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OPERATIONAL DEFINITIONS

P. falciparum genetic diversity: The extent of genetic variation within P. falciparum

populations.

Multiplicity of infection (MOI): The number of distinct parasite clones simultaneously
infecting an individual.

Polyclonal infections: The occurrence of multiple distinct parasite genotypes within an
individual’s single malaria infection episode.

Malaria transmission intensity: The rate at which malaria is spread within a population
over a defined period, often measured by metrics like entomological inoculation rate or
parasite prevalence.

Genetic recombination: The process by which genetic material is rearranged between
different DNA molecules, leading to new combinations of genes that can increase genetic
diversity within a population.

Recrudescence: The recurrence of parasites in the bloodstream that originate from those that
survived initial treatment, rather than from a new infection.

Areas of varied malaria transmission intensity: Areas with different levels of malaria
transmission, including low, medium, and high transmission intensities.

Malaria infection profile: The degree of P. falciparum infection, which can be classified into
three levels: asymptomatic, symptomatic uncomplicated, and symptomatic complicated.
Microsatellites: Short tandem repeat sequences (STRs) of nucleotides that are abundant in

the non-coding regions of the P. falciparum genome.
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ORGANISATION OF THE THESIS

This thesis is organised into six chapters

Chapter 1 introduces the research topic, providing background information, a clear statement
of the problem, justification for the study, research questions, objectives, hypotheses, and the
conceptual framework guiding the investigation. Chapter 2 presents a comprehensive
literature review, covering the global and regional malaria burden, the Plasmodium
falciparum genome and its genetic diversity, the concept of multiplicity of infection (MOI),
and the molecular tools commonly used for P. falciparum genotyping. Chapter 3 describes
the general and specific methods employed to address each research objective, including
study designs, data sources, laboratory procedures, and analytical approaches. Chapter 4
presents the results corresponding to each objective. Chapter 5 discusses the key findings in
the context of existing literature, highlighting their significance, and critically examines the
study’s strengths and limitations. Chapter 6 concludes the thesis by summarizing the main
findings and presenting recommendations for future research and policy, with an emphasis on

their implications for malaria control and surveillance.
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ABSTRACT
Background: Despite renewed control efforts, malaria remains a major public health
problem, contributing significantly to morbidity and mortality, especially in endemic
countries. Effective control is hindered by several factors, including the high genetic diversity
of Plasmodium falciparum, the presence of multiple parasite clones within a single host
(referred to as multiplicity of infection (MOI)), and the persistence of parasite strains despite
treatment (recrudescence). This PhD study aimed to assess P. falciparum genetic diversity
and MOI with in sub-Saharan Africa (SSA), with a specific focus on areas of varying malaria
transmission intensity in Uganda. Additionally, we evaluated the performance of different
microsatellite markers and genotyping algorithms in distinguishing recrudescence from

reinfection, an essential component of antimalarial drug efficacy monitoring.

Methods: This study employed a combination of systematic review, meta-analysis, and
secondary data analysis using both cross-sectional and longitudinal studies. To evaluate P.
falciparum genetic diversity and MOI across different geographical regions in SSA
(Objective 1), I conducted a systematic review and meta-analysis of published articles. The
review focused on studies using common molecular markers, including genes of merozoite
surface protein 1 and 2 (msp-1, msp-2), and microsatellites. The review followed the
Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines.
To determine how P. falciparum genetic diversity and MOI vary by malaria transmission
intensity, clinical disease status (asymptomatic versus symptomatic), and over time
(Objectives 2, 3, and 4), I performed secondary analyses of data and dried blood spot (DBS)
filter paper samples from comprehensive surveillance studies conducted between 2011 and
2017 in areas of varying transmission intensities in Uganda. To assess the performance of

microsatellite markers and three genotyping algorithms (3/3 match-counting, >2/3 match-
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counting, and the Bayesian approach) in distinguishing between recrudescence and
reinfection (Objective 5), I analyzed data and DBS filter paper samples from a therapeutic
efficacy study (TES) conducted between September 2018 and February 2019 at three health
centers located in high malaria transmission regions of Uganda. Demographic and clinical
data were retrieved from primary study databases, while genetic data were generated through
genotyping of P. falciparum isolates using the highly polymorphic markers msp-1, msp-2,
and microsatellites. Genomic DNA was extracted from DBS samples using Chelex 100 Resin
(Sigma-Aldrich, USA). Genotyping of msp-1, msp-2, and glurp was performed using nested
PCR, with amplicon sizing on the QIAxcel Advanced System (QIAGEN). For
microsatellites, seven loci (TA1, Poly-a, PfPK2, TA109, 2490, C2M34-313, and C3M69—
383) were amplified using fluorescently labeled primers, and allele sizing was conducted via
high-resolution capillary electrophoresis on an ABI 3730 Genetic Analyzer. P. falciparum
genetic diversity was assessed by calculating allele count, effective allele number, allelic
richness, and expected heterozygosity (He). P. falciparum MOI was estimated by determining
the number of distinct genotypes per infection. Population structure was assessed using
multilocus linkage disequilibrium (LD), genetic differentiation, analysis of molecular
variance (AMOVA), and clustering analysis. Statistical comparisons were made using the
Kruskal-Wallis test, Chi-square test, or Fisher’s exact test, as appropriate. Temporal trends
were analyzed using the Jonckheere—Terpstra test, while genotyping algorithm performance
was assessed using the Wilcoxon signed-rank test. For all analyses, 95% confidence intervals
and/or standard deviations were reported where applicable, with statistical significance set at

p<0.05.

