 
Stata version 17 (College Station, Texas 77845, USA).

Ethics statement
The ethics committees of the School of Public Health, 
University of Kinshasa, DRC (Approval number: ESP/
CE/042/2019) and the Institute of Tropical Medicine, 
Nagasaki University (Approval number: 190110208-2) 
gave approval for this study [48].

Results
General characteristics
For the 438 analysed samples, the frequency of male 
participants was 50% and the median age was nine 
years (IQR: 7–11  years) with children aged 6 to 9  years 
accounting for 60% and children aged 10 to 14  years 
accounting for 40%. According to the clinical status cri-
teria of school-age children, asymptomatic infections 
represented 57% of infections, whereas symptomatic 
infections were 43% and children living in the Mont-
Ngafula 2 rural HZ harbour P. falciparum parasites rep-
resented 60%, versus 40% for those in the Selembao 
urban HZ (Table 1).

Dynamics of the frequency and diversity of the pfmsp1 
and pfmsp2 allelic families
Of the 438 samples, 293/438 (67%) for pfmsp1 and 
304/438 (69%) for pfmsp2 were successfully amplified 
by PCR. Of 293 pfmsp1 PCR products, 229 (78%) had at 
least one K-type allele, 152 (52%) had at least one M-type 
allele, and 129 (44%) had at least one R-type allele. The 
proportions of single K-type, M-type, and R-type infec-
tions were 30% (87/293), 7% (21/293), and 10% (29/293), 
respectively. Fifty-three percent of isolates (156/293) har-
bour polyclonal infections. The frequencies of samples 
with K/M-type, K/R-type, and M/R-type infections were 
19% (56/293), 9% (25/293), and 5% (14/293), respectively. 

Triple infection of K/M/R-type alleles accounted for 61 
samples (21%) (Table 2).

Of the 304 samples amplified for pfmsp2, 201 (66%) 
had at least one F-type allele, and 256 (84%) had at least 
one D-type allele. The proportions of single F-type and 
D-type alleles were 16% (48/304) and 34% (103/304), 
respectively. Half of the samples, 153/304 (50%), har-
boured polyclonal infections (Table 2).

A total of 21 allele types were detected in this study: 
9 for pfmsp1 and 12 for pfmsp2. For the pfmsp1 gene, 
four K-type alleles (approximate fragment sizes 200  bp, 
250 bp, 300 bp, and 350 bp), three M-type alleles (approx-
imate fragment sizes 200 bp, 300 bp, and 350 bp), and two 
R-type alleles (approximate fragment sizes 200  bp and 
300 bp) were observed. For the pfmsp2 gene, six F-type 
alleles (approximate fragment sizes 300  bp, 350  bp, 
400 bp, 450 bp, 500 bp, and 600 bp) and six D-type alleles 
(approximate fragment sizes 400  bp, 450  bp, 500  bp, 
550 bp, 600 bp, and 700 bp) were detected (Table 2).

Alleles of pfmsp1 were observed at similar dis-
tributions in both asymptomatic and symptomatic 
infections, and in rural and urban settings. Among 
monoinfections, the K-type was predominant in both 
asymptomatic and symptomatic infections, and in rural 
and urban areas. Among double infections, the K/M-
type was the most frequent regardless of child clinical 
status and study area. Triple-infection K/M/R-types in 

Table 1  Baseline characteristics of the children with P. falciparum-positive samples

n number of samples

Sex Age (years) Clinical status Site (HZ)

Median (IQR) 9 (7–11)

Female Male 6–9 10–14 Asymptomatic Symptomatic Rural Urban

n 219 219 264 174 248 190 261 177

(%) 50.0 50.0 60.3 39.7 56.6 43.4 59.6 40.4

Table 2  Allele typing and diversity profiles of pfmsp1 and pfmsp2 

Gene Allele n (%) Base pair ranges No. of 
genotypes

msp1 K1 87 (29.7) 200–350 4

MAD20 21 (7.2) 200–350 3

RO33 29 (9.9) 200–300 2

K1 + MAD20 56 (19.1)

