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Abstract

Background In sub-Saharan Africa (SSA), Plasmodium falciparum causes most of the malaria cases. Despite its
crucial roles in disease severity and drug resistance, comprehensive data on Plasmodium falciparum genetic diversity
and multiplicity of infection (MOI) are sparse in SSA. This study summarizes available information on genetic diversity
and MO, focusing on key markers (msp-1, msp-2, glurp, and microsatellites). The systematic review aimed to evaluate
their influence on malaria transmission dynamics and offer insights for enhancing malaria control measures in SSA.

Methods The review was conducted following the Preferred Reporting Items for Systematic Review and Meta-Anal-
ysis (PRISMA) guidelines. Two reviewers conducted article screening, assessed the risk of bias (RoB), and performed
data abstraction. Meta-analysis was performed using the random-effects model in STATA version 17.

Results The review included 52 articles: 39 cross-sectional studies and 13 Randomized Controlled Trial (RCT)/cohort
studies, involving 11,640 genotyped parasite isolates from 23 SSA countries. The overall pooled mean expected het-
erozygosity was 0.65 (95% Cl: 0.51-0.78). Regionally, values varied: East (0.58), Central (0.84), Southern (0.74), and West
Africa (0.69). Overall pooled allele frequencies of msp-1 alleles K1, MAD20, and RO33 were 61%, 44%, and 40%, respec-
tively, while msp-2 1/C 3D7 and FC27 alleles were 61% and 55%. Central Africa reported higher frequencies (K1: 74%,
MAD20: 51%, RO33: 48%) than East Africa (K1: 46%, MAD20: 42%, RO33: 31%). For msp-2, East Africa had 60% and 55%
for 1/C 3D7 and FC27 alleles, while West Africa had 62% and 50%, respectively. The pooled allele frequency for glurp
was 66%. The overall pooled mean MOI was 2.09 (95% Cl: 1.88-2.30), with regional variations: East (2.05), Central (2.37),
Southern (2.16), and West Africa (1.96). The overall prevalence of polyclonal Plasmodium falciparum infections was 63%
(95% Cl: 56-70), with regional prevalences as follows: East (62%), West (61%), Central (65%), and South Africa (71%).
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Conclusion The study shows substantial regional variation in Plasmodium falciparum parasite genetic diversity
and MOI in SSA. These findings suggest a need for malaria control strategies and surveillance efforts considering
regional-specific factors underlying Plasmodium falciparum infection.

Keywords Plasmodium falciparum, Genetic diversity and multiplicity of infection, Sub-Saharan Africa

Background

Plasmodium falciparum presents a significant public
health challenge in sub-Saharan Africa (SSA), constitut-
ing the majority of reported malaria cases. In 2022, out
of the 249 million malaria cases recorded globally, 233
million occurred in SSA, contributing to an estimated
580,000 out of the 608,000 malaria-related deaths world-
wide [1]. While the development of a robust immune
response is necessary for controlling Plasmodium falci-
parum infection [2], timely diagnosis and the adminis-
tration of effective treatments [3] are required to control
symptomatic infection and reduce transmission.

The control of Plasmodium falciparum is hindered
by the high propensity for genetic diversity of parasites
infecting individuals and the frequency of multiplicity of
infection (MOI) within individual infections. These fac-
tors favour immune evasion, may contribute to malaria
pathology, and could promote the emergence of variants
resistant to anti-malarial drugs [4]. Moreover, genetic
diversity, particularly involving protein-coding genes tar-
geted by diagnostic tests such as histidine-rich protein
2/3 (HRP2/3) [5], which have become important tools for
malaria diagnosis and surveillance, could have significant
implications for malaria surveillance and control.

Genetic diversity and MOI are emerging as relevant
biomarkers of Plasmodium falciparum transmission.
Plasmodium falciparum genetic diversity arises from
genetic recombination during the parasite lifecycle in the
mosquito [6], while MOI results from infection by mul-
tiple distinct parasite genotypes [7]. Infection by distinct
parasite genotypes occurs either when an individual is
bitten by different mosquitoes carrying unique parasite
strains (superinfection) or when bitten by a single mos-
quito carrying multiple distinct genotypes (co-transmis-
sion) [8, 9].

The genetic diversity and MOI of Plasmodium falcipa-
rum may be assessed by targeted genotyping of markers
such as msp-1, msp-2, and glurp, which are coding and
therefore targets for immune evasion [10] or microsatel-
lite markers, which are not targets for immune evasion
[11]. High-throughput methods, including molecular
(DNA) barcodes, targeted deep sequencing, and genome-
wide variation analysis, have also been utilized [12, 13],
but these are expensive. Although more labour-intensive
and subject to some biases, such as amplification effi-
ciency bias due to size differences between msp-1, msp-2,

and glurp alleles [14, 15], genotyping of these markers is
cheaper and more readily available in resource-limited
settings in SSA [12].

The mean values of parasite genetic diversity and MOI
are higher in areas with high malaria transmission inten-
sity [16, 17] and lower in those with low transmission
intensity [18]. Additionally, mean Plasmodium falcipa-
rum genetic diversity and MOI apparently decreased
following the suppression of Plasmodium falciparum
transmission intensity in areas of Ethiopia [19] and Sene-
gal [20]. In other studies, mean values of Plasmodium fal-
ciparum genetic diversity were higher among individuals
with symptomatic infections [21, 22] and lower in those
with asymptomatic infections [23], and were inversely
correlated with parasite density and patient age [24].

Data on Plasmodium falciparum genetic diversity
and MOI are relatively sparse, making it difficult to eas-
ily identify relevant patterns in SSA. Some studies have
focused solely on MOI but not genetic diversity [25, 26],
while others have been conducted within a single coun-
try [27], or utilized a single genetic marker [28]. This
study collated published data on Plasmodium falcipa-
rum genetic diversity and MOI in SSA and summarized
this data for symptomatic and asymptomatic individuals
using a few genetic markers that are widely utilised for
parasite genotyping in SSA. The aim of the study was to
generate a systematic summary that can inform public
health initiatives for malaria control in different regions
of SSA.

