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Abstract: Polymorphisms in the genes encoding the merozoite surface proteins msp-1 and msp-2 are
widely used markers for characterizing the genetic diversity of Plasmodium falciparum. This study
aimed to compare the genetic diversity of circulating parasite strains in rural and urban settings in
the Republic of Congo after the introduction of artemisinin-based combination therapy (ACT) in
2006. A cross-sectional survey was conducted from March to September 2021 in rural and urban
areas close to Brazzaville, during which Plasmodium infection was detected using microscopy (and
nested-PCR for submicroscopic infection). The genes coding for merozoite proteins-1 and -2 were
genotyped by allele-specific nested PCR. Totals of 397 (72.4%) and 151 (27.6%) P. falciparum isolates
were collected in rural and urban areas, respectively. The K1/msp-1 and FC27/msp-2 allelic families
were predominant both in rural (39% and 64%, respectively) and urban (45.4% and 54.5% respectively)
areas. The multiplicity of infection (MOI) was higher (p = 0.0006) in rural areas (2.9) compared to
urban settings (2.4). The rainy season and the positive microscopic infection were associated with an
increase in MOI. These findings reveal a higher P. falciparum genetic diversity and MOI in the rural
setting of the Republic of Congo, which is influenced by the season and the participant clinical status.

Keywords: Plasmodium falciparum; genetic diversity; rural and urban areas; multiplicity of infection;
Republic of Congo

1. Introduction

Globally, almost half of the population is at risk of Plasmodium falciparum (P. falciparum)
infection. In 2021, the number of new cases of malaria reached 247 million, causing
619,000 deaths. More than 90% are from sub-Saharan African countries [1]. Poverty,
the emergence of insecticide-resistant mosquitoes, the ability of P. falciparum to develop
resistance to antimalarial drugs, and the unavailability of effective malaria vaccines due
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to the high genetic diversity within the parasite population are major obstacles to malaria
control and elimination [2,3].

In the Republic of Congo, although efforts are devoted to reducing the burden of
malaria, it remains one of the major public health problems. Malaria is the leading cause of
hospital consultations (63%), hospitalizations (20%), and deaths (9%) [4], with P. falciparum
species being the leading cause of infection and mortality [5]. In highly malaria-endemic
areas, such as the Republic of Congo, P. falciparum infection is characterized by high genetic
diversity associated with high multiplicity of infection implying the evolutionary fitness of
the parasite and therefore a higher survival advantage in overcoming malaria control and
elimination efforts [6].

Demographic and entomological data showed that malaria transmission can be re-
duced via urbanization, including sanitation and education of the population. This in-
creases the number of non-immune individuals, leading to differences in epidemiological
characteristics of malaria in rural and urban settings, as many interventions are conducted
in urban zones [7]. Interventions on malaria transmission (such as insecticide spraying)
might have an impact on the P. falciparum strains circulating in an endemic area.

The method commonly used to characterize the genetic diversity of P. falciparum
isolates in a malaria endemic area is based on the amplification of the genes encoding for
the msp-1 and msp-2 [8]. These genes are good discriminatory and informative markers for
strain differentiation within a parasite population [6,9]. In addition, the study of the genetic
diversity of P. falciparum and its multiplicity of infection (MOI) describes the intensity of
malaria transmission and is a good indicator of the effectiveness of the malaria control
and intervention strategy used in a country [10]. A high genetic diversity reported in
different regions with necessary control means will then imply that the control program is
not effective in reducing the pest population and vice versa. Therefore, information on the
rural and urban dynamics of P. falciparum genotypes, as well as on the factors determining
gene flow between sites, is crucial for successful malaria elimination. However, after the
revision of the treatment policy in 2006 in the Republic of Congo, genetic diversity studies
have been mainly conducted in the hospital setting and urban areas in order to assess
the impact of the implementation of malaria control measures on the circulating parasite
strains [11]. This would provide limited information on the circulating P. falciparum parasite
population in the country. The msp-1 and msp-2 genetic polymorphism and the multiplicity
of infection in isolates collected from rural and urban setting have been investigated in the
Republic of Congo. This work will provide evidence of the effectiveness or not of current
malaria control measures in both settings.

2. Materials and Methods
2.1. Study Sites

The study was conducted in rural areas of the Goma Tsé-Tsé district (Ntoula and
Djoumouna villages) in the Department of Pool and in the urban area of Brazzaville
Department (Mayanga in the west quarter of Madibou District) of the Republic of Congo.
The two departments have a tropical humid climate divided into two seasons: a short
period of dry season (June to September) and a long period of rainy season (October to
May). These zones are geo-localized at 4.36 S, 15.15 E and an average altitude of 217 m.
Djoumouna is a village located 25 km from Brazzaville. It is characterized by the presence
of a gallery forest bordering the Djoumouna River. The locality is surrounded by four
rivers—the Lomba, Kinkoue, Loumbangala, and Djoumouna—which supply a series of
fish-farming ponds [12] that can serve as potential foci of malaria vectors. The population of
Djoumouna Village comprises about 800 inhabitants, with agriculture as the main economic
activity. Ntoula is a neighboring village of Djoumouna and is irrigated by two rivers.
This village accounts around 635 inhabitants mainly living from agriculture and fishing.
Mayanga is an urban area located in the 8th Madibou District, to the south of Brazzaville.
With a population of about 28,422 inhabitants, Mayanga is characterized by the presence
of three sites of market gardening (Agri-Congo 1 and 2 and the Groupement Jean Felicien
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Mahouna) and is irrigated by three rivers: the Djoué, Laba, and Matou Rivers. Mayanga
comprises several public and private services, such as health centers and primary and
high schools.