Results: The systematic review and meta-analysis showed significant regional variation in P.

falciparum genetic diversity and MOI across SSA. The pooled mean H. was 0.65 (95% CI:

Xiv



0.51-0.78), and the pooled mean MOI was 2.09 (CI: 1.88-2.30), with 63% (CI: 56—-70%) of
cases showing polyclonal infections. When P. falciparum genetic diversity was compared
between areas with different malaria transmission intensities in Uganda, no statistically
significant variation was observed across sites (p > 0.05), though Kanungu (a low
transmission site) showed the highest mean He (0.81 + 0.14), while the mean H. was slightly
lower and similar in both Jinja and Tororo (both 0.78 £ 0.16). Regarding MOI, Tororo, a
high-transmission site, exhibited a significantly higher mean MOI (2.5 £+ 0.5) and polyclonal
infection rate (70%) compared to Kanungu (MOI: 2.0 + 0.05; polyclonal rate: 56%) and Jinja
(MOI: 1.9 £ 0.3; polyclonal rate: 58%) (p = 0.004). Genetic structure analysis indicated
minimal differentiation (Fst: 0.011-0.021). When comparing P. falciparum genetic diversity
and MOI between asymptomatic and symptomatic participants, both groups exhibited high
genetic diversity (He 0.79—-0.81). Polyclonal infections were common in both groups (58.5%
in symptomatic and 63% in asymptomatic). Asymptomatic participants had a higher mean
MOI (2.10) than symptomatic individuals (1.92), though the difference was not statistically
significant (p = 0.33). Temporal analyses showed a slight decline in He from 0.79 to 0.76,
with polyclonal infections remaining above 50% throughout the period. Finally, the 3/3
match-counting algorithm identified significantly fewer recrudescence cases compared to the

>2/3 match-counting and Bayesian algorithms (p < 0.001).

Conclusions: This study shows significant regional variation in P. falciparum genetic
diversity and MOI within SSA. within Uganda, genetic diversity of P. falciparum did not
differ significantly across sites, although MOI varied significantly by transmission intensity.
Persistently high genetic diversity, minimal population differentiation, and sustained
polyclonal infections were observed across clinical disease status and time, reflecting

ongoing transmission pressures rather than uniform regional variation. Discrepancies in
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recrudescence classification between match-counting and Bayesian algorithms highlight the
need for standardized PCR correction practices. These findings underscore the need for
tailored malaria control strategies, including targeted interventions for asymptomatic carriers
and continuous molecular surveillance to adapt to evolving transmission dynamics.
Furthermore, the study emphasizes the importance of using robust analytical algorithms to
accurately distinguish recrudescence from reinfection, an essential component of effective

antimalarial drug efficacy monitoring.
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CHAPTER ONE: INTRODUCTION

1.1 Background

Malaria remains a significant global health challenge. In 2023 alone, an estimated 263
million cases were reported worldwide, with 246 million occurring in Sub-Saharan Africa
(SSA). The region also accounted for approximately 569,000 of the 597,000 global malaria-
related deaths (1). Plasmodium falciparum is the predominant parasite species in SSA,
responsible for over 90% of infections and associated with the most severe and treatment-
resistant forms of the disease (1). Its transmission is sustained by highly efficient mosquito
vectors, particularly female Anopheles gambiae and Anopheles funestus, which are well

adapted to human environments and capable of maintaining intense transmission cycles (2,

3).

Uganda ranks third globally in malaria burden, contributing 4.8% of global cases and
recording the highest incidence in East and Southern Africa (1). Despite intensified malaria
control efforts, malaria is the leading cause of morbidity and mortality in Uganda, accounting
for roughly 40% of outpatient visits, 25% of hospital admissions, and 14% of inpatient deaths
(4). However, efforts to control malaria are increasingly challenged by the widespread
resistance to insecticides especially pyrethroids used in long-lasting insecticidal nets (LLINs)
and indoor residual spraying (IRS) (5), and the emergence of resistance to artemisinin-based

combination therapies (ACTs), which threatens recent gains in malaria prevention and control

(6).

Adding to these challenges is the remarkable genetic diversity of P. falciparum, which allows
the parasite to evade host immune responses and rapidly adapt to control interventions (7).
The P. falciparum genome spans approximately 23 megabases (Mb) across 14 chromosomes
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(8) and encodes several multigene families including var, rifin, and stevor, that contribute to
antigenic variation and immune evasion (8, 9). A key example is P. falciparum erythrocyte
membrane protein 1 (PfEMPI1), is a highly polymorphic protein that enables infected red
blood cells to modify their surface antigens, helping the parasite avoid immune detection

(10).

This extensive antigenic diversity is primarily generated through sexual recombination in the
mosquito vector, and further amplified by gene mutations and epigenetic mechanisms (11-
14). These processes contribute to high allelic polymorphism and low linkage disequilibrium
(LD), enabling the rapid spread of beneficial mutations, including those conferring drug
resistance (9, 15, 16). Therefore, understanding the population structure and genetic diversity
of P. falciparum is critical for guiding malaria surveillance, resistance monitoring, and

vaccine development.

In high malaria transmission regions of SSA, including Uganda, P. falciparum infections are
frequently polyclonal, meaning a single host can harbor multiple genetically distinct parasite
strains (17-20). This phenomenon is referred to as multiplicity of infection (MOI), which
indicates the number of unique parasite clones present within an individual (21, 22). P.
falciparum MOI can arise through superinfection, when a person receives multiple infective
mosquito bites, each introducing different strains or through co-transmission, where a single
mosquito introduces several but unique parasite strains in one bite (23-25). High MOI is
associated with increased parasite virulence, disease severity, and a higher likelihood of
antimalarial drug resistance emergence (20, 26-28). Additionally, high MOI elevates the risk
of recrudescence (29) which can go undetected and perpetuate transmission (30). MOI and

parasite genetic diversity are therefore useful descriptive metrics of transmission intensity,



providing insight into parasite population dynamics across different regions and time periods
without implying a direct measurement of intervention impact.

Parasite genetic diversity and MOI are both shaped by evolutionary forces including
mutation, natural selection, genetic drift, and gene flow (31). These parameters vary across
geographic regions, seasons, and host immunity profiles (32). Tracking these dynamics
provides critical insights into whether malaria transmission is driven by local parasite
lineages or the introduction of new strains (33-35), which is essential for designing localized
and effective intervention strategies (36-38).