Methods

Study design and protocol registration

The systematic review was conducted using the Preferred
Reporting Items for Systematic Review and Meta-Analy-
sis (PRISMA) guidelines [29]. The review protocol is reg-
istered in PROSPERO (#CRD42021267661).

Review question

The study reviewed data on Plasmodium falciparum
genetic diversity and MOI in SSA based on msp-1, msp-
2, glurp, and microsatellite genetic markers from articles
published from January 2000 through May 2023. This
period was chosen because access to malaria genomic
technologies was reasonably high, yielding representa-
tive data in the regions sampled [30]. Also, the period
coincides with rapid decline in malaria incidence in SSA
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[31]. The objectives of the review were to: a) characterize
the geographical distribution of Plasmodium falciparum
genetic diversity in SSA; b) determine the prevalence of
Plasmodium falciparum polyclonal infections in SSA;
and c) identify factors associated with Plasmodium falci-
parum genetic diversity and MOI in SSA.

Search strategy and information sources

A systematic search, conducted by an experienced librar-
ian (AAK), utilized PubMed, EMBASE, EBSCOhost,
Web of Science, and the first 50 pages of Google Scholar
after searching several pages and found no more rel-
evant studies Additionally, citation lists of the identified
articles were searched for additional relevant articles
[32-37]. The search terms included keywords such as
"Plasmodium falciparum, P, falciparum genetic diversity,
'P. falciparum multiplicity of infection, and ’sub-Saharan
Africa’ (Additional file 1).

Eligibility
Inclusion criteria
The review considered:

«+ Articles published in English,

+ Study design, i.e., observational (cross-sectional/sur-
vey, case control, and cohort) or randomized clinical
trials (RCTs),

+ Minimum required data elements: country, sample
size, calendar year(s) when the study was conducted,
and detailed laboratory methods used to genotype
markers for genetic diversity or MOI,

+ Detailed methods for determining Plasmodium fal-
ciparum genetic diversity and MOJI, including mean
expected heterozygosity, allele frequencies, and mean
MOI or percentage of multiple infections.

Exclusion criteria

+ Absence of key terms ‘Plasmodium falciparum
genetic diversity and or MOI in the title and or
abstract,

+ Studies using experimental animals,

« Review articles, case reports, case series, or editorials

+ Use of inappropriate laboratory molecular methods
(DNA extraction, PCR and then fragment analysis).

Article screening and data extraction

The articles were deduplicated using Endnote soft-
ware version X9. Subsequently, the unique articles
underwent screening by two independent reviewers
(AM and RWN), who also performed data abstraction
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using predetermined review criteria (Additional file 2).
Abstracted data were compared, and any disagreements
were resolved through discussion.

Harmonized extracted data included:

« Study characteristics (author name, article title, pub-
lication year, country, malaria transmission setting,
and study design); participant characteristics (sample
size, age group, and malaria clinical category),

+ Malaria diagnosis and genotyping (malaria diagnosis
method, name of genotyped markers, and PCR frag-
ment analysis method),

« Outcome results on Plasmodium falciparum genetic
diversity and MOI based on mean expected het-
erozygosity, allele frequencies of selected genotyped
genetic markers, and the prevalence of polyclonal
infections or mean MOI, respectively. Data on fac-
tors associated with Plasmodium falciparum genetic
diversity and MOI were also extracted.

Data analysis

Meta-analysis was performed using the random effects
model (DerSimonian and Laird approach) in STATA
(version 17, Stata Corporation, College Station, TX). For-
est plots included only studies that reported measures of
dispersion such as SD or CI for the respective effect sizes
(Mean MOI and or Mean He) to enable computation of
standard error for use in meta-analysis using STATA.
Pooled estimates for Plasmodium falciparum genetic
diversity and MOI were generated, sorted by region.
Additionally, patterns of Plasmodium falciparum genetic
diversity and MOI were assessed according to malaria
clinical categories (asymptomatic and symptomatic
malaria infection) [38] and specific genetic marker(s)
used to evaluate Plasmodium falciparum genetic diver-
sity and MOI [12].

Heterogeneity analysis

Heterogeneity across the studies was assessed using the
chi-squared test and Cochran’s Q statistic, with a 5% level
of statistical significance [39], and the I-squared (I?) sta-
tistic [40]. An I? statistic of 25% indicates low heteroge-
neity, 50% indicates moderate heterogeneity, and>75%
indicates high heterogeneity [41].

Risk of bias and quality of evidence assessment

Risk of bias (RoB) in the selected articles was indepen-
dently evaluated by two reviewers (AM, RWN) using an
RoB assessment tool adapted from Joanna Briggs Insti-
tute’s (JBI) critical appraisal tools [42]. The quality of
evidence was determined by two independent reviewers
using the Grading of Recommendations, Assessment,
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Development, and Evaluations (GRADE) guidelines [43].
RoB assessment covered five domains: study design and
limitations, inconsistency in selected articles, indirect-
ness of the evidence, imprecision, and publication bias.
Studies scoring 0 to 1, 2 to 3, 4 to 5, and at least 6 were
judged to be very low, low, moderate, and high-quality
studies, respectively.

Publication bias

Publication bias was assessed by visualizing the asym-
metry of the funnel plot and examining the presence and
distribution of dots in the plot [44]. Egger’s statistical test
was performed to assess the asymmetry of the funnel
plot. A statistically significant result (p<0.05) in Egger’s
test indicates that the funnel plot asymmetry is due to
small-study effects [45]. All data analysis was conducted
using STATA version 17 software package (Stata Corpo-
ration, College Station, TX).