2.2. Study Design

A community-based cross-sectional survey was conducted from March to September
2021 covering both the rainy (March to May) and dry seasons (June to September). Indi-
viduals at least 1 year old residing in the study areas since at least 3 months prior were
included in the study. A well-structured questionnaire was used to record sociodemo-
graphic and clinical data, including age, gender, weight, fever or fever history in the last
48 h, headache, vomiting, nausea, etc. Fever was defined based on axillary temperature
≥ 37.5 ◦C [5]. Using standard aseptic techniques, 4 mL of venous blood was collected in
ethylenediaminetetraacetic acid (EDTA) tubes for microscopic examination, hemoglobin
determination (using the fully automated CYANHemato cell counter, Cypress Diagnostic,
Belgium), and subsequent molecular analysis of isolates.

2.3. Microscopic Screening for Plasmodium Infection

Plasmodium infection was screened via microscopy using the Lambaréné method [13].
Briefly, 10 µL of venous blood of each sample was distributed on the slide over a rectangular
area of 10 × 8 mm to perform a thick smear. The slide was dried at room temperature
and stained for 20 min with 20% Giemsa solution (Giemsa R-Solution, Merck, Darmstadt,
Germany). Each slide was read by two experienced microscopists. When no agreement
was reached on a specific slide, a third microscopist was asked to decide. The number of
parasites and the number of high-power fields (HPF) were counted, and the number of
parasitemia per microliter was calculated using the microscope factor of 708 as follows:
Parasitemia (P/µL) = No. of parasites × Microscope factor/No. HPF.

All participants with symptomatic or asymptomatic parasitemia were treated by
medical staff according to World Health Organization (WHO) and National Malaria Control
Program treatment protocols.

2.4. Molecular Diagnostic of Plasmodium Infection

Parasite genomic DNA was extracted from whole blood using the QIamp DNA kit
(Qiagen, Hilden, Germany) following the manufacturer’s instructions. DNA extract sam-
ples were then checked for purity and quantity using a nanodrop spectrophotometer. The
Plasmodium species characterization was performed as we have previously described [5].
Amplified genomic DNA samples confirmed for P. falciparum were further characterized
for msp-1 and msp-2 with specific oligonucleotide primer pairs.

2.5. Typing of P. falciparum msp-1 and msp-2 Genes

Nested PCR of the polymorphic regions msp-1 and msp-2 (block 2 and 3) was performed
as previously described [14] using the primers and amplification conditions reported in
Table S1. Briefly, a primary reaction was performed, amplifying the entirety of block 2 and
block 3 of the msp-1 and msp-2 genes, respectively. The amplicons of the first reaction were
used as templates in six separated secondary PCR reactions using different pairs of primers
(Table S1) that target the specific allelic families of msp-1 (K1, MAD20 and R033) and msp-2
(3D7 and FC27). The mix of primary and secondary reactions contained 500 nM of each
primer, 2.5 mM MgCl2, 100 µM of each dNTP and 0.05 units of Taq DNA polymerase
(Qiagen). DNA from P. falciparum reference strains (3D7, Dd2 and HB3) was used in each
run as positive control. The amplified products were then analyzed via 2.5% ultrapure
agarose gel electrophoresis (Agarose UltraPure™ 500 g, Invitrogen, Carlsbad, CA, USA)
for msp-1 and 2% for msp-2. The SYBER-Green-stained DNA fragments were visualized
using UV transillumination (Gel DocTM EZ, Biorad) and analyzed with Image Lab Software
Version 6.0. Allele sizes were determined with two molecular weight standards (100 bp
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DNA Ladder, New England Biolabs). Alleles were considered identical if the fragment
sizes were within the range of 10 bp [15] and 20 bp [6] for msp-1 and msp-2 respectively.

2.6. Case Definition

Three groups of Plasmodium positive participants were classified in this study:

• Uncomplicated malaria, also referred as symptomatic malaria—those with positive
microscopy and having less than 24 h of fever history and/or symptoms).

• Asymptomatic malaria was defined as the presence of positive microscopy and no
clinical symptoms.

• Participants presenting no clinical malaria symptoms with a negative microscopy and
positive in PCR were classified as sub-microscopic infection.

2.7. Definitions of Concepts

Polyclonal infection is defined by the presence of more than one allele for a given
gene in a single isolate, whereas the presence of a single allele was considered monoclonal
infection. The multiplicity of infection (MOI) is defined as the mean number of distinct
parasite clones per infection [16].

2.8. Statistical Analyses

Data were recorded in Microsoft Excel (Microsoft Inc., Redmond, WA, USA) version
2016 and analyzed using GraphPad Prism (version 6.0.1). Continuous variables were
expressed as means ± standard deviations (SD) or as medians with interquartile range
(IQR). The allele frequencies of msp-1 and msp-2 were calculated as the proportion of alleles
detected for each allelic family out of the total alleles detected. The Mann–Whitney (or
Kruskal–Wallis) test was used for comparing non-parametric variables, while Student’s
t or analysis of variance (ANOVA) tests were used for parametric variables. χ2 tests (or
Fisher’s exact test) was used to compare proportions. Statistical significance was defined as
p-value < 0.05.