K1 + RO33 25 (8.5)

MAD20 + RO33 14 (4.8)

K1 + MAD20 + RO33 61 (20.8)

Total 293 9

msp2 FC27 48 (15.8) 300–600 6

3D7 103 (33.9) 400–700 6

FC27 + 3D7 153 (50.3)

Total 304 12
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asymptomatic infections accounted for 34/153 (22%), 
and in rural study areas 40/177 (23%). In symptomatic 
infections, the K/M/R types accounted for 27/140 
(19%), and 21/116 (18%) in the urban areas (Table 3).

The pfmsp1 200  bp  K-type, 200  bp  M-type, and 
200 bp R-type alleles dominated with frequencies above 
50% in asymptomatic and symptomatic patients (Addi-
tional file 1: Fig. S1).

The distribution of single-allele M-type in rural 
symptomatic carriers was higher than that in rural 
asymptomatic carriers, whereas it was higher in urban 
asymptomatic carriers than in urban symptomatic car-
riers (Additional file  1: Fig. S2). Likewise, polyclonal 
infections of K/M-types were more frequent in urban 
symptomatic carriers than in urban asymptomatic car-
riers. No significant difference was observed in the dis-
tribution of triple infection of K/M/R-types between 
asymptomatic and symptomatic carriers in either rural 
or urban areas (Additional file 1: Fig. S3).

The allele frequency of pfmsp2 differed significantly 
according to child clinical status. The pfmsp2 D-type 
and pfmsp2 F-type alleles were predominant in asymp-
tomatic carriers and in urban settings, while the combi-
nation of the types was more common in symptomatic 
carriers and rural settings (Table 4).

For pfmsp2, the 400-bp allele was the most preva-
lent F-type in asymptomatic and symptomatic carriers, 
whereas the 500-bp D-type allele was most frequent in 
asymptomatic and symptomatic carriers, with a preva-
lence of 45% (Table  6). The 600-bp D-type allele was 
also prevalent with a frequency of 45% in asymptomatic 

carriers. The allele distribution of pfmsp2 allelic fami-
lies is illustrated in Additional file 1: Fig. S4.

In rural and urban areas, the 400-bp FC27 and the 500-
bp D-type alleles were the most prevalent, with frequen-
cies above 50% and 40%, respectively (Additional file  1: 
Fig. S5). The distribution of a single D-type allele among 
rural asymptomatic carriers was higher than that among 
rural symptomatic carriers, and single D-type and F-type 
alleles in urban asymptomatic carriers were higher than 
those in urban symptomatic carriers. In both rural and 
urban areas, polyclonal infections of F/D-types were 
more abundant in symptomatic carriers than in asympto-
matic carriers (Additional file 1: Fig. S6).

Multiplicity of infection (MOI)
Of the 438 DNA samples, 77% (336/438) yielded a posi-
tive result for either msp1 or msp2 alleles, of which 
mono-species infection with P. falciparum represented 
66% (223/336). Polyclonal P. falciparum infections 
accounted for 63% (140/223), of which 59% (114/193) 
were polyallelic for pfmsp1 and 49% (98/199) for pfmsp2. 
The overall mean (SD) MOI was 1.99 (0.97)) with the 
mean (SD) MOI for pfmsp1 being 1.93 (0.98) and the 
mean (SD) MOI for pfmsp2 being 1.67 (0.78) (Table 5).