Missing data

Variables that were missing from included articles were
recorded as not reported (NR). Authors of articles with
missing data were contacted for additional information,
but only a small number (5/12: 41.67%) responded.

Ethics considerations

The study used already published literature with no direct
human subject contact and posed no risk to the partici-
pants who participated in the primary studies as deter-
mined by the Makerere University School of Medicine
Institutional Review Board (# Mak-SOMREC-2021-152)
and Uganda National Council for Science and Technol-
ogy (# HS2744ES) (Table 1).

Results

A total of 1,718 articles were retrieved from the literature
search, and an additional 6 articles were found through
a search of the bibliographies of the identified articles.

Table 1 The PECOST framework

Element Description

Population  Individuals infected with P, falciparum

Exposure P, falciparum infection

Comparator None

Qutcomes Primary outcomes: 1) Distribution of P, falciparum genetic
diversity in SSA and 2) Prevalence of P, falciparum poly-
clonal in SSA
Secondary outcomes: Factors associated with P, falciparum
genetic diversity and MOl in SSA

Settings: All SSA malaria-affected countries

Time 2000-to-May 2023
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Of these, 52 articles met the inclusion criteria and were
included in the review analysis (Fig. 1). The articles were
from 23 of the 54 countries in SSA, covering a total of
11,640 genotyped parasite isolates from 9,062 sympto-
matic and 2,578 asymptomatic Plasmodium falciparum
infections. Among the 52 articles, 39 (75%) employed
cross-sectional study design while 13 (25%) utilized
RCT/cohort study designs. A total of 23 studies enrolled
both children and adults, while 22 studies enrolled only
children, 2 studies enrolled only adults, and 5 stud-
ies did not specify the age group of their study popula-
tion. The predominant genetic markers used to genotype
parasites were the antigen-coding loci, especially msp-1
and/or msp-2, in 76.9% (40/52) of the studies, followed
by microsatellites markers only in 19.2% (10/52). In one
study (1.92%; 1/52), both microsatellites and msp-1 and/
or msp-2) were used, while in another one study (1.92%;
1/52), genotyping of Plasmodium falciparum parasites
involved the use of both msp-1, msp-2, and single nucleo-
tide polymorphisms (SNPs) (Table 2).

Plasmodium falciparum genetic diversity in SSA

Across studies, P falciparum genetic diversity, primar-
ily assessed using antigen-coding loci (msp-1, msp-
2, and glurp), and microsatellites, was reported using
either allele frequency, mean expected heterozygosity,
or both. The frequencies of msp-1 alleles (K1, MAD?20,
and RO33) were 20.8%, 4.2%, and 4.2%, respectively, in
Ethiopia, a country with moderate malaria transmission
in East Africa [79]. In high malaria transmission areas of
Equatorial Guinea in West Africa, these same alleles had
substantially higher frequencies of 96.07%, 96.09%, and
70.78%, respectively [22]. The frequency of the msp-2
gene I/C 3D7 allele ranged from 15.9% to 98.3% in Ethio-
pia [19, 79], while the FC27 allele frequency ranged from
10.3% in Ethiopia [84] to 98.9% in high malaria transmis-
sion areas in Benin [36]. Meanwhile, the frequency of
glurp ranged from 39.53% among symptomatic individu-
als in a high malaria transmission setting in Nigeria [68]
to 97.6% among severe malaria cases living in malaria-
moderate areas in Uganda [74] (Table 2).

The overall pooled allele frequencies of msp-1 alleles
K1, MAD20, and RO33 were 61%, 44%, and 40%, respec-
tively, while the overall polled allele frequencies of msp-2
I/C 3D7 and FC27 alleles were 61% and 55%, respectively,
across reviewed studies. Across regions, the pooled allele
frequencies of msp-1 alleles K1, MAD20, and RO33 were
46%, 42%, and 31%, respectively, in East Africa; 74%, 51%,
and 48%, respectively, in Central Africa; and 67%, 43%,
and 44%, respectively, in West Africa. In comparison, the
pooled allele frequencies of the msp-2 1/C 3D7 and FC27
alleles were 60% and 55%, respectively, in East Africa,
67% in Central Africa, and 62% and 50%, respectively, in
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Identification of studies via databases and registers

Identification of studies via other methods

Total records identified

(n=2,217)

PUBMED (n=1,141)

EMBASE (n=242)

Web of science

(n=350)

EBSCOhost (n=284)
oogle Scholar 1st
Opages (n = 200)

Duplicate records removed (n
=499)

Bibliography search (n =6)

Records excluded (n =921)

ﬁ

Citations not retrieved
(n=0)

Ig:gﬁ?;gad Reason 1. Not of P. falciparum
(n=1718) genetic diversity and MOI (n=869)
Reason 2. Review articles, case
reports, case series, editorial)
(n=52)
: ¥
Reports sought for Reports not retrieved Articles from
retrieval (n=28) citations sought
(n=797) Reason. Restricted access I(r)]r_rg;neval
Reason 1. Experimental/animal
model studies (n=10)
:é’l;’::\ ’ Reason 2 Incomplete data on
Laboratory methods (PCR and v
(n=769) ! analysis) (n = 218) )
Reason 3 Study on mixed Articles from
species (n =19) citations
Reason 4. Study population, a;sgs_ged for
setting not well described eligibiity
(n=198) (n=6)
Reason 5. Incomplete data on

\

Articles included

the review main outcome
(n=258)

Reason 6 Incomplete
information on data analysis
(n=16)

in review

Articles from citations
excluded

Reason1. Incomplete
data on the review

(n=52)

Fig. 1 PRISMA. Flow diagram for identification of articles included in the review

main outcome (n=2)

Reason 2. Incomplete
information study
population and data
analysis (n=2)
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West Africa. For glurp, the overall pooled allele frequency
was 66%, with a pooled frequency of 90% and 70% in East
and West African regions, respectively. The only two
reviewed studies from Southern Africa [58, 65] studied
parasite genetic diversity and MOI using only microsatel-
lites and not msp-1, msp-2, or glurp (Table 3).