2.9. Ethical Declaration

This study was approved by the Institutional Ethics Committee of the Congolese
Foundation for Medical Research (N◦013/CIE/FCRM/2018); administrative authorization
was obtained from the Marien Ngouabi University (N◦247/UMNG.FST.DFD.FD-SBIO)
was obtained, and approval from the head of each study area was also obtained. Written
informed consent or assent was obtained from all participants or parents/guardians for
those under 18 years of age.

3. Results
3.1. Characteristics of the Study Population

In total, 548 Plasmodium falciparum positive samples were analyzed, including 397 (72.4%)
samples from rural and 151 (27.6%) from urban areas. The age of the infected sub-
jects ranged from 1 to 88 years with an average of 14 (1–88) years in rural areas and
16 (3–81) years in urban areas. Participants aged more than 20 years were the primary
population both in rural and urban areas. Women were also more represented than
men in both study areas. Individuals with positive microscopic infection represented
33.7% (185/548) of the total population, among whom 39.1% (155/397) were from rural
areas and 19.9% (30/151) were from urban areas, with geometric means of parasite density
of 753 (575–985) parasites/µL and 592 (290–1208) parasites/µL, respectively (Table 1).
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Table 1. General characteristics of the study population.

Parameters Rural Area
(n = 397)

Urban Area
(n = 151)

Total
(n = 548)

Season n (%)
Dry 197 (49.6) 75 (49.7) 272 (49.6)

Rainy 200 (50.4) 76 (50.3) 276 (50.4)
Sex ratio (male/female) 0.9 (195/202) 0.6 (59/92) 0.8 (255/294)

Age (years) a 14 (1–88) 16 (3–81) 15 (1–88)
Age group, years n (%)

<5 38 (9.6) 8 (5.3) 46 (8.4)
[5–15] 164 (41.9) 59 (39.1) 223 (40.7)

>15 195 (49.1) 84 (55.6) 279 (50.9)
Parasitemia (para/µL) c 753 (575–985) 592 (290–1208) 724 (563–930)

Type of infection n (%)
Microscopic 155 (39.1) 30 (19.9) 185 (33.7)

Sub-microscopic 242 (60.9) 121 (80.1) 363 (66.2)
Clinical status n1 = 155 n2 = 30

Asymptomatic 87 (56.1) 19 (63.3) 106 (57.3)
Symptomatic 68 (43.9) 11 (36.7) 79 (42.7)

a: median (range). c: geometric mean (95% confidence interval (95% CI)). n1: total number of participants in rural
area. n2: total number of participants in urban area.

3.2. Genotyping of P. falciparum msp-1 and msp-2 in the Study Sites

The amplification successes of msp-1 and msp-2 genes were 90.2% and 83.9%, re-
spectively (Figure S1). The RO33-type alleles (288/397 (72.5%)) and FC27-type alleles
(205/397 (73.3%)) for msp-1 and msp-2, respectively, were found most frequently in isolates
collected in rural area, whereas K1-type alleles (104/151 (68.9%)) and 3D7-type alleles
(62/151 (41.1%)) were the most detected in isolates from urban areas. The prevalence of
the allelic families in general was statistically (p < 0.05) different between the two study
areas, with the exception of the K1-type family (Table 2). In total, 66 msp-1 genotypes
were identified in P. falciparum isolates in rural areas, including (Table 2) 28 K1-type alleles
(size range: 120 to 420 bp), 26 MAD20-type alleles (130–410 bp), and 12 RO33-type alleles
(110–250 bp) versus 44 detected in urban areas, including 19 K1 alleles (with a size rang-
ing from 150 to 420 bp), 16 MAD20 alleles (120–410 bp) and 9 RO33 alleles (130–210 bp).
Overall, the K1 allelic family was predominant—representing 39% and 45.4% of all alleles
in rural and urban areas, respectively—followed by the RO33 allelic family (rural: 35%
and urban: 32.8%) and MAD20 (rural: 28% and urban: 21.8%). However, no significant
(p = 0.0898) association of allelic frequency was observed with the study site (Table 2). Most
of the alleles were observed at a frequency of less than 10% (Figure 1), and more than
half (n = 41, or 60.29%) of these alleles were common to the two study sites, including
18 of type K1, 14 of type MAD20, and 9 of type RO33. The zone-specific alleles were
mostly found in rural areas: (10 K1 alleles, 10 MAD20 alleles, and 3 R033 alleles). For
the msp-2 gene (Table 2), a total of 46 genotypes were detected in rural areas (26 FC27
alleles: 200–760 bp and 20 3D7 alleles:120–500 bp), compared to 44 identified in urban areas,
including 22 FC27 alleles (220–680 bp) and 22 3D7 alleles (120–700 bp). In total, 13% of
the isolates were non-identified. The frequency of the FC27 allelic family was superior
both in rural (64%) and urban (54.5%) areas compared to 3D7 allelic family (rural: 36% and
urban: 45.5%). A significant (p = 0.0098) association of allelic frequency was observed with
the study site (Table 2). The totals of the most frequent alleles in rural areas were FC27
440 bp, 460 bp, and 3D7 240 bp. In contrast, FC27 460 bp and 3D7 180 bp and 400 bp alleles
were predominant in urban areas (Figure 2).
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Table 2. Frequency of msp-1 and msp-2 allelic families in rural and urban areas.