Polyclonal infections and MOIs of combined pfmsp1 
and pfmsp2 among school‑age children
Plasmodium falciparum isolates from symptomatic chil-
dren had harboured significantly more polyclonal infec-
tions than those from asymptomatic children (74% versus 
49%, OR: 2.96 (95% CI 1.69, 5.19), p < 0.001) when using 
bivariate analysis but this was not significant after adjust-
ment by density (p > 0.05). Higher-density infections with 
more than 10,000 parasites/µL (88% versus 69%, OR: 3.37 
(95% CI 1.30, 8.68, p = 0.012)) had significantly more pol-
yclonal infections than infections with a parasite density 
below 5,000 parasites/µL when using bivariate analysis 
but this was not significant after adjustment for clinical 
form of malaria (p > 0.05). No significant association of 

Table 3  Allelic diversity and frequency of Pfmsp1 by clinical status and site

n number of positive samples

Clinical status n (%) Site n (%)

Allele Asymptomatic Symptomatic Rural Urban

K1 44 (28.8) 43 (30.7) 46 (26.0) 41 (35.3)

MAD20 10 (6.5) 11 (7.9) 12 (6.8) 9 (7.8)

RO33 17 (11.1) 12 (8.6) 16 (9.0) 13 (11.2)

K1 + MAD20 28 (18.3) 28 (20.0) 40 (22.6) 16 (13.8)

K1 + RO33 13 (8.5) 12 (8.6) 12 (6.8) 13 (11.2)

MAD20 + RO33 7 (4.6) 7 (5.0) 11 (6.2) 3 (2.6)

K1 + MAD20 + RO33 34 (22.2) 27 (19.3) 40 (22.6) 21 (18.1)

Table 4  Allelic diversity and frequency of Pfmsp2 by child clinical 
status and site

Clinical status n (%) Site n (%)

Allele Asymptomatic Symptomatic Rural Urban

FC27 28 (18.3) 20 (13.3) 25 (13.5) 23 (19.3)

IC/3D7 61 (39.9) 42 (27.8) 61 (33.0) 42 (35.3)

FC27 + 3D7 64 (41.8) 89 (58.9) 99 (53.5) 54 (45.4)
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age, sex, or location with polyclonal infections was found 
(Table 6).

Plasmodium falciparum isolates from symptomatic 
children had harboured significantly higher MOIs than 
those from asymptomatic children (2.24 versus 1.69, 
crude b: 0.55 (95% CI 0.30, 0.79, p < 0.001)) when using 
bivariate analysis, and this remained significant after 
adjustment for density (adjusted b: 0.36 (95% CI 0.01, 
0.72, p = 0.046)). Infections with densities of 5000–10,000 
parasites/µL (2.24 versus 1.63, crude b: 0.61 (95% CI 0.12, 
1.10, p = 0.014)) and those with over 10,000 parasites/
µL (2.68 versus 1.63, crude b: 1.06 (95% CI 0.71, 1.39, 
p < 0.001)) had significantly higher mean MOIs than those 
with parasite densities below 5,000 parasites/µL when 
using bivariate analysis, and this remained significant 
after adjustment for the clinical form of malaria (adjusted 
b: 0.52 (95% CI: 0.03, 1.01, p = 0.038) and adjusted b: 
0.89 (95% CI 0.46, 1.25, p < 0.001), respectively)). No 

significant association of sex, age, or location with MOI 
was found (Table 7).

Multiplicity of infection in mono‑species P. falciparum 
and mixed‑species P. falciparum/P. malariae, P. 
falciparum/P. ovale and P. falciparum/P. malariae/P. ovale 
infections
Overall, more than one genotype per infection was 
observed in the majority of infections. The presence of 
Plasmodium ovale and/or Plasmodium malariae in coin-
fections with P. falciparum was associated with increased 
MOI (p = 0.001) and frequencies of polyclonal infections 
(p = 0.016) compared to single-species infection of P. fal-
ciparum. This significantly increased the MOI of msp1 
(p = 0.002) and polyclonal infections in msp2 (p = 0.017) 
(Table 8).

Stratifying for child health status, the presence of P. 
ovale and/or P. malariae in coinfections with P. falcipa-
rum significantly increased the MOIs and polyclonal 
infections among asymptomatic carriers (p < 0.05), while 
no significant difference was found among symptomatic 
carriers (Table 8).