In resource-constrained settings such as Uganda, P. falciparum genotyping has traditionally
relied on antigen-coding molecular markers like msp-1, msp-2, and glurp (39, 40). WHO has
suggested replacing glurp with neutral microsatellite markers in TES to improve genotyping
accuracy in high-transmission settings. While widely used, these markers are subject to
immune selection, potentially limiting their effectiveness in capturing the full extent of
parasite genetic diversity (41). In contrast, neutral microsatellite markers such as Poly-a,
TA1, TA109, and PfPK2 are not influenced by host immunity and provide a more feasible
and relatively cost-effective approach for assessing genetic variation in resource-limited
settings, considering the required laboratory infrastructure, technical expertise, and
processing time (15, 42, 43). Their widespread distribution across the genome provides
deeper insight into parasite population structure (44). Although high-resolution tools like
whole-genome sequencing offer comprehensive data, their use in SSA is limited by cost and

infrastructure requirements (45).

Despite the recognized importance of parasite genetic diversity in malaria control, most
previous studies in SSA and Uganda have employed cross-sectional designs or limited
markers, often focusing on symptomatic children (46, 47). While single cross-sectional

studies provide important snapshots of parasite population structure, they may not adequately
3



capture temporal changes in genetic diversity and MOI. By incorporating repeated time
points, this study allows assessment of temporal dynamics, improving the relevance of
findings for surveillance and national malaria control program monitoring. This current study
expands on these by including both symptomatic and asymptomatic individuals across
regions with different transmission intensities and over two distinct time periods, allowing
more current and descriptive estimates of MOI and genetic diversity. Additionally, while
therapeutic efficacy studies (TES) have historically relied on msp-1, msp-2, and glurp to
distinguish recrudescence from reinfection, g/urp has been suggested by WHO to be replaced
with microsatellites for higher accuracy, and this study focused on MSP markers and neutral
microsatellites. The study also evaluated the performance of microsatellite markers alongside
msp-1 and msp-2 genes and three genotyping algorithms for differentiating recrudescence
from reinfection. The findings provided important insights into parasite gene flow,
contributing to more targeted and effective malaria surveillance, control, and intervention

strategies.

1.2 Statement of the problem

Despite global efforts, including the WHO’s goal of achieving malaria elimination by 2030,
P falciparum malaria remains a critical public health threat in Uganda. It accounts for
approximately 40% of outpatient visits, 25% of hospital admissions, and 14% of hospital
deaths (4). In malaria endemic regions, infections are characterized by high genetic diversity
and MOI, with parasite strains varying across individuals, populations, transmission settings,
and over time (48, 49). While high genetic diversity and MOI have been associated with
increased virulence and disease severity in previous studies (26, 47), the findings of this study

indicated no significant difference in MOI and genetic diversity between symptomatic and



asymptomatic individuals, suggesting that high diversity alone may not directly translate to

increased clinical severity in the study populations.

The ongoing evolution of P. falciparum strains is particularly concerning in high-transmission
settings like Uganda, where numerous strains co-circulate. Infection transmission dynamics
are influenced by host immunity, demographic factors, and asymptomatic carriers (50, 51).
Asymptomatic infections, which often go undetected, serve as reservoirs for ongoing
transmission, highlighting the public health significance of MOI and genetic diversity beyond
clinical disease outcomes. Environmental factors, such as seasonal rainfall and temperature
variations, affect mosquito breeding and vector density, further driving transmission. Human
behavior, such as inconsistent use of preventive tools, limited access to care, and delayed

treatment, also plays a significant role in disease persistence (52, 53).

Despite the heavy burden of malaria in SSA, comprehensive data on the genetic diversity and
MOI of P. falciparum remain limited, particularly in capturing temporal dynamics,
asymptomatic carriers, and variation across different transmission settings in Uganda.
Although previous studies have reported parasite diversity and MOI across wide geographic
areas using microsatellite markers, many were cross-sectional, focused on symptomatic
individuals, or used a limited set of markers, limiting generalizability and the ability to
monitor changes over time. There is also a critical gap in understanding the performance of
different genetic markers and algorithms in distinguishing recrudescence from reinfection,
particularly in high malaria transmission areas, where accurate differentiation is vital for

effective treatment and control.

Therefore, the focus of this thesis was to assess the status and temporal dynamics of P.

falciparum genetic diversity and MOI within SSA, with a particular focus on areas with



varying malaria transmission intensities in Uganda. It also assessed the performance of
different genetic markers and algorithms in distinguishing recrudescence from reinfection,
which is essential for evaluating treatment outcomes and guiding targeted malaria control

strategies.

1.3 Justification of the study

Uganda’s Malaria Control and Elimination Strategic Plan (2021-2025) aims to reduce
malaria morbidity by 50% and mortality by 75% by 2025. Achieving these targets requires
enhanced surveillance, stratified interventions, and a deeper understanding of parasite
dynamics. Despite these efforts, Uganda remains one of the countries bearing a
disproportionately high malaria burden within SSA, with P. falciparum accounting for over

90% of the cases (54).

In areas of intense transmission, infections often consist of multiple and genetically diverse
P. falciparum strains (17, 55, 56). This diversity is closely linked to transmission intensity,
treatment outcomes, and the emergence and spread of drug resistance. However, data on
parasite genetic diversity and MOI across different transmission settings within Uganda
remain limited, particularly regarding temporal dynamics and asymptomatic infections. The
parasite genetic diversity and MOI differences between asymptomatic and symptomatic
infections also remain incompletely understood. Moreover, few studies have explored
temporal changes in parasite diversity and MOI over time within the same settings, limiting

the ability to assess the sustained impact of malaria control measures.