Allelic
Family

Rural Area (n = 397) Urban Area (n = 151)

p1 p2Prevalence
n (%)

Frag
Size
(bp)

No. of
Differ-

ent
Alleles

Allele
Frequency

n (%)

Prevalence
N (%)

Frag
Size
(bp)

No. of
Differ-

ent
Alleles

Allele
Frequency

n (%)

msp-1
K1 260 (65.5) 120–420 28 344 (39.0) 104 (68.9) 150–420 19 119 (45.4) 0.4537

0.0898MAD20 220 (55.4) 130–410 26 245 (28.0) 49 (32.5) 120–410 16 57 (21.8) <0.0001
R033 288 (72.5) 110–250 12 290 (33.0) 86 (57.0) 130–210 9 86 (32.8) 0.0005
Total 66 879 44 262

msp-2
FC27 291 (73.3) 200–760 26 554 (64.0) 57 (37.7) 220–680 22 115 (54.5) <0.0001

0.00983D7 205 (51.6) 120–500 20 310 (36.0) 62 (41.1) 120–700 22 96 (45.5) 0.0269
Total 46 864 44 211

n: number of isolates. p1: comparison of prevalence to allelic families between rural and urban areas. p2: compari-
son of allelic frequency according to the study areas.

3.3. Allelic Frequency of P. falciparum msp-1 and msp-2 Genes According to Season, Age, and
Clinical Status

The msp-1 and msp-2 allelic frequencies were also compared in this study. In ru-
ral areas, the K1 allelic family was predominant in the rainy season (43.2%), while the
RO33 allelic family was the most abundant in the dry season (41.3%) (Table S2). In urban
areas, the K1 allelic family was predominant in both the rainy (42.6%) and dry (18.4%) sea-
sons. There was a significant association between the allelic frequency and the season
in rural areas (p = 0.0002) but not in urban areas (p = 0.0839). The K1 allelic family was
predominant in all age groups both in rural and urban areas, and a significant associa-
tion of the allelic frequency was observed with the age groups in rural areas (p < 0.0001)
but not in urban area (0.5568). No significant association of the allelic frequency was
found with the type of infection (microscopic and sub-microscopic) or with malaria clinical
status (symptomatic and asymptomatic) in the two study sites. Among the sociodemo-
graphic parameters used for analyzing the msp-2 allelic frequencies (Table S3), only the
age groups were significantly (p = 0.0113) associated with allelic frequency in rural areas.
The 3D7-type alleles were predominant in children less than 5 years (52.2%) of age, while
FC27-type alleles were found to be more abundant in participants aged 5 to 14 years (67%)
and >15 years (64.4%).

3.4. Polyclonal Infections and Multiplicity of Infection According to Season, Age, and Clinical
Status of the Participants

The characterizations of msp-1 and msp-2 genes showed totals of 1743 (879 for msp-1
and 864 for msp-2) and 473 (262 for msp-1 and 211 for msp-2) individual fragments in
rural and urban areas, respectively. Overall, the P. falciparum multiplicity of infection
(msp-1+msp-2) was significantly (p = 0.0006) higher in rural (2.9) areas compared to the
urban areas (2.4). However, there was no significant (p = 0.1006) difference in polyclonal
infection (PI) rate between the two areas (rural PI: 82.1% (316/385) vs. urban PI: 75.6%
(102/135)). The proportion of polyclonal infection was significantly (p < 0.0001) higher in
rainy season compared to the dry season, while this parameter was similar between the
two seasons in the urban zone (Table 3). However, the rainy season was characterized by
significantly (p < 0.0001) higher P falciparum MOI compared to the dry season both in rural
and urban areas. The grouping of participants according to the type of infection (Table 3)
in each study area showed a significantly (p < 0.05) lower rate of polyclonal infections in
sub-microscopic infected (rural PI: 76.6%; urban PI: 70.5%) participants compared to their
counterparts presenting a microscopic infection (rural PI: 90.3%; urban PI: 93.1%). The
same trend was true when comparing P. falciparum MOI between participants presenting
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microscopic and sub-microscopic infection in the two areas. No association was observed
when the proportions of polyclonal infections and the MOI were compared according to
the age groups and the clinical status of the participants.

Table 3. Polyclonal infections (PI) and multiplicity of P. falciparum infection according to season and
age and clinical status of the participants.

Parameters n1
Rural

n2
Urban

PI n (%) P1 MOI P2 PI n (%) P3 MOI P4

Seasons
Dry 190 132 (69.5)

<0.0001
2.1

<0.0001
67 47 (70.1)

0.1468
1.9

<0.0001Rainy 195 184 (94.4) 3.6 68 55 (80.9) 3.0
Age groups (years)

<5 38 27 (81.1)
0.1213

2.6
0.3174

6 3 (50)
0.0940

2.2
0.6028[5–15] 157 129 (82.2) 2.9 54 39 (72.2) 2.6

>15 191 160 (83.8) 3.0 75 60 (80.0) 2.4
Type of infection

Microscopic 154 139 (90.3)
0.0006

3.2
0.0003

29 27 (93.1)
0.0137

2.7
0.0003Sub-microscopic 231 177 (76.6) 2.7 105 74 (70.5) 2.0

Clinical status
Asymptomatic 87 82 (94.3)

0.0569
3.4

0.0506
17 15 (88.2)

0.0173
3.0

0.6792Symptomatic 67 57 (85.1) 2.9 11 11 (100) 3.4

n1: total number of patients for each parameter in rural areas. n2: total number of patients for each parameter in
urban areas. PI: polyclonal infection. MOI: multiplicity of infections.