Discussion
In the DRC, school-age children are often neglected in 
malaria prevalence surveys, and therefore benefit less 
from malaria prevention measures than children under 
five years of age and pregnant women [57]. School-age 
children contribute to transmission because they may 

Table 5  Polyclonal infections and MOIs of pfmsp1 and pfmsp2 in 
single-species P. falciparum infections

N number of samples genotyped for pfmsp1 and pfmsp2, n number of samples 
with single or multiple infections for msp1 or msp2

Gene Monoclonal 
infections n/N (%)

Polyclonal 
infections n/N (%)

MOI SD

msp1 79/193 (40.9) 114/193 (59.1) 1.93 0.98

msp2 101/199 (50.7) 98/199 (49.3) 1.67 0.78

Total 83/223 (37.2) 140/223 (62.8) 1.99 0.97

Table 6  Polyclonal infections by age, sex, child clinical status, parasite density, and study site

n: number of positive samples, CI confidence interval, cOR crude odds ratio, aOR adjusted odds ratio
* Wald test

Variables Number Polyclonal infections aOR (95% CI) p value

n (%) cOR (95% CI)

Age (years)

 6–9 144 93 (64.6) 1 1

 10–14 79 47 (59.5) 0.81 (0.46, 1.42) 0.75 (0.31, 1.84) 0.53

Sex

 Female 114 71 (62.3) 1 1

 Male 109 69 (63.3) 1.04 (0.61, 1.80) 1.03 (0.44, 2.42) 0.95

Clinical status

 Asymptomatic 100 49 (49.0) 1 1

 Symptomatic 123 91 (74.0) 2.96 (1.69, 5.19) 2.08 (0.82, 5.28) 0.12

Site

 Urban 101 60 (59.4) 1 1

 Rural 122 80 (65.6) 1.30 (0.75, 2.25) 1.29 (0.54, 3.08) 0.56

Density (parasites/µL)

 < 5000 65 45 (69.2) 1 1

 5000–10,000 21 18 (85.7) 2.67 (0.70, 10.09) 2.34 (0.60, 9.03) 0.22

 > 10,000 60 53 (88.3) 3.37 (1.30, 8.68) 2.27 (0.78, 6.63) 0.13
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represent a substantial malaria parasite reservoir [14, 
44, 46, 48, 58], and thus represent a gap in the formula-
tion of malaria containment strategies. Less attention has 
been given to investigating the genetic diversity of P. fal-
ciparum isolates in the DRC compared to other malaria 
endemic countries.

This is the first study to provide a detailed assessment 
of allelic diversity and multiplicity of P. falciparum infec-
tions among the underserved school-age group in the 
DRC using the polymorphic regions of the genes coding 
for MSP1 and MSP2.

The purpose of this study was to evaluate the extent 
of P. falciparum diversity, including polyclonal infection 
frequency, the number of alleles detected, and the MOI 
among asymptomatic and symptomatic individuals living 
in rural and urban areas of Kinshasa Province, DRC. The 
findings of this study showed that no allelic families of 
pfmsp1 (K-, M-, and R-types) or pfmsp2 (F- and D-types) 
were exclusively restricted to either rural or urban set-
tings, as well as asymptomatic or symptomatic carriers, 
although the frequency of some alleles was more com-
mon at one site compared to another, in addition to dif-
ferences based on child health status.

The pfmsp2 gene was found to be genetically more 
diverse than the pfmsp1 gene in the study areas, in sup-
port of the findings of the majority of studies conducted 
in Africa [15, 33–35, 59]. This confirms that in many 
malaria-endemic African countries, polymorphic pfmsp2 
allelic families may be circulating at higher frequencies 

than those for pfmsp1. MSP1 block 2 has been proposed 
to be most considerably exposed to host immune selec-
tive pressure based on the stable K-M-R frequency dis-
tribution in endemic regions [24]. Escaping with 3 major 
alleles of MSP1 block 2 may have an advantage compared 
to MSP2, which has only 2 major alleles. This may stimu-
late diverse MSP2 repeat number polymorphisms.