There is ongoing global debate regarding the limitations of antigen-based markers such as
MSP1, MSP2, and glurp in distinguishing recrudescence from reinfection due to strong

immune selection acting on these loci. While WHO continues to recommend the use of
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MSP1, MSP2, and at least one highly polymorphic microsatellite marker (such as Poly-a) for
molecular correction in therapeutic efficacy studies (TES), concerns remain regarding their
discriminatory power in high-transmission settings. Although advanced methods such as
amplicon deep sequencing and whole-genome sequencing offer higher resolution, their
application in this study was constrained by cost, infrastructure requirements, bioinformatics
capacity, and feasibility within routine programmatic and resource-limited settings.
Therefore, this study utilized a combination of MSP markers and neutral microsatellites,
together with multiple genotyping algorithms, to enhance discriminatory accuracy and
address known limitations of individual markers. Furthermore, the study evaluated the
performance of different markers and analytical approaches to strengthen molecular

correction strategies in high-transmission contexts.

1.4 Significance of the study

This study contributes significantly to understanding P. falciparum genetic diversity and MOI
as indicators of malaria transmission dynamics and control effectiveness within Uganda. By
analyzing parasite populations across varying epidemiological settings and over time, it
underscores the importance of robust, context-appropriate genotyping tools and analytical

approaches.

By comparatively evaluating MSP markers, neutral microsatellites, and different genotyping
algorithms, the study provides evidence to inform optimization of molecular correction
methods within the framework currently recommended by WHO, while acknowledging the
evolving landscape toward more advanced sequencing technologies. The application of
improved molecular correction strategies, including Bayesian analytical approaches,

enhanced drug efficacy assessments and supported evidence-based policy-making.



Furthermore, the findings have informed the identification of malaria hotspots, clarified
parasite gene flow patterns, and supported targeted, context-specific interventions. While the
study does not directly identify malaria hotspots, it offers valuable information on parasite
diversity that can inform future hotspot mapping and surveillance strategies. Ultimately, the
insights gained from this research strengthen malaria surveillance systems, improve
interpretation of treatment outcomes, and support Uganda’s malaria control and elimination
efforts, while contributing to broader discussions on genotyping strategies in high-burden,

resource-limited settings.

1.5 Research questions

1. What is the current status of P. falciparum genetic diversity and MOI in malaria-endemic

regions of SSA?

2. How do P. falciparum genetic diversity and MOI differ in regions with varying malaria

transmission intensities in Uganda?

3. What are the differences in P. falciparum genetic diversity and MOI between

asymptomatic and symptomatic malaria cases in Uganda?

4. What are the temporal changes in P. falciparum genetic diversity and MOI among
individuals with malaria infection living in areas of varied malaria transmission intensity in

Uganda?

5. How effective are polymorphic molecular markers (msp-1, msp-2, and microsatellites) in
distinguishing between recrudescence and reinfection, and how do the 3/3 match-counting,
>2/3 match-counting, and Bayesian genotyping algorithms compare in classifying recurrent

P. falciparum infections?



1.6 Study objectives

1.6.1 General objective

To assess the status of P. falciparum genetic diversity and multiplicity of infection within

sub—Saharan Africa, with a specific focus on areas with varying malaria transmission

intensities in Uganda and the performance of different genetic markers and algorithms in

distinguishing recrudescence from reinfection.

1.6.2 Specific objectives

1.

To review articles on the status of P. falciparum genetic diversity and multiplicity of
infection by examining their geographical distribution, prevalence of polyclonal
infections, and associated factors in malaria-endemic regions of SSA.

To evaluate P. falciparum genetic diversity and multiplicity of infection across areas
with low, medium, and high malaria transmission intensities in Uganda.

To compare P. falciparum genetic diversity and multiplicity of infection between
asymptomatic and symptomatic malaria cases in Uganda.

To investigate temporal changes in P. falciparum genetic diversity and multiplicity of
infection across areas with low, medium, and high malaria transmission intensities in
Uganda.

To assess the performance of polymorphic molecular markers (microsatellites, msp-1,
msp-2) and three genotyping algorithms (3/3 match-counting, >2/3 match-counting, and

a Bayesian approach) in distinguishing between recrudescence and reinfection.

1.7 Study hypotheses

1. P falciparum genetic diversity and multiplicity of infection vary significantly with

geographical region, clinical presentation, and transmission intensity.



2. P. falciparum genetic diversity and multiplicity of infection differ according to malaria
transmission settings in Uganda.

3. P. falciparum genetic diversity and multiplicity of infection differ between asymptomatic
and symptomatic malaria cases in Uganda.

4. Temporal changes in transmission intensity are associated with shifts in P. falciparum
genetic diversity and multiplicity of infection.

5. Microsatellites and the genes msp ! and glurp differ in their performance in distinguishing
recrudescence from reinfection, and Bayesian algorithm classifies P falciparum

recrudescence more accurately than the multiplicity of infection match-counting algorithm.

1.8 Conceptual frame work

This conceptual framework illustrates the interrelationship between P. falciparum, the human
host, mosquito vectors, environmental conditions, and intervention-related factors in shaping
parasite genetic diversity and MOI. Intervention exposures (e.g., ACT use, vector control,
surveillance strength, and drug pressure), vector characteristics (density, species composition,
insecticide resistance, and feeding behavior), environmental conditions (temperature, rainfall,
urbanization, altitude, and ecological zones), and human/host factors (immune status,
symptomatic versus asymptomatic infections, LLIN use, adherence to medication, and

mobility) collectively influence malaria transmission intensity (low, medium, or high).

Transmission intensity in turn drives parasite genetic diversity and MOI. High MOI and
parasite diversity, fueled by frequent recombination, sustained transmission, asymptomatic
carriage, and environmental and behavioral factors, may contribute to treatment failure,
emergence of drug-resistant strains, misclassification of recrudescence and reinfection, and
persistent transmission. Inadequate surveillance systems can further exacerbate these

challenges.
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Understanding these interconnected dynamics is essential for strengthening malaria
surveillance, improving molecular correction strategies, guiding targeted and stratified
interventions, and supporting malaria control and elimination efforts, particularly in high-
burden, resource-limited settings such as Uganda and the broader sub-Saharan Africa region

(Figure 1).
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Figure 1. Conceptual framework illustrating the interrelationships between intervention,

vector, environmental, and human/host exposures and their influence on malaria transmission

setting, P falciparum genetic diversity, and MOIL and subsequent clinical and

epidemiological outcomes.
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CHAPTER TWO: LITERATURE REVIEW

2.1 Burden and etiology of malaria

Malaria continues to pose a significant public health challenge in Uganda, primarily due to its
high transmission intensity and widespread geographic distribution. Over 90% of malaria
cases are caused by P. falciparum (54), the most virulent and life-threatening of the five
Plasmodium species (P. falciparum, P. malariae, P. vivax, P. ovale, and P. knowlesi) known to
infect humans (57). Transmission is perennial but peaks during the two rainy seasons: March
to May and September to November when mosquito breeding intensifies (58). The primary
vectors are female Anopheles mosquitoes, with An. gambiae being the most dominant
species, followed by An. funestus and An. arabiensis (59).