4. Discussion

Understanding the genetic diversity of P. falciparum in different geographical contexts
is of crucial importance for developing new and effective control strategies [3]. To the best
of our knowledge, no study assessing the genetic diversity and multiplicity of P. falciparum
infection in rural areas in comparison with urban areas using both msp-1 and msp-2 gene
markers has been conducted in the Republic of Congo since the implementation of malaria
control in 2006.

The present work showed a high genetic diversity of msp-1 and msp-2 in the study sites,
but this was significantly higher in rural areas compared to urban areas. Site-specific alleles
were common in rural areas in comparison with the urban zone, as reported in Burkina
Faso [17] and Gabon [18]. The disparity of polymorphism between the study areas might
be due to some socioecological factors, including the diversity of malaria vectors in each
locality, the behavior of the inhabitant in the malaria control (household cleaning and used
of insecticide bed net), and climate change (humidity, precipitation). This high diversity
found in rural areas suggests a high risk of being infected by distinct parasite strains and
likely underlies a higher prevalence of P. falciparum infection in rural areas compared to
urban areas [5]. The level of polymorphism found in urban areas in this present study
is also consistent with the previous findings in the same area after introduction of ACTs
and mass deployment of insecticide-treated nets in the country [19–21]. In contrast with
the previous studies, this work was carried out during the COVID-19 outbreak, when
malaria control measures were almost abandoned and the population was reluctant to
admit patients to health centers for malaria treatment. This study showed a predominance
of the K1/msp-1 and FC27/msp-2 allelic families both in rural and urban areas and was in
line with previous reports in urban areas in the Republic of Congo [19–21].

A significant association of the msp-1 allelic frequencies was observed with season
and age groups in rural areas in this study but not in urban areas. In rural areas, the K1
allelic family and the RO33 allelic family were predominant in the rainy and dry seasons,
respectively, while the urban areas were dominated by the K1 allelic family during the two
seasons. The K1 allelic family was predominant in all age groups both in rural and urban
areas. The msp-2 allelic frequency was significantly associated with age group in rural
areas, with 3D7-type alleles predominating in children less than 5 years of age and FC27
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type alleles predominating in participants more than 5 years of age. Taken together, these
findings suggest the capacity of P. falciparum to adapt itself to the changing environment
and seasonality and to the level of immune response of the host. Overall, the genetic
diversity of the three allelic families in these study areas was higher compared to what has
been reported in several localities in Cameroon [22] and Gabon [18].

The MOI is an important parameter for the evaluation of level of malaria transmission
and human immunity in a given locality [23]. In this study, the multiple infection rate and
mean of MOI varied between study sites and were higher in rural areas than in urban areas.
This high multiple infection rate and MOI suggest high malaria transmission, which is in
line with the high malaria prevalence reported in rural areas [5]. This might be justified by
the limitation of the control strategies used or their disproportional deployment on one
hand and on other hand by the climatic and geographical conditions favoring the expansion
of vectors responsible for the maintenance of malaria transmission in endemic areas [24,25].

In addition to the type of transmission area (rural versus urban), the season and the
type of infection (microscopic or sub-microscopic) were also factors associated with the
variation of the number of parasite genotypes in this study. The rate of polyclonal infection
and P. falciparum MOI were significantly higher during the rainy season compared to the
dry season. This result suggests an optimal malaria transmission likely coordinated by a
high biodiversity of Anopheles mosquitoes during the rainy season, which is a conducive
factor to malaria vector development [26]. A recent study conducted in Burkina Faso
also reported that participants infected with P. falciparum harbored a higher number of
parasite genotypes during the rainy season compared to the dry season [27]. Several studies
carried out in a hospital setting in the Republic of Congo reported a high multiplicity of
infection of P. falciparum in children with a microscopic infection compared to those with
a sub-microscopic infection [20,21]. The same trend of results was found in this study,
suggesting a multiplication of uncontrolled parasite strains in the population [28].

In contrast to our study in which the P. falciparum MOI was similar between the
symptomatic and the asymptomatic patients, the findings of a longitudinal study reported
a decrease of P. falciparum multiplicity infection when the clinical status of children moved
from the asymptomatic to the symptomatic stage [29]. However, it is still difficult to
determine whether the observed low multiplicity of infection in symptomatic individual
is a cause or consequence of clinical symptoms. Although it is well documented that the
age influences the multiplicity of infection [17,18], it was not the case in this study, as also
shown previously in the Republic of Congo and Mali [21,30].

5. Conclusions

This study provides new data on the genetic diversity of P. falciparum isolates in rural
and urban settings south of Brazzaville after the deployment of numerous malaria control
measures in 2006. The findings revealed high allelic diversity and MOI of P. falciparum,
reflecting high intensity of malaria transmission in rural areas. The rainy season and the
presence of microscopic infection were associated with increases in diversity of P. falciparum
isolates. Thus, these findings will contribute to strengthening malaria control measures,
taking into account factors such as the seasonality and the level of malaria transmission in
the areas.
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Table S3: Allelic family frequencies of msp-2 according to sociodemographic characteristics in rural
and urban areas.