Symptomatic children have been shown to have more 
polyclonal infections than asymptomatic children and 
those polyclonal infections increased with the level of 
parasitaemia regardless of clinical status. In Côte d’Ivoire, 
Gnagne et  al. [60] found significant association of poly-
clonal infections measured by both pfmsp1 and pfmsp2 
with an increase in parasitaemia but not with clinical 
status, while in southern Benin, Lagnika et al. [61] found 
that polyclonal infections were more prevalent among 
symptomatic malaria carriers than asymptomatic carri-
ers. This may be due to the low power to amplify minor 
alleles in the samples with low levels of parasitaemia. 
Thus, further investigations are needed to establish the 
impact of clinical status and parasitaemia on the multi-
plicities of infection.

This study showed a generally lower MOI than has 
been previously reported in the DRC, Cameroon, and 
Republic of Congo [32, 34, 35]. Conversely, this study 
showed a higher MOI than that in reports from Grande 
Comore Island, Côte d’Ivoire, and Gabon [59–63], 
whereas it was similar to an MOI reported in the Repub-
lic of Congo by Mayengue et al. [33]. These observations 

Table 7  Multiplicity of infection by age, sex, child clinical status, and study site

CI confidence interval, b coefficient
* two-tailed t test

Bolded p value indicates values lower than 0.05

Variables Number MOI (95% CI) Crude b (95% CI) Adjusted b (95% CI) p value*

Age (years)

 6–9 144 2.03 (1.87, 2.20) 0 0

 10–14 79 1.91 (1.71, 2.11) − 0.12 (− 0.39, 0.14) − 0.28 (− 0.62, 0.06) 0.11

Sex

 Female 114 1.99 (1.81, 2.18) 0 0

 Male 109 1.99 (1.81, 2.17) − 0.01 (− 0.26, 0.26) − 0.14 (− 0.46, 0.18) 0.39

Clinical status

 Asymptomatic 100 1.69 (1.53, 1.85) 0 0

 Symptomatic 123 2.24 (2.05, 2.42) 0.55 (0.30, 0.79) 0.36 (0.01, 0.72) 0.046
Site

 Urban 101 2.00 (1.80, 2.20) 0 0

 Rural 122 1.98 (1.82, 2.15) − 0.02 (− 0.27, 0.24) − 0.06 (− 0.39, 0.26) 0.70

Density(parasites/µL)

 < 5000 65 1.63 (1.39, 1.86) 0 0

 5000–10,000 21 2.24 (1.92, 2.56) 0.61 (0.12, 1.10) 0.52 (0.03, 1.01) 0.038
 > 10,000 60 2.68 (2.41, 2.95) 1.06 (0.71, 1.39) 0.89 (0.46, 1.25)  < 0.001
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may indicate differences in malaria-related seasonal and 
transmission settings and improvements in country-spe-
cific malaria intervention measures. Alternatively, this 
may be due to the heterogeneity of P. falciparum trans-
mission, which differs from one area to another, resulting 
in heterogeneous malaria transmission rates throughout 
the area [48, 62, 63], as MOI measures malaria transmis-
sion or host acquired immunity or severity level [32, 52, 
62]. For instance, some reports from the DRC and other 
countries showed a positive correlation of the MOI with 
malaria recrudescence [32] and parasitaemia level [19, 
33, 52] and a negative correlation between the MOI and 
acquired immunity level [64]. Conversely, other stud-
ies did not find a significant association of the MOI with 

either parasitaemia or clinical status [35, 63]. However, 
the studies that established the relationship of the MOI 
with either parasitaemia or clinical status did not associ-
ate them (parasitaemia and clinical status) to minimize 
confounding factors. There is a need for further inves-
tigations to consider parasitaemia and clinical status 
together and their possible association with the MOI. In 
Gabon and Grande Comore Island, it has been shown 
that the MOI may vary by region [61, 64] and decrease 
due to intervention measures and after the implementa-
tion of artemisinin-based combination therapy (ACT) 
[62, 63].