Malaria control strategies in Uganda align with those implemented across SSA and include
the use of long-lasting insecticidal nets (LLINs), indoor residual spraying (IRS), intermittent
preventive treatment in pregnancy (IPTp), and prompt treatment with artemisinin based
combination therapies (ACTs) (60). However, these efforts are increasingly compromised by
the spread of insecticide-resistant mosquito vectors, particularly to pyrethroids (5) and the
emergence of drug resistance in P. falciparum (6).

Plasmodium species have a complex life cycle involving two hosts: humans (intermediate
hosts) and female Anopheles mosquitoes (definitive hosts). The cycle begins when an
infected mosquito bites a human and releases sporozoites into the bloodstream via its saliva
(61). The sporozoites travel to the liver, invade hepatocytes, and undergo asexual
multiplication through schizogony, developing into hepatic schizonts. The schizonts rupture,
releasing merozoites into the hepatic veins (62, 63). Merozoites invade red blood cells
(erythrocytes), replicate asexually, and develop into erythrocytic schizonts. Schizonts

eventually rupture, releasing more merozoites that infect additional erythrocytes (62). A
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subset of merozoites differentiates into dormant sexual forms of male and female

gametocytes.

The P falciparum gametocyte development progresses through five stages. Early-stage
gametocytes typically sequester in the bone marrow, spleen, and other organs to evade
immune clearance (64, 65). The mature gametocyte infected erythrocytes return to peripheral
circulation, where they can be taken up by a mosquito or destroyed by the host immunity (65,
66). During a blood meal, female Anopheles mosquitoes ingest gametocytes concentrated in
skin capillaries (67). In the inside the mosquito, gametocytes exit erythrocytes; male gametes
fertilize female gametes, forming diploid zygotes (50). The zygotes undergo meiosis to form
motile ookinetes, which penetrate the mosquito’s midgut epithelium and develop into
oocysts. The oocysts mature into sporoblasts, producing sporozoites through budding, which
migrate to the mosquito’s salivary glands, becoming ready for transmission during the next
blood meal. Mosquitoes become infective 7 to 10 days after ingesting gametocytes (67).

The P. falciparum exhibits considerable genetic diversity, shaped by sexual recombination
within the mosquito vector. This diversity contributes to complex infection dynamics in
endemic regions. The Multiplicity of infection (MOI), which is the number of genetically
distinct parasite clones within a single host reflects transmission intensity, host immunity, and
vector density (68, 69). In SSA, high MOI and genetic complexity are typically observed in
high-transmission areas, while in low transmission areas tend to show lower MOI (70). This
variability highlights the need for region specific approaches to parasite population

monitoring and malaria control.

2.2 P. falciparum genome and genetic diversity

The genome of P falciparum, spanning approximately 23 megabases (Mb) across 14

chromosomes, encodes numerous genes essential for host—parasite interactions (8). A key

14



example is P. falciparum erythrocyte membrane protein 1 (PfEMP1), a highly polymorphic
surface antigen that enables the parasite to alter the surface properties of infected red blood
cells, thereby evading host immune responses (10). In addition, the genome contains several
multigene families such as var, rif, and stevor which play crucial roles in red blood cell
invasion and immune modulation (8, 9). These genes encode hypervariable antigens and
virulence factors that are exported to the surface of infected erythrocytes and serve as targets
for naturally acquired immunity (8, 71). This extensive genetic variation allows P. falciparum
to adapt rapidly to host immunity and environmental pressures, contributing to its persistence

and potential resistance to treatment.

The high genetic diversity observed in P falciparum 1is primarily driven by sexual
recombination in the mosquito vector and spontaneous mutations (72, 73), leading to
extensive allelic polymorphism. Antigenic variation is further enhanced by recombination
and epigenetic mechanisms during the parasite’s asexual stages in the human host (11-14).
Frequent recombination results in low linkage disequilibrium (LD), the non-random
association of alleles at different loci which is characteristic of P. falciparum populations
(16). This low LD reflects independent assortment of alleles, enabling the rapid spread of
beneficial traits such as drug resistance (9, 15, 16). Monitoring LD and genetic diversity is
therefore critical for understanding parasite population dynamics and informing malaria

surveillance, resistance monitoring, and control strategies.

2.3 P. falciparum genetic diversity and MOI in varied malaria transmission settings

The diversity of P. falciparum strains complicates malaria control by increasing parasite
virulence and disease severity (20, 26, 27). Additionally, parasite genetic diversity and MOI,

shaped by genetic drift, mutation, natural selection, and migration influence the effectiveness
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of control measures and the spread of P. falciparum (31, 74). Monitoring parasite genetic
diversity is therefore essential for assessing malaria transmission dynamics, understanding
population connectivity, and evaluating the impact of interventions (74-77). It also provides
critical insights into malaria epidemiology, which are vital for informing global elimination
strategies (19, 78, 79). Although these associations are well established, many previous
studies were cross-sectional and facility-based, often limited to symptomatic infections, with
limited integration of asymptomatic reservoirs and temporal analyses. Differences in
laboratory markers, sampling strategies, and analytical approaches have also limited

comparability across studies and settings.