Author Contributions: Conceptualization, F.N., A.L. and E.N.; methodology, M.T.B., A.L., N.V.A.D.,
J.C.D., D.M.U. and J.D.M.-N.; validation, F.N., A.L. and M.T.B.; formal analysis, M.T.B. and A.L.;

https://www.mdpi.com/article/10.3390/pathogens12050742/s1
https://www.mdpi.com/article/10.3390/pathogens12050742/s1


Pathogens 2023, 12, 742 11 of 12

investigation, M.T.B., AL, N.V.A.D. and J.C.D.; resources, F.N,.; data curation, N.V.A.D. and A.L;
writing—original draft preparation, A.L. and M.T.B.; writing—review and editing, A.L., M.T.B., F.N.,
E.N., A.A.A., C.W., S.B., S.D.-K.; visualization, F.N.; supervision, F.N. and A.L.; project administration,
G.M., J.M., S.D.-K.; funding acquisition, F.N., A.L., C.W., S.B., A.A.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This study was supported by CANTAM (EDCTP-CSA2020NoE-3100) and the Central
Africa Humboldt Research Hub (HR-Coca) of the Alexander von Humboldt foundation. A.L. and
J.C.D are supported by the Fondation Merieux and the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) grant (BO 2494/3–1) awarded to the CoMAL project consortium.

Institutional Review Board Statement: The study was conducted in accordance with the Declara-
tion of Helsinki and approved by the Institutional Ethics Committee of the Congolese Foundation
for Medical Research (N◦013/CIE/FCRM/2018), administrative authorizations from the Marien
NGOUABI University (N◦247/UMNG.FST.DFD.FD-SBIO), and from the mayors of each study area.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: All data are fully available without restriction. Data are available
from the FCRM Institutional Data Access. All request for data should be addressed to the Executive
Director of FCRM, reachable at the following address: Prof. Francine Ntoumi, villa D6, Cité OMS
Djoué, Brazzaville, République du Congo (Tel: +242 06 997 79 80, email: fntoumi@fcrm-congo.com).

Acknowledgments: We thank all the participants for their support during the sample collection. We
thank Nick Desy MOUHINGOU, technicians in the FCRM laboratory, and all laboratory teams for
their help in sample processing.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. WHO. World Malaria Report 2022; Licence: CC BY-NC-SA 3.0 IGO; World Health Organization: Geneva, Switzerland, 2022.
2. Sonko, S.T.; Jaiteh, M.; Jafali, J.; Jarju, L.B.; D’Alessandro, U.; Camara, A.; Komma-Bah, M.; Saho, A. Does socio-economic status

explain the differentials in malaria parasite prevalence? Evidence from The Gambia. Malar. J. 2014, 13, 449. [CrossRef] [PubMed]
3. Kiwanuka, G.N. Genetic diversity in Plasmodium falciparum merozoite surface protein 1 and 2 coding genes and its implications in

malaria epidemiology: A review of published studies from 1997–2007. J. Vector Borne Dis. 2009, 46, 1–12. [PubMed]
4. PNLP. Programme Nationale de Lutte Contre le Paludisme; National Report of Malaria in Republic of Congo; Minitry of Public Health

Brazzaville: Brazzaville, Congo, 2021.
5. Mbama Ntabi, J.D.; Lissom, A.; Djontu, J.C.; Diafouka-Kietela, S.; Vouvoungui, C.; Boumpoutou, R.K.; Mayela, J.; Nguiffo-Nguete,

D.; Nkemngo, F.N.; Ndo, C.; et al. Prevalence of non-Plasmodium falciparum species in southern districts of Brazzaville in The
Republic of the Congo. Parasites Vectors 2022, 15, 209. [CrossRef] [PubMed]

6. Mayengue, P.I.; Ndounga, M.; Malonga, F.V.; Bitemo, M.; Ntoumi, F. Genetic polymorphism of merozoite surface protein-1
and merozoite surface protein-2 in Plasmodium falciparum isolates from Brazzaville, Republic of Congo. Malar. J. 2011, 10, 276.
[CrossRef] [PubMed]

7. Keiser, J.; Utzinger, J.; Caldas de Castro, M.; Smith, T.A.; Tanner, M.; Singer, B.H. Urbanization in sub-saharan Africa and
implication for malaria control. Am. J. Trop. Med. Hyg. 2004, 71 (Suppl. 2), 118–127. [CrossRef] [PubMed]

8. Snounou, G.; Zhu, X.; Siripoon, N.; Jarra, W.; Thaithong, S.; Brown, K.N.; Viriyakosol, S. Biased distribution of msp1 and msp2
allelic variants in Plasmodium falciparum populations in Thailand. Trans. R. Soc. Trop. Med. Hyg. 1999, 93, 369–374. [CrossRef]

9. Mwingira, F.; Nkwengulila, G.; Schoepflin, S.; Sumari, D.; Beck, H.P.; Snounou, G.; Felger, I.; Olliaro, P.; Mugittu, K. Plasmodium
falciparum msp1, msp2 and glurp allele frequency and diversity in sub-Saharan Africa. Malar. J. 2011, 10, 79. [CrossRef]