This study did not find a significant difference in the 
overall MOI, pfmsp1 MOI, or pfmsp2 MOI between the 

Table 8  Multiplicity of infection of pfmsp1 and pfmsp2 in monoinfections of P. falciparum and mixed-species-infection of P. 
falciparum/P. malariae, P. falciparum/P. ovale and P. falciparum/P. malariae/P. ovale isolates

* The chi-square test was used for polyclonal infections, and the ANOVA-test was used to compare mean MOI

Bolded p values indicate values lower than 0.05

Gene P. falciparum P. falciparum/P. 
malariae

P. falciparum/P. ovale P. falciparum/P. 
malariae/P. ovale

p value*

Overall

 msp1/msp2

  Polyclonal infections 62.8 77.8 85.2 78.1 0.016
  MOI 1.99 2.20 2.74 2.16 0.001

 msp1

  Polyclonal infections 59.1 68.7 79.2 71.4 0.14

  MOI 1.93 2.15 2.75 2.07 0.002
 msp2

  Polyclonal infections 49.3 64.6 65.4 74.2 0.017
  MOI 1.67 1.71 1.85 1.87 0.41

Asymptomatic infections

 msp1/msp2

  Polyclonal infections 49.0 76.2 66.7 79.2 0.004
  MOI 1.69 2.12 2.33 2.13 0.004

 msp1

  Polyclonal infections 46.1 75.0 85.7 76.2 0.002
  MOI 1.66 2.17 2.57 2.14 0.001

 msp2

  Polyclonal infections 33.3 56.7 33.3 78.3 0.001
  MOI 1.38 1.59 1.44 1.83 0.008

Symptomatic infections

 msp1/msp2

  Polyclonal infections 74.0 83.3 94.4 75.0 0.26

  MOI 2.24 2.5 2.94 2.25 0.05

 msp1

  Polyclonal infections 70.2 50.0 76.5 57.1 0.40

  MOI 2.16 2.08 2.82 1.86 0.10

 msp2

  Polyclonal infections 60.9 90.1 82.3 62.5 0.09

  MOI 1.89 2.09 2.06 2.00 0.74
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two study areas (rural versus urban), although a previ-
ous report from the same areas and time period showed 
that the odds of the transmission of Plasmodium infec-
tions were fivefold higher in rural versus urban areas [48]. 
However, the mean MOI in the rural area was slightly, 
but not significantly, higher than that in the urban area. 
In Senegal, Ndiaye et al. [65] showed that the MOI was 
significantly higher in a rural area than in an urban set-
ting. To date, the majority of studies have established: i) a 
correlation between the genetic diversity of P. falciparum 
populations and the intensity of transmission in malaria-
endemic areas, ii) that P. falciparum genetic diversity 
is higher in hyperendemic areas than in low-endemic 
settings [41, 65–67], and iii) that polyclonal infection 
prevalence decreases with a reduction in malaria trans-
mission [67–72]. These findings suggest that pfmsp1 
and pfmsp2 allelic diversities are not influenced by the 
level of transmission between the two zones. However, a 
lower number of polyclonal infections and a lower MOI 
in Selembao urban HZ may reflect the moderate malaria 
transmission level in that area [48, 55], which agrees 
with studies conducted in hypoendemic areas [36, 48, 
72] compared to the higher number of polyclonal infec-
tions found in Mont-Ngafula 2 rural HZ, which reflects 
its malaria hyperendemicity [48, 55], as shown in areas 
with hyperendemic malaria in Africa [48, 73–76]. Selem-
bao has been described earlier as a peri urban area [55] 
and may not be a true representation of an urban envi-
ronment of Kinshasa. Hence, spatiotemporal analyses 
are needed in different provinces and in different areas 
within and among the DRC provinces to characterize and 
better understand the parasite complexity in the DRC.