P. falciparum genetic diversity varies across individuals, transmission settings, and seasons.
High-transmission areas typically harbor P. falciparum populations with greater genetic
diversity and low population differentiation, whereas low-transmission areas tend to exhibit
lower diversity (77, 80, 81). High transmission intensity promotes frequent outcrossing and
genetic recombination, leading to increased diversity (82). Consequently, individuals in such
regions are often infected with multiple genetically distinct parasite clones (83, 84). In
contrast, monoclonal infections are more common in low-transmission settings (91, 92).
Efforts to suppress P. falciparum transmission, such as in Ethiopia (85) and Senegal (86),
have resulted in reduced parasite genetic diversity. However, exceptions exist, for example,
Eswatini, despite being a low-transmission setting, shows high genetic diversity due to the
frequent importation of infections (87). Similarly, some studies have found no significant
differences in genetic diversity between high and low malaria transmission settings (88).
Peak malaria transmission typically occurs shortly after the rainy season, rather than during

the rains themselves, which influences the temporal patterns of genetic diversity and MOL.
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A positive correlation between parasite density and both P. falciparum genetic diversity and
MOI has been observed in Rwanda and Ethiopia (89, 90). In contrast, low-density infections
in Ethiopia tend to have reduced genetic diversity and MOI (91). However, other studies in
Ethiopia have reported no clear relationship between parasite density and MOI (14). Human
movement also plays a key role in shaping MOI. In Nigeria, areas with significant migration
between regions of varying transmission intensity exhibit higher MOI (92). Such movement
facilitates the introduction of new parasite strains (87, 93, 94) and contributes to low genetic
differentiation among populations (93). Age-related patterns in genetic diversity and MOI are
inconsistent across regions. Some studies have reported a positive correlation between age
and genetic diversity in Equatorial Guinea (91), while others in Ethiopia and Cote d’Ivoire
have found no such association (14, 90, 95). Generally, MOI tends to be higher in children in
high-transmission settings and declines with age, as seen in Ghana (96). However, this trend

is not universally observed.

Malaria control interventions such as insecticide-treated nets (ITNs), indoor residual spraying
(IRS), and antimalarial drug use have been shown to reduce transmission and, consequently,
genetic diversity in several settings, including Senegal and the Thai—Burma border (regions
of Thailand and Myanmar) (97, 98). Nonetheless, some studies, such as those conducted in

Eswatini, report high MOI even after a substantial decline in transmission (87).

Transmission intensity directly influences genetic diversity. In high-transmission areas, P.
falciparum populations exhibit greater allelic richness and diversity due to larger effective
population sizes and frequent recombination (15). Uganda provides a unique setting for such
studies due to its diverse transmission profiles, ranging from holoendemic regions in the east
to hypoendemic areas in the southwest (99-101). Empirical studies in Uganda have confirmed

a positive correlation between transmission intensity and MOI, mirroring patterns observed
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elsewhere in SSA (102). However, previous Ugandan studies have not consistently evaluated
symptomatic and asymptomatic infections, temporal shifts in parasite populations, and
comparative genotyping performance within a unified framework. This thesis addresses these
gaps by integrating multi-setting comparisons, inclusion of asymptomatic infections, and

temporal assessment using standardized molecular approaches.

2.4 P. falciparum genetic diversity and MOI in symptomatic versus asymptomatic

infections

P. falciparum infection ranges from asymptomatic parasitemia to severe disease (103, 104).
These outcomes are influenced by factors such as host immunity, transmission intensity, and
parasite genetic diversity (105-107). The genetic profile of P. falciparum associated with
clinical outcomes can inform treatment strategies and improve understanding of why some
patients develop severe disease while others remain asymptomatic (108). Multiple P.
falciparum genotypes often result in higher MOI, which may increase proinflammatory
cytokine release contributing to severe malaria (109, 110). However, immunity to specific
clones can protect against clinical malaria (111). Previous exposure to similar strains may
provide immunity, reducing the risk of severe malaria (112, 113). In contrast, infection with

novel strains increases the likelihood of symptomatic disease (114).

Studies have indicated that genetic diversity and MOI of P. falciparum are correlated with
malaria severity and are greater in symptomatic infections (91, 115) than in asymptomatic
infections (116). However, other studies have reported high genetic diversity and MOI in both
asymptomatic and symptomatic malaria infections (18, 117-119), although some have found
no significant differences (120). These inconsistencies may reflect variation in study design,

age structure of study populations, transmission intensity, and genotyping methods used.
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Furthermore, many studies have not systematically incorporated asymptomatic carriers in
community-based surveys alongside clinical cases, limiting comprehensive comparison of
parasite population structure by clinical status.

High P. falciparum genetic diversity in asymptomatic malaria poses challenges for parasite
elimination, as asymptomatic infections are often untreated and serve as reservoirs of
transmission (121). This persistence is due to acquired immunity to genetically similar
infections (114). Asymptomatic carriers often harbor long-term polyclonal infections,
contributing silently to transmission and parasite diversity (122). Symptomatic cases, on the
other hand, may be dominated by a single or a few clones, often those capable of evading
host immunity (123). Several studies have reported significantly higher MOI in asymptomatic
individuals compared to symptomatic ones, especially among older children and adults in
endemic areas (124, 125). These findings highlight the hidden role of asymptomatic

infections in maintaining parasite diversity.

2.5 Temporal changes in P. falciparum genetic diversity and MOI

Temporal variations in P. falciparum genetic diversity and MOI often reflect changes in
transmission resulting from control interventions such as insecticide-treated nets and indoor
residual spraying. Reductions in transmission intensity are typically associated with declines
in MOI and allelic richness (126) while resurgence can lead to renewed genetic complexity
(127). P. falciparum genetic diversity is maintained by large parasite populations over time
(82). Both genetic diversity and MOI are valuable indicators for tracking changes in malaria
transmission intensity and assessing the effectiveness of interventions (98, 128, 129). Studies
show that P. falciparum genetic diversity varies based on individual host factors, population
characteristics, transmission settings, and parasite prevalence (17, 48, 130, 131). The MOI, in

particular, has been found to decrease over time as malaria transmission intensity declines
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(33). However, longitudinal evaluations within the same geographic settings using
comparable molecular tools remain limited, particularly in Uganda, constraining the ability to
directly link intervention scale-up to sustained changes in parasite population structure.