Based on expected heterozygosity, the mean expected
heterozygosity was 0.09 in Ethiopia [19], a country with
moderate malaria transmission in East Africa, and 0.93
in the DRC [80], a country with high malaria transmis-
sion in Central Africa (Table 2). The overall pooled mean
expected heterozygosity across all studies was 0.65 (95%
CI: 0.51-0.78). Across regions, the pooled mean expected
heterozygosity was 0.58 (95% CI: 0.29-0.86), 0.84 (95%
CL 0.81-0.86), 0.74 (95% CL 0.73-0.75), and 0.69 (95%
CI: 0.62—0.75) in East, Central, Southern, and West Afri-
can regions, respectively (Fig. 2).

Each blue square bar indicates the estimated mean
expected heterozygosity in one study, and the lines
through the square represent the confidence interval
around the estimate. The red diamond symbols represent
the pooled mean expected heterozygosity in each region,
while the green diamond symbol represents the overall
pooled mean expected heterozygosity across all regions.
The x-axis represents the scale for mean expected het-
erozygosity which ranges between 0 to 1.

Plasmodium falciparum MOI across malaria-affected
countries in SSA

Plasmodium falciparum MOI, defined as the number
of distinct parasite genotypes co-existing within a given
infection. Plasmodium falciparum MOI was reported
using mean MOI and or prevalence of polyclonal infec-
tion. The mean MOI ranged from 1.09 in Ethiopia in East
Africa [19] to 5.51 in Equatorial Guinea in West Africa
[22] (Table 2). The overall pooled mean MOI across stud-
ies was 2.09 (95% CI: 1.88-2.30). Across regions, the
pooled mean MOI was 2.05 (95% CIL: 1.83-2.26), 2.37
(95% CI: 1.28-3.46), 2.16 (95% CI: 2.09-2.23), and 1.96
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(95% CI: 1.53-2.39) in East, Central, Southern, and West
African regions, respectively (Fig. 3).

The prevalence of polyclonal infections ranged from
16.3% in Ethiopia in East Africa [19] to 98% in Equatorial
Guinea in Central Africa [22] to 98% in Equatorial Guinea
in Central Africa [27] (Table 2). The overall pooled preva-
lence of Plasmodium falciparum polyclonal infections
was 63% (95% CI 56—70) across all studies. Across the
regions, the pooled prevalence of polyclonal infections
was 62% (95% CI: 53-71), 61% (95% CI: 51-71), 65% (95%
CI: 43-88), and 71% (95% CI: 63—79) in East, West, Cen-
tral, and Southern Africa regions, respectively (Fig. 4).

Factors associated with Plasmodium falciparum genetic
diversity and MOl across SSA

In three studies [24, 72, 88], a positive association
between patient age and parasite density with Plas-
modium falciparum genetic diversity and MOI was
observed; however, this association was not consistent
across other studies [36, 69, 79]. Some studies indicated
an association between Plasmodium falciparum genetic
diversity and MOI with the use of chemotherapy to
suppress malaria infections. For instance, in a study by
Huang, B et al. [66], a decrease in genetic diversity was
found over a 10-year period following the introduction
of artemisinin-based combination therapy (ACT) in an
island population, with a 28% decrease for msp-1 (from
32 to 23) and msp-2 (from 29 to 21). MOI declined from
3.11 to 1.63 for msp-1 and from 2.75 to 1.35 for msp-2.
The prevalence of polyclonal infection for msp-1 declined
from 76.7% to 29.1% (P <0.01), and for msp-2, it declined
from 62.4% to 28.3% (P <0.01).

Similarly, a study by Tadele et al. [19] reported a decline
in Plasmodium falciparum genetic diversity and MOL
Variations in Plasmodium falciparum genetic diver-
sity and MOI were found in both rural and urban set-
tings. MOI was higher in rural than in urban settings; for
instance, the mean MOI for rural versus urban areas was
1.88 versus 1.55, while the prevalence of polyclonal infec-
tion was 42.2% versus 57.7% (p=0.04) [71]. However, in a

Table 3 Pooled proportions of K1, MAD20, RO33, IC/3D7, FC27 and glurp alleles across studies

Gene family Alleles East Africa Central Africa West Africa All regions
Freq (%) 95% ClI Freq (%) 95% Cl Freq (%) 95% Cl Freq (%) 95% ClI
msp-1 K1 46 31-60 74 60-88 67 56-78 61 53-69
MAD20 42 23-60 51 22-81 43 34-51 44 32-56
RO33 31 17-45 48 35-60 44 33-58 40 32-48
msp-2 IC3D7 60 48-72 67 52-82 62 51-72 61 54-69
FC 27 55 42-68 67 45-90 50 33-68 55 46-64
glurp 90 86-93 - - 70 63-77 66 40-92
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Effect size Weight

Author Year  Country with 95% CI (%)
East Africa

Tadele, G 2022 Ethiopia [ | 0.09[0.08, 0.10] 5.93
Chekol, T 2021 Ethiopia B 0.23[0.19, 0.27] 5.90
Kateera, F 2016 Rwanda [ | 0.41[0.40, 0.43] 5.93
Papa Mze, N 2020 Comoros 0.71[0.69, 0.74] 5.92
Nderu, D 2019 Kenya 0.76 [ 0.67, 0.85] 5.78
Gatei, W 2015 Kenya 0.77[0.64, 0.90] 5.62
Touray, A.O 2020 Kenya 0.81[0.73, 0.90] 5.81
Mulenge, F.M 2016 Kenya 0.84[0.83, 0.85] 5.93

Heterogeneity: T = 0.17, I = 99.94%, H® = 1610.48
Test of 6 = 6;: Q(7) = 11273.36, p = 0.00

Central Africa
Singana, B.P 2016 DRC
2

Heterogeneity: =0.00,1°= %, H’ =
Test of 6 = 6;: Q(0) =0.00,p =.