These findings showed the predominance of single 
pfmsp1 K- and M-type alleles in P. falciparum mono-spe-
cies infections and that of the K/M/R triple pfmsp1 alleles 
in mixed-species infections with P. falciparum regard-
less of malaria clinical status. For the pfmsp2 gene, the 
D-type allele was more frequent in P. falciparum mono-
species infections, while the F/D-type double infection 
was more frequent in mixed-species infections in both 
symptomatic and asymptomatic carriers. The diverse dis-
tribution of pfmsp1/2 alleles within P. falciparum mono- 
and mixed-species infections may be explained based on 
findings from experimental [76, 77] and clinical [78–80] 
studies that have shown cross-species immunity within 
hosts coinfected by multiple Plasmodium species. This 
situation may be influenced by within-host competition 
between species independent of immunity. Tang et  al. 
[81] showed that a mixed infection of two rodent malaria 
parasite species could increase the severity and parasite 
densities in the mouse host. Studies are needed to assess 
the immunity-independent influence of mixed-infections 
of human Plasmodium within hosts.

In southern Benin, it has been shown that the preva-
lence of polyclonal infections and MOIs as measured by 
polymorphisms in pfmsp1 and pfmsp2 were significantly 
lower in P. falciparum/P. malariae-coinfected asympto-
matic carriers compared to those with a single-species 
infection of P. falciparum, and it was suggested that a 
decrease in genetic diversity and complexity of infec-
tion occurred in cases of coinfection [80]. Conversely, 
this study showed an increase in polyclonal infections 
and MOIs as measured by polymorphisms in pfmsp1 
and pfmsp2 in infections with P. ovale and/or P. malariae 
coinfected with P. falciparum among asymptomatic sub-
jects, although it was not significantly different among 
symptomatic subjects. Further studies are needed to pro-
vide more information on the consequences of within-
host competition in mixed-species infections based on 
malaria clinical status.

This study found that for pfmsp1, an allele size of 
approximately 200  bp dominated for all K-, M-, and 
R-types, regardless of the presence of symptoms and the 
rural and urban settings. This finding was also shown 
in Cameroon [18], Gabon [59, 83], Burkina Faso [15], 
Benin [82], and the Republic of Congo [33]. For pfmsp2, 
the 400-bp F-type allele and the 500-bp D-type allele 
dominated, regardless of the presence of symptoms 
and the rural and urban settings. Among the F-type 
pfmsp2 alleles, the 400-bp allele has also been shown to 
be frequent in the Republic of Congo [33] and Burkina 
Faso [15] whereas the 500-bp allele was more frequent 
in Côte d’Ivoire [59], the 600-bp allele in Gabon [59], 
and the 700-bp allele in Benin [82]. Among the D-type 
pfmsp2 alleles, the 300-bp allele was more frequent in 
the Republic of Congo [33], Côte d’Ivoire [59], and Bur-
kina Faso [15] while the 400-bp allele was more frequent 
in Gabon [59] and the 700-bp allele was more frequent 
in Benin [82]. Future sequence analysis of genetic poly-
morphisms could confirm the similarities of these allelic 
families with those in other African countries [28, 34, 60, 
81–84].

Conclusion
The allelic diversities and MOIs of P. falciparum isolates 
from asymptomatic and symptomatic school-age chil-
dren were low in the study areas of Kinshasa Province, 
DRC. MOIs were more likely to be present in sympto-
matic infections and increased with the parasitaemia 
level. There is a need to conduct a countrywide study on 
the genetic diversity of P. falciparum in different trans-
mission zones to provide a clear picture of parasite diver-
sity and to serve as a baseline for determining the impact 
of malaria interventions on parasite genetic diversity in 
the country.
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