In regions of high malaria transmission, such as Kenya, high P. falciparum genetic diversity
(He ~ 0.78) has been consistently observed (132). Conversely, countries like the Kingdom of
Eswatini, with reduced malaria transmission, also report high genetic diversity, largely due to
the importation of parasites from neighboring countries with higher transmission (133).
Additionally, in Grande Comore Island, a significant decrease in P. falciparum MOI was
observed following the introduction of artemisinin-based combination therapy (ACT) (134).
However, studies from the Democratic Republic of the Congo (DRC) (135), and Kilifi
County, Kenya (136), did not report a temporal decline in MOI, despite a marked decrease in
malaria positivity rates. This inconsistency underscores the complexity of transmission
dynamics, especially in regions like Uganda, where transmission intensity varies considerably
(137). Although longitudinal studies in Uganda remain limited, regional data suggest that
control efforts can shift parasite population structures over time, affecting diagnostics, drug
efficacy, and vaccine performance (128).

2.6 Distinguishing P. falciparum recrudescence from reinfection and the algorithms for
classification

Artemether-lumefantrine (AL) is the first-line treatment for uncomplicated malaria, with
artemisinin rapidly reducing parasite density and lumefantrine preventing recrudescence
(138). However, the growing drug resistance, particularly in P. falciparum poses a major
threat to malaria control efforts, highlighting the need for continuous monitoring of treatment
efficacy (139, 140). In response, the WHO recommends conducting therapeutic efficacy
studies (TES) every two years to monitor the effectiveness of antimalarial treatments (141,

142). A central challenge in TES is accurately distinguishing recrudescence from reinfection
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(142-144). This process, known as molecular correction, is essential for correctly interpreting
treatment outcomes. WHO recommends genotyping using highly polymorphic markers such
as msp-1, msp-2, and glurp to differentiate between recrudescence and reinfection (145).
However, increasing evidence indicates limitations of antigen-based markers, particularly
glurp, due to strong immune selection and reduced allelic diversity in high-transmission
settings, potentially leading to misclassification of treatment outcomes. This has contributed
to global debate and revised WHO guidance recommending replacement of glurp with at
least one highly polymorphic microsatellite marker such as Poly-a (146), which offers
improved discriminatory power (147). Although amplicon deep sequencing and whole-
genome sequencing provide higher resolution and improved detection of minority clones,
their routine application remains limited in many endemic settings due to cost, infrastructure,
and bioinformatics requirements. Therefore, this study combined MSP markers with neutral
microsatellites and applied multiple classification algorithms, including Bayesian
probabilistic models (148), to enhance molecular correction accuracy while maintaining
feasibility within routine surveillance frameworks in Uganda.

In addition to molecular markers choice, the classification algorithm plays a key role in
molecular correction. The WHO recommends the 3/3 match-counting algorithm, which
defines recrudescence as the recurrence of infections with identical alleles at all three
genotyping loci on both day 0 and day of failure sampling days (146), While this stricter
approach increases specificity, it may misclassify true recrudescences as reinfections,
particularly in high-transmission areas where genetic diversity and multiple clones are
common. To address these limitations, Bayesian statistical models have been introduced as
more robust alternatives (148). These models incorporate allele frequencies and MOI to

calculate the probability of a recurrence being a recrudescence versus a reinfection. This
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probabilistic approach enhances accuracy, particularly in settings with complex transmission

patterns.

2.7 Molecular tools for genotyping of Plasmodium parasites

Genotyping techniques are essential for differentiating between parasite clones, offering
valuable insights into the population genetics of Plasmodium parasites, and assessing the
effectiveness of drug treatments or vector interventions. Four main tools are commonly used:
msp-1, msp-2, and glurp typing, microsatellite analysis, molecular DNA barcodes, and
genome-wide sequencing (149).

Merozoite surface protein 1 and 2 genes

The msp-1 and msp-2 genes have been widely used to study genetic diversity in malaria
parasites (14). These tools are recommended by the WHO, and are especially useful in low-
income countries to determine the MOI in P. falciparum and evaluate antimalarial drug
efficacy, helping distinguish recrudescent infections from new ones (150-152). Many studies
in Africa, including Uganda, have used these markers to assess genetic diversity and MOI
(47, 153). However, these markers have limitations, such as undergoing immune selection,
making them unsuitable for assessing parasite genetic structure (89, 90, 154). Additionally,
their limited number may underestimate true diversity, leading to the recommendation of
microsatellites which are neutral markers for better population genetics assessments (155).
Microsatellites

Microsatellite markers, which consist of tandem repeats of 2—6 base pairs, are highly
polymorphic and commonly found in non-coding regions of the P. falciparum genome (156).
These molecular markers are abundant in the Plasmodium genome, with common repeat
sequences such as [TA]n, [T]n, and [TAA]n (44). The high variability makes them ideal for

distinguishing different parasite strains. Additionally, microsatellites are neutral with no
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phenotypic effects, and their diversity allows them to provide valuable insights into the
population structure and genetic diversity of P. falciparum (145, 146). A range of 5-14
microsatellite markers, such as Polya, TA42, TA81, and TA109, are used in studies of genetic

diversity and MOI (22).

These markers are particularly effective for investigating population structure and
transmission dynamics (157) and have been widely applied in P. falciparum genomic studies
(158, 159). In Uganda, previous studies relying on msp-1 and msp-2 markers may have
underestimated the true genetic diversity and MOI of P. falciparum, since these markers are
under immune selection. Microsatellite markers, being highly polymorphic and selection-
neutral (22), and widely distributed throughout the genome (44), offer a more accurate
understanding of parasite diversity and transmission dynamics.