Southern Africa

Gwarinda, H.B 2012 S. Africa

Roh, M.E 2019 Eswatini

Heterogeneity: 7° = 0.00, I* = 58.59%, H = 2.41
Testof 8 = 6;: Q(1) =2.41,p=0.12

West Africa

Ndiaye, T 2019 Senegal
Kolawole, O.M 2016 Nigeria
Amoah, L.E 2021 Ghana

Abukari, Z 2019 Ghana
Nabet, C 2016 Mali
Ajogbasile, F.V 2021 Nigeria

Heterogeneity: = 0.01, I?= 97.00%, H? = 33.32
Test of 6; = 6;: Q(5) = 166.60, p = 0.00

Overall
Heterogeneity: 1° = 0.08, I” = 99.91%, H” = 1172.93
Test of 8 = 6 Q(16) = 18766.81, p = 0.00

Test of group differences: Q,(3) = 46.71, p = 0.00

Random-effects DerSimonian—Laird model

0.84[0.81, 0.86] 5.92
0.84[0.81, 0.86]

0.74[0.73, 0.75] 5.93
0.75[0.74, 0.76] 5.93
0.74[0.73, 0.75]

[ |
—-
_._
-
[ |
——ll e 0.58[0.29, 0.86]
[ |
¢
[ |
[ |

1F 0.52[0.47, 0.57] 5.88
0.63[0.55, 0.72] 5.81
0.68[0.67, 0.68] 5.93
0.68[0.66, 0.71] 5.92

[ | 0.77[0.74, 0.80] 5.92
[ ] 0.80[0.78, 0.83] 5.92
<> 0.69[0.62, 0.75]

= 0.65[0.51, 0.78]

Fig. 2 Forest plot representing the pooled mean expected heterozygosity of P falciparum infection across 17 studies that reported measures
of dispersion (Cl and SD) for mean expected heterozygosity in malaria-affected countries in SSA, sorted by region

study conducted in an urban setting in Uganda [74], the
mean MOI values were even higher (3.0 to 3.7 for severe
and mild malaria cases, respectively p=0.002) than those
observed in rural areas elsewhere. High Plasmodium

falciparum genetic diversity and MOI were also reported
among both symptomatic [72, 74, 89] and asympto-
matic malaria cases [16, 90]. Furthermore, a positive
association between the genetic diversity and MOI of
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Plasmodium falciparum with malaria transmission set-
tings, showing higher values in areas with high malaria
transmission and lower values in those with low malaria
transmission (2.13 in high and 1.29 in low malaria trans-
mission; p<0.0001) has been reported [70]. Meanwhile,
the expected heterozygosity was high (0.49 to 0.62) and
low (0.26 to 0.28) in high and low malaria transmission
settings, respectively. However, this relationship was not
observed elsewhere reported [37].

Subgroup analysis of Plasmodium falciparum genetic
diversity and MOI based on malaria clinical category

and the genotyped markers

Subgroup analysis of genetic diversity and MOI was con-
ducted using mean expected heterozygosity and mean
MO, respectively. Considering patient phenotype, the
pooled mean expected heterozygosity was 0.64 (95% CI
0.515-0.78) in studies that enrolled only individuals with
asymptomatic infection and 0.63 (0.42-0.83) in those
that enrolled only individuals with symptomatic infec-
tion. However, the pooled mean expected heterozygosity
was 0.77 (0.75-0.79) in studies that enrolled individuals
with either asymptomatic or symptomatic Plasmodium
falciparum infections.

Based on antigen-coding loci, msp-1, and/or msp-2
genotypes, the pooled Plasmodium falciparum mean
expected heterozygosity was 0.49 (95% CI 0.24-0.74).
In comparison, it was 0.76 (95% CI 0.72—-0.79) based on
microsatellite markers. The pooled mean MOI was 1.90
(95% CI 1.50-2.30) in studies enrolling asymptomatic
individuals, 2.16 (95% CI 1.92-2.41) in studies enrolling
symptomatic individuals, and 1.85 (95% CI 1.59-2.11) in
studies enrolling both asymptomatic and symptomatic
cases. In studies using antigen-coding loci msp-1 and/
or msp-2 only, the pooled mean MOI was 2.14 (95% CI
1.91-2.38), while in studies using microsatellites, it was
1.63 (95% CI 1.11-2.15).

Plasmodium falciparum heterogeneity in the included
studies

Studies were combined and assessed for heterogene-
ity. Based on mean expected heterozygosity, there was
high heterogeneity among studies enrolling asympto-
matic individuals (I*=99.61%, P<0.001) and among
studies enrolling individuals with symptomatic malaria

(See figure on next page.)
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(I?=99.94%, P <0.001). Similarly, a high level of heteroge-
neity was observed among studies using antigen-coding
loci, namely msp-1 and msp-2 (1*=99.87%, P <0.001), as
well as microsatellites (I>=98.28%, P<0.001). Regard-
ing mean MOJI, heterogeneity was high in studies enroll-
ing individuals with asymptomatic malaria (I*=98.64%,
P<0.001), symptomatic malaria (I>=99.60%, P<0.001),
and both asymptomatic and symptomatic cases
(I?=96.20%, P <0.001). A high level of heterogeneity was
also observed across the genotyped markers, includ-
ing antigen coding loci, msp-1, and msp-2 (I*=99.619%,
P<0.001), and microsatellites (I>=96.52%, P<0.001)
(Additional file 3).