10. Hendry, J.A.; Kwiatkowski, D.; McVean, G. Elucidating relationships between P.falciparum prevalence and measures of genetic
diversity with a combined genetic-epidemiological model of malaria. PLoS Comput. Biol. 2021, 17, e1009287. [CrossRef]

11. Koukouikila-Koussounda, F.; Ntoumi, F. Malaria epidemiological research in the Republic of Congo. Malar. J. 2016, 15, 598.
[CrossRef]

12. Nianga, B.G.O.T.; Bitsindou, P.; Lenga, A. Impact of the Use of Mosquito Nets on Malaria Transmission in Djoumouna (Brazzaville-
Congo). Int. J. Adv. Res. 2019, 7, 285–294.

13. Joanny, F.; Löhr, S.J.; Engleitner, T.; Lell, B.; Mordmüller, B. Limit of blank and limit of detection of Plasmodium falciparum thick
blood smear microscopy in a routine setting in Central Africa. Malar. J. 2014, 13, 234. [CrossRef]

14. Ntoumi, F.; Ngoundou-Landji, J.; Lekoulou, F.; Luty, A.; Deloron, P.; Ringwald, P. Site-based study on polymorphism of Plasmodium
falciparum MSP-1 and MSP-2 genes in isolates from two villages in Central Africa. Parassitologia 2000, 42, 197–203. [PubMed]

15. Sathishkumar, V.; Nirmolia, T.; Bhattacharyya, D.R.; Patgiri, S.J. Genetic polymorphism of Plasmodium falciparum msp-1, msp-2
and glurp vaccine candidate genes in pre-artemisinin era clinical isolates from Lakhimpur district in Assam, Northeast India.
Access Microbiol. 2022, 4, 000350. [CrossRef] [PubMed]

https://doi.org/10.1186/1475-2875-13-449
https://www.ncbi.nlm.nih.gov/pubmed/25416303
https://www.ncbi.nlm.nih.gov/pubmed/19326702
https://doi.org/10.1186/s13071-022-05312-9
https://www.ncbi.nlm.nih.gov/pubmed/35706053
https://doi.org/10.1186/1475-2875-10-276
https://www.ncbi.nlm.nih.gov/pubmed/21936949
https://doi.org/10.4269/ajtmh.2004.71.118
https://www.ncbi.nlm.nih.gov/pubmed/15331827
https://doi.org/10.1016/S0035-9203(99)90120-7
https://doi.org/10.1186/1475-2875-10-79
https://doi.org/10.1371/journal.pcbi.1009287
https://doi.org/10.1186/s12936-016-1617-7
https://doi.org/10.1186/1475-2875-13-234
https://www.ncbi.nlm.nih.gov/pubmed/11686079
https://doi.org/10.1099/acmi.0.000350
https://www.ncbi.nlm.nih.gov/pubmed/35812711


Pathogens 2023, 12, 742 12 of 12

16. Mohammed, H.; Kassa, M.; Mekete, K.; Assefa, A.; Taye, G.; Commons, R.J. Genetic diversity of the msp-1, msp-2, and glurp
genes of Plasmodium falciparum isolates in Northwest Ethiopia. Malar. J. 2018, 17, 386. [CrossRef]

17. Soulama, I.; Nébié, I.; Ouédraogo, A.; Gansane, A.; Diarra, A.; Tiono, A.B.; Bougouma, E.C.; Konaté, A.T.; Kabré, G.B.; Taylor,
W.R.; et al. Plasmodium falciparum genotypes diversity in symptomatic malaria of children living in an urban and a rural setting
in Burkina Faso. Malar. J. 2009, 8, 135. [CrossRef]

18. Mawili-Mboumba, D.P.; Mbondoukwe, N.; Adande, E.; Bouyou-Akotet, M.K. Allelic diversity of msp1 gene in Plasmodium
falciparum from rural and urban areas of Gabon. Korean J. Parasitol. 2015, 53, 413–419. [CrossRef] [PubMed]

19. Ibara-Okabande, R.; Koukouikila-Koussounda, F.; Ndounga, M.; Vouvoungui, J.; Malonga, V.; Casimiro, P.N.; Ibara, J.R.; Sidibe,
A.; Ntoumi, F. Reduction of multiplicity of infections but no change in msp2 genetic diversity in Plasmodium falciparum isolates
from Congolese children after introduction of artemisinin-combination therapy. Malar. J. 2012, 11, 410. [CrossRef] [PubMed]

20. Singana, B.P.; Mayengue, P.I.; Niama, R.F.; Ndounga, M. Genetic diversity of Plasmodium falciparum infection among children with
uncomplicated malaria living in Pointe-Noire, Republic of Congo. Pan Afr. Med. J. 2019, 32, 183. [PubMed]

21. Gueye, N.S.G.; Ntoumi, F.; Vouvoungui, C.; Kobawila, S.C.; M, N.K.; Mouanga, A.M.; Deibert, J.; Koukouikila-Koussounda, F.
Plasmodium falciparum merozoite protein-1 genetic diversity and multiplicity of infection in isolates from Congolese children
consulting in a pediatric hospital in Brazzaville. Acta Trop. 2018, 183, 78–83. [CrossRef] [PubMed]