Risk of bias in the included studies

Methodological quality and reporting bias were identi-
fied as high in 28.8% (15/52) of the studies. There was a
potential for selection bias, as successful genotyping was
reported to be <90% in 11.5% (6/52) of the reviewed arti-
cles. Additionally, detection bias related to the assess-
ment of confounding factors was noted in 36.5% (19/52)
of the included articles (Additional file 4).

Publication bias assessment

Visual inspection of the funnel plots obtained using
mean expected heterozygosity and mean MOI revealed
an asymmetrical distribution of estimates from the
middle line (Additional file 5). Egger’s statistical test
showed a coefficient of 2.16, z=0.54, and P=0.59 for
mean expected heterozygosity, and a coefficient of 1.65,
z=1.28, and P =0.2 for mean MOI.

Discussion
The systematic review covered studies investigating
Plasmodium falciparum genetic diversity and MOI in
malaria-affected countries in SSA. Study findings indicate
substantial genetic diversity and MOI among parasites
circulating in SSA. The substantial regional variation in
parasite genetic diversity and MOI identified in this cur-
rent study likely reflects differences in regional malaria
transmission intensity. This suggests that these markers
may be useful in evaluating malaria transmission patterns
and the effectiveness of control interventions.

Parasite genetic diversity exhibited variations across
regions, with msp-1 (K1, MAD20, and RO33) and msp-2

Fig. 3 Forest plot representing the pooled mean MOI of P, falciparum infection across 32 studies that reported measures of dispersion (Cl and SD)
for mean MOI in malaria-affected countries in SSA, sorted by region. Each blue square bar indicates the estimated mean P, falciparum MOl in one
study, and the lines through the square represent the confidence interval around the estimate. The red diamond symbols represent the pooled
mean P, falciparum MOl in each region, while the green diamond symbol represents the overall pooled P, falciparum mean MOI across all regions.

The x-axis represents the scale for mean MOI
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Effect size Weight

Author Year Country with 95% CI (%)
East Africa

Mohammed, H 2021 Ethiopia -.- 1.20[0.97, 1.43] 3.13
Kidima, W 2015 Tanzania B 1.40[1.25, 1.55] 3.20
Sumari, D 2010 Tanzania B 1.45[1.30, 1.60] 3.20
Chekol, T 2022 Ethiopia ] 1.56[1.42, 1.70] 3.20
Kateera, F 2016 Rwanda - 1.73[1.63, 1.83] 3.23
Nderu, D 2019 Kenya [ | 1.80[1.70, 1.90] 3.23
Mohammed, H 2015 Ethiopia -l 1.80[1.52, 2.08] 3.07
Agaba, B.B 2021 Ghana 1.90[1.70, 2.10] 3.16
Hamid, MM.A 2013 Sudan 1.93[1.66, 2.20] 3.08
Mohammed, H 2019 Ethiopia 2.20[1.98, 2.42] 3.14
Gatei, W 2019 Kenya 2.20[2.11, 2.29] 3.23
Mahdi Abdel Hamid, M 2016 Sudan 2.25[2.07, 2.43] 3.17
Peyerl-Hoffman, G 2001 Uganda . 2.40[2.35, 2.45] 3.24
Mohammed, H 2018 Ethiopia —— 2.60[2.24, 2.96] 2.97
Mohammed, H 2017  Ethiopia . B 2.80[2.56, 3.04] 3.12
Abamecha, A 2020 Ethiopia - 3.20[2.91, 3.49] 3.05
Touray, A.O 2020 Kenya —B—— 3.39[2.15, 463] 1.52
Heterogeneity: 7° = 0.19, I’ = 97.41%, H’ = 3864 ‘ 2.05[1.83, 2.26]

Test of 6, = 6;: Q(16) = 618.26, p = 0.00

Central Africa

Mawili-Mboumba, D.P 2015 Gabon . 1.72[1.59, 1.85] 3.21
Bouyou-Akotet, M.K 2015 Gabon L 3 1.80[1.61, 1.99] 3.16
Simpson, S.V 2023 DRC 1.99[1.90, 2.08] 3.23
Apinjoh, T.O 2015 Cameroon .- 2.33[2.15, 2.51] 3.17
Aubouy, A 2003  Gabon [ ] 4.00[3.93, 4.07] 3.24

Heterogeneity: 1° = 1.55, I’ = 99.78%, H’ = 449.30 i 2.37[1.28, 3.46]

Test of 6, = 6;: Q(4) = 1797.58, p = 0.00

Southern Africa

Gwarinda, H.B 2021  S. Africa : 2.13[2.05, 2.21] 3.24
Roh, M.E 2019  Eswatini 2.20[2.10, 2.30] 3.23
Heterogeneity: 1° = 0.00, I* = 16.53%, H’ = 1.20 Q 2.16 [ 2.09, 2.23]

Test of 6 = 6;: Q(1) = 1.20, p = 0.27

West Africa
Abukari, Z 2019 Ghana B 1.37[1.21, 1.53] 3.19
Amoah, L.E 2021 Ghana . 1.70[1.61, 1.79] 3.23
Nabet, C 2016 Mali [ ] 1.72[1.67, 1.77] 3.24
Somé, A.F 2018 Burkina Faso 1.95[1.91, 1.99] 3.25
Agomo, C 2022  Nigeria 1.98[1.85, 2.11] 3.21
Oyedeji, S.I 2013 Nigeria 2.05[1.70, 2.40] 2.98
Huang, B 2018 Cote d'lvoire 2.21[2.10, 2.32] 3.22
Sondo, P 2020 Burkina Faso [ | 2.73[2.73, 2.73] 3.25
Heterogeneity: 1° = 0.38, I = 99.84%, H’ = 621.20 1.96 [ 1.53, 2.39]
Test of 6, = 6;: Q(7) = 4348.37, p = 0.00
Overall 2.09[1.88, 2.30]
Heterogeneity: 1° = 0.35, I’ = 99.64%, H® = 277.57
Test of B, = 6;: Q(31) = 8604.79, p = 0.00
Test of group differences: Q,(3) = 1.80, p = 0.61

1 2 3 a 5

Random-effects DerSimonian—Laird model

Fig. 3 (Seelegend on previous page.)
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%
Author Year  Country ES (95% Cl) Weight
East Africa 1
Tadele, G 2022  Ethiopia | 0.13(0.09,0.18) 213
File, T 2021 Ethiopia —— | 0.41(0.33,049)  2.09
Papa Mze, N 2020  Comoros —.— | 0.41(0.34, 0.49) 2.09
Mohammed, H 2021 Ethiopia _‘_ | 0.44 (0.30, 0.59) 1.94
Kateera, F 2016 Rwanda —— | 0.45(0.40,0.50) 213
Kidima, W 2015  Tanzania ——— 0.50 (0.39,0.61)  2.04
Chekol, T 2022 Ethiopia —0—' 0.51(0.37,065)  1.95
Nderu, D 2019 Kenya e — ! 0.51(0.44,058)  2.10
Mohammed, H 2015 Ethiopia —0—'— 059(0.49,069)  2.05
Sumari, D 2010  Tanzania —.J— 0.61(0.55, 0.66) 212
Hamid, MM.A 2013 Sudan —— 0.62(0.46,0.75)  1.94
Simpson, S.V 2023  Tanzania —— 0.63 (0.58, 0.67) 213
Mohammed, H 2019  Ethiopia —l'.— 0.64 (0.55, 0.72) 2.08
Mohammed, H 2018  Ethiopia e — 0.70(0.60,0.78)  2.06
Peyerl-Hoffmann, G 2001 Uganda | + 0.71(0.65, 0.77) 212
Agaba, B.B 2021  Uganda | —— 0.76 (0.68,0.82)  2.10
Mohammed, H 2017  Ethiopia | —— 0.76 (0.66, 0.84) 2.08
Mahdi Abdel Hamid, M 2016  Sudan 1 —.— 0.79(0.72, 0.85) 2.1
Kiwuwa, M.S 2013 Uganda | —— 0.80(0.73,0.85)  2.11
Touray, A.O 2020  Kenya | —— 0.80(0.71,0.87) 2.09
Abamecha, A 2020  Ethiopia | —— 0.80(0.70, 0.87) 2.08
Mulenge, F.M 2016  Kenya | —‘— 0.80 (0.74, 0.85) 212
Gatei, W 2015  Kenya —— 0.89(0.85,0.93)  2.14
Subtotal (12 =97.72%, p = 0.00) ¢ 0.62(0.53,0.71)  47.80
West Africa !
Awaga, K.L 2012 Togo I 0.28(0.23,0.33) 213
Abukari, Z 2019  Ghana —— ! 0.35(0.24,048)  2.01
Sane, R 2018  Gabon 1 0.35(0.28, 0.43) 2.09
Ndiaye, T 2019 Senegal I 0.36 (0.28, 0.44) 2.09
Kolawole, O.M 2016 Nigeria — 0.59(0.43,0.73)  1.93
Nabet, C 2016  Mali —— 0.59(0.51,0.66)  2.09
Niang, M 2017 Senegal —‘-l— 0.61(0.53, 0.68) 2.10
Oyedeji, .| 2013 Nigeria —— 0.62(057,067) 212
Agomo, C 2022 Nigeria ——— 0.63 (0.51,0.74) 2.02
Oyedeji, S.| 2020 Nigeria —— 0.66 (0.55,0.74)  2.06
Ajogbasile, FV 2021 Nigeria —— 067(0.63,0.71)  2.14
Huang, B 2018 Cote d'lvoire —— 0.69(0.63,0.75)  2.12
Somé, AF 2018  Burkina Faso | + 0.73 (0.67, 0.79) 212
Gnagne, A.P 2019  Cote d'lvoire | + 0.85 (0.80, 0.89) 213
Amoah, LE 2021  Ghana | —— 0.90(0.83,0.94)  2.12
Ogouyemi-Hounto, A 2013 Benin —.— 0.90 (0.82, 0.95) 211
Subtotal (12 = 97.42%, p = 0.00) <> 0.61(051,0.71)  33.38
Central Africa I
Ibara-Okabande, R 2012 DRC —— | 047(0.33,061)  1.95
Bouyou-Akotet, M.K. 2015  Gabon ——— | 0.50 (0.41,0.59)  2.07
Mawili-Mboumba, D.P 2015 Gabon —_—— | 0.50 (0.43,0.57)  2.10
Apinjoh, T.O 2015  Cameroon —.-l— 0.60 (0.52, 0.68) 2.09
Singana, B.P 2019 DRC | —— 0.86(0.76,0.92)  2.09
Chen, J.T 2018  Equatorial Guinea | 0.99 (0.96, 1.00) 2.15
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Fig. 4 Forest plot representing the pooled prevalence P, falciparum polyclonal infections reported by 48 studies from malaria-affected countries

in SSA, sorted by region. Each gray square bar with a black dot indicates the estimated prevalence of P, falciparum polyclonal infections in one study,
and the lines through the square represent the confidence interval around the estimate. The diamond symbol represents the pooled prevalence

of P, falciparum polyclonal infections
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(I/C3D7 and FC27) alleles showing different frequencies
in different regions. The finding that high Plasmodium
falciparum genetic diversity was reported in both high
[51] and low [65] malaria transmission areas in SSA is
interesting. Parasite genetic diversity results from genetic
recombination in the mosquito [6, 91], and is more likely
in areas with high local malaria transmission intensity.
The high parasite genetic diversity in some areas is there-
fore a cause for concern because it may indicate ongoing
transmission despite the intensification of malaria con-
trol measures [53]. Nonetheless, there are areas with low
Plasmodium falciparum genetic diversity, indicating that
malaria control and surveillance efforts should be tai-
lored accordingly.