22. Wanji, S.; Kengne-Ouafo, A.J.; Eyong, E.E.; Kimbi, H.K.; Tendongfor, N.; Ndamukong-Nyanga, J.L.; Nana-Djeunga, H.C.;
Bourguinat, C.; Sofeu-Feugaing, D.D.; Charvet, C.L. Genetic diversity of Plasmodium falciparum merozoite surface protein-1
block 2 in sites of contrasting altitudes and malaria endemicities in the Mount Cameroon region. Am. J. Trop. Med. Hyg. 2012,
86, 764–774. [CrossRef]

23. Ayanful-Torgby, R.; Sarpong, E.; Abagna, H.B.; Donu, D.; Obboh, E.; Mensah, B.A.; Adjah, J.; Williamson, K.C.; Amoah, L.E.
Persistent Plasmodium falciparum infections enhance transmission-reducing immunity development. Sci. Rep. 2021, 11, 21380.
[CrossRef] [PubMed]

24. Castro, M.C. Malaria Transmission and Prospects for Malaria Eradication: The Role of the Environment. Cold Spring Harb. Perspect.
Med. 2017, 7, a025601. [CrossRef] [PubMed]

25. Eikenberry, S.E.; Gumel, A.B. Mathematical modeling of climate change and malaria transmission dynamics: A historical review.
J. Math. Biol. 2018, 77, 857–933. [CrossRef]

26. Yaro, A.S.; Traoré, A.I.; Huestis, D.L.; Adamou, A.; Timbiné, S.; Kassogué, Y.; Diallo, M.; Dao, A.; Traoré, S.F.; Lehmann, T. Dry
season reproductive depression of Anopheles gambiae in the Sahel. J. Insect Physiol. 2012, 58, 1050–1059. [CrossRef] [PubMed]

27. Sondo, P.; Derra, K.; Rouamba, T.; Nakanabo Diallo, S.; Taconet, P.; Kazienga, A.; Ilboudo, H.; Tahita, M.C.; Valéa, I.; Sorgho, H.;
et al. Determinants of Plasmodium falciparum multiplicity of infection and genetic diversity in Burkina Faso. Parasites Vectors 2020,
13, 427. [CrossRef]

28. Ntoumi, F.; Ngoundou-Landji, J.; Luty, A.J.; Dubreuil, G.; Millet, P. [Allelic polymorphism of Plasmodium falciparum MSP-2 gene
in blood samples from Gabonese children]. Bull. Soc. De Pathol. Exot. 2001, 94 Pt 2, 183–187.

29. Magesa, S.M.; Mdira, K.Y.; Babiker, H.A.; Alifrangis, M.; Färnert, A.; Simonsen, P.E.; Bygbjerg, I.C.; Walliker, D.; Jakobsen, P.H.
Diversity of Plasmodium falciparum clones infecting children living in a holoendemic area in north-eastern Tanzania. Acta Trop.
2002, 84, 83–92. [CrossRef]

30. Mahdi Abdel Hamid, M.; Elamin, A.F.; Albsheer, M.M.A.; Abdalla, A.A.A.; Mahgoub, N.S.; Mustafa, S.O.; Muneer, M.S.; Amin,
M. Multiplicity of infection and genetic diversity of Plasmodium falciparum isolates from patients with uncomplicated and severe
malaria in Gezira State, Sudan. Parasites Vectors 2016, 9, 362.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1186/s12936-018-2540-x
https://doi.org/10.1186/1475-2875-8-135
https://doi.org/10.3347/kjp.2015.53.4.413
https://www.ncbi.nlm.nih.gov/pubmed/26323839
https://doi.org/10.1186/1475-2875-11-410
https://www.ncbi.nlm.nih.gov/pubmed/23217196
https://www.ncbi.nlm.nih.gov/pubmed/31312296
https://doi.org/10.1016/j.actatropica.2018.04.012
https://www.ncbi.nlm.nih.gov/pubmed/29626433
https://doi.org/10.4269/ajtmh.2012.11-0433
https://doi.org/10.1038/s41598-021-00973-5
https://www.ncbi.nlm.nih.gov/pubmed/34725428
https://doi.org/10.1101/cshperspect.a025601
https://www.ncbi.nlm.nih.gov/pubmed/28490534
https://doi.org/10.1007/s00285-018-1229-7
https://doi.org/10.1016/j.jinsphys.2012.04.002
https://www.ncbi.nlm.nih.gov/pubmed/22609421
https://doi.org/10.1186/s13071-020-04302-z
https://doi.org/10.1016/S0001-706X(02)00179-1

	Introduction 
	Materials and Methods 
	Study Sites 
	Study Design 
	Microscopic Screening for Plasmodium Infection 
	Molecular Diagnostic of Plasmodium Infection 
	Typing of P. falciparum msp-1 and msp-2 Genes 
	Case Definition 
	Definitions of Concepts 
	Statistical Analyses 
	Ethical Declaration 

	Results 
	Characteristics of the Study Population 
	Genotyping of P. falciparum msp-1 and msp-2 in the Study Sites 
	Allelic Frequency of P. falciparum msp-1 and msp-2 Genes According to Season, Age, and Clinical Status 
	Polyclonal Infections and Multiplicity of Infection According to Season, Age, and Clinical Status of the Participants 

	Discussion 
	Conclusions 
	References