Plasmodium falciparum mean MOI also exhibited
wide variations across regions, ranging from 1.09 to
5.51, with an overall pooled mean MOI of 2.09. Mean-
while, the prevalence of polyclonal infection also varied
significantly, ranging from 16.3% to 98%, with an over-
all pooled prevalence of 63% across studies. Previous
reports have documented wide variations in Plasmodium
Salciparum mean MOI (ranging from 1 to 6.1) and the
percentage prevalence of polyclonal infections (ranging
from 0 to 96%) [25]. High mean MOI and the presence
of polyclonal infections serve as key indicators of high
malaria transmission intensity [16, 70]. These factors are
influenced by increased vector populations, promoting
either superinfection or the concurrent transmission of
unrelated parasite genotypes [92]. The variations across
regions suggest differences in malaria transmission pat-
terns across SSA, emphasizing the need for modifications
in malaria vector control and the implementation of cus-
tomized regional malaria control measures.

The review identified several factors associated with
Plasmodium falciparum genetic diversity and MOI,
including parasite density, the clinical category of malaria
infection, patient age, malaria control interventions, and
malaria transmission intensity [16, 19, 24, 48, 70, 72, 89].
These findings extend those from previous studies that
reported a positive correlation between parasite den-
sity and parasite genetic diversity/MOI [70, 75]. Higher
parasite density increases the likelihood of carrying dis-
tinct parasite genotypes [70], while an increase in age
enhances immunity to malaria [93] Additionally, Plasmo-
dium falciparum genetic diversity and MOI were found
to be higher in rural settings [71], although other reports
indicated higher genetic diversity in urban settings
[74]. Low parasite genetic diversity and MOI have been
reported in areas of Ethiopia, suggesting the effectiveness
of malaria control interventions [19].

High Plasmodium falciparum genetic diversity and
MOI were reported among both symptomatic [72, 74,
89] and asymptomatic malaria cases [16, 48, 90]. The
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occurrence of multiple Plasmodium falciparum infec-
tions could pose a challenge to parasite elimination
efforts [16] due to its positive association with antimalar-
ial drug failure [94]. Asymptomatic infection is typically
characterized by low parasitaemia [95] and high MOI
[38]. Asymptomatic individuals with low parasitaemia
often remain undetected, thus forming a reservoir for
malaria transmission and its spread [96]. The variability
in parasite genetic diversity infection profiles has impli-
cations for treatment strategies, as well as the efficacy of
antimalarial drugs.

msp-1 and msp-2 are commonly used genetic markers
for assessing Plasmodium falciparum genetic diversity
and MOI. Studies exclusively employing antigen-coding
loci (msp-1 and/or msp-2) reported a higher pooled mean
MOI (2.14), while those utilizing microsatellites showed a
lower pooled mean MOI (1.63). The abundance and high
polymorphism of microsatellites make them more suit-
able for estimating MOI compared to msp-1, msp-2, and
glurp, which are relatively fewer and exhibit lower lev-
els of polymorphism [13]. Moreover, msp-1, msp-2, and
glurp are susceptible to immune selection [97]. Another
limitation arises from significant size variations among
msp-1, msp-2, and glurp alleles, potentially introduc-
ing bias in amplification efficiency. In cases of multi-
clonal infections, this bias may result in the preferential
amplification of shorter fragments, leading to the loss of
longer alleles [14, 15]. This emphasizes the importance of
employing advanced tools such as microsatellite analysis
and whole-genome sequencing for accurately assessing
Plasmodium falciparum genetic diversity.

Implications for future research and policy

The substantial variations in Plasmodium falciparum
genetic diversity and MOI in SSA necessitates continu-
ous genomic surveillance in different malaria transmis-
sion settings. Current research predominantly focuses
on symptomatic malaria infections in children utilising
msp-1 and msp-2 genetic markers for assessing genetic
diversity and MOI. Future studies should broaden their
focus to include both adults and children across dif-
ferent malaria transmission contexts. Incorporation of
advanced tools like microsatellite and whole-genome
sequencing, is crucial for accurate assessments of para-
site genetic diversity.

Strengths of the study

The review focused on peer-reviewed articles published
over an extended period of time to adequately appreci-
ate the genetic diversity and MOI of Plasmodium fal-
ciparum parasites circulation in SSA, an area which
contributes over 95% of global malaria cases. The review
focused on genetic markers (msp-1, msp-2, glurp, and
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microsatellites) that are more common and readily avail-
able in resource-limited settings in SSA. The review was
conducted following standard PRISMA-P review guide-
lines to enhance the reliability of the findings.

Limitations of the study

The present study has several limitations. Firstly, reliance
on peer-reviewed published articles may have introduced
potential publication bias. Secondly, studies that did not
explicitly mention Plasmodium falciparum genetic diver-
sity and/or MOI in the title may have been missed. Addi-
tionally, the geographical coverage of articles was not
comprehensive, as they did not encompass all countries
in SSA, thereby impacting the generalizability of findings
within the region. For instance, only two of the reviewed
studies originated from Southern Africa [58, 65], focus-
ing solely on microsatellites rather than msp-1, msp-2,
and glurp, which limits inferences about marker distribu-
tion in this region. Furthermore, the exclusion of studies
lacking measures of dispersion (CI and SD) affected the
meta-analysis of mean expected heterozygosity and mean
MOL

Conclusion

This systematic review reveals considerable variations
in Plasmodium falciparum genetic diversity and MOI
across malaria-affected countries in SSA. Despite con-
trol efforts, the high observed parasite genetic diver-
sity and MOI emphasize the necessity for customized,
region-specific malaria control strategies, and continu-
ous surveillance.
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