In conclusion, variations in P. falciparum genetic diversity across studies highlight the need
for a systematic review for region-wide comparisons among SSA countries with varying
malaria transmission settings. Such comparisons could provide insights into transmission
patterns and control effectiveness. Conflicting findings on the relationship between genetic
diversity, transmission intensity, MOI, and parasite density emphasize the need for
standardized methodologies and larger, more comprehensive studies. Limited long-term data
hinder understanding of how genetic diversity and MOI evolve with control measures and
fluctuating transmission. While asymptomatic individuals are key reservoirs, the role of
genetic diversity in these infections remains underexplored. Further research is needed to
understand how genetic diversity in asymptomatic cases contributes to transmission,
especially in low-transmission areas. Despite increasing use of microsatellites, many SSA
malaria-endemic countries still rely on msp-1 and msp-2, which have lower polymorphism

and are prone to immune selection.
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CHAPTER THREE: MATERIALS AND METHODS

3.1 Study designs

General overview

This PhD thesis is structured around three interrelated sub-studies designed to address five
key objectives concerning P. falciparum genetic diversity and MOI across SSA, with a
particular focus on Uganda. Sub-study I employed a systematic review and meta-analysis to
evaluate the status of P. falciparum genetic diversity and MOI across SSA, based on
commonly used molecular markers: msp-1, msp-2, glurp, and microsatellites (Objective 1).
The analysis focused on the geographical distribution of P. falciparum genetic diversity, the
prevalence of polyclonal infections, and associated factors. Sub-study II assessed P.
falciparum genetic diversity and MOI in relation to malaria transmission intensity, clinical
disease status (symptomatic versus asymptomatic), and temporal trends (Objectives 2, 3, and
4). This sub-study utilized metadata and archived P. falciparum-positive dried blood spot
(DBS) filter paper samples collected during comprehensive surveillance studies conducted
between 2011 and 2017 in three Ugandan regions with different malaria transmission
intensities. Sub-study III assessed the performance of microsatellite markers alongside msp/
and mspl and three genotyping algorithms (3/3 match-counting, >2/3 match-counting, and a
Bayesian approach) in distinguishing between recrudescence and reinfection (Objective 5).
This sub-study utilized metadata and archived P. falciparum-positive DBS filter paper
samples from a TES conducted between September 2018 and February 2019 at three health

centers located in high malaria transmission regions of Uganda.
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3.2 Sub-study I: Systematic review and meta-analysis to describe the status of P.
falciparum genetic diversity and MOI based on msp-1, msp-2, glurp and microsatellite

genetic markers in SSA (Objective 1)

3.2.1 Study design

The systematic review and meta-analysis was conducted using the Preferred Reporting Items
for Systematic Review and Meta-Analysis (PRISMA) guidelines (160).
Protocol registration: The review protocol was registered in PROSPERO

(#CRD42021267661).

3.2.2 Review question

The data was reviewed for P. 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 representative data in the regions sampled (73). In addition, the
period coincides with rapid decline in malaria incidence in SSA (161). The specific
objectives of the review were to: a) Characterize the geographical distribution of P.
falciparum genetic diversity in SSA; b) Determine the prevalence of P. falciparum polyclonal
infections in SSA; and c) Identify factors associated with P. falciparum genetic diversity and

MOI in SSA.

3.2.3 Search strategy and information sources

A systematic search was conducted by an experienced librarian (AAK), utilized PubMed,
EMBASE, EBSCOhost, Web of Science, and the first 50 pages of Google Scholar after
searching several pages and found no more relevant articles. Additionally, citation lists of the

identified articles were searched for additional relevant articles (31, 105, 162-165). The
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search terms included keywords such as 'Plasmodium falciparum,' 'P. falciparum genetic

diversity, 'P. falciparum multiplicity of infection,' and 'sub-Saharan Africa'.

3.2.4 Eligibility

3.2.4.1 Inclusion criteria

Articles published in English,

Study design, i.e., observational (cross-sectional/survey, 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 P. falciparum genetic diversity and MOI, including

mean He, allele frequencies, and mean MOI or percentage of multiple infections.

3.2.4.2 Exclusion criteria

Absence of key terms ‘P. 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).

3.2.5 Article screening and data extraction

The articles were deduplicated using EndNote software version X9. Subsequently, the unique

articles underwent screening by two independent reviewers (AM and RWN), who also
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performed data abstraction using predetermined review criteria. Abstracted data was
compared, and any disagreements were resolved through discussion.
Harmonized extracted data included:

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

e Malaria diagnosis and genotyping (malaria diagnosis method, name of genotyped
markers, and PCR fragment analysis method),

e Outcome results on P. falciparum genetic diversity and MOI based on mean He, allele
frequencies of selected genotyped genetic markers, and the prevalence of polyclonal
infections or mean MOI, respectively. Data on factors associated with P. falciparum

genetic diversity and MOI were also extracted.

3.2.6 Data analysis

Meta-analysis was performed using the random effects model (DerSimonian and Laird
approach) in STATA (version 17, Stata Corporation, College Station, TX). Forest plots
included only studies that reported measures of dispersion, such as SD or CI for the
respective effect sizes (Mean MOI and or Mean H.) to enable computation of standard error
for use in meta-analysis using STATA. Pooled estimates for P. falciparum genetic diversity
and MOI were generated, sorted by region. Additionally, patterns of P. falciparum genetic
diversity and MOI were assessed according to malaria clinical categories (asymptomatic and
symptomatic malaria infection) (117) and specific genetic marker(s) used to evaluate P.

falciparum genetic diversity and MOI (149).
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3.2.7 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 (166), and the I-squared (I?) statistic (167).
An I? statistic of 25% indicates low heterogeneity, 50% indicates moderate heterogeneity, and

>75% indicates high heterogeneity (168).

3.2.8 Risk of bias and quality of evidence assessment

Risk of bias (RoB) in the selected articles was independently evaluated by two reviewers
(AM, RWN) using an RoB assessment tool adapted from Joanna Briggs Institute’s (JBI)
critical appraisal tools (169). The quality of evidence was determined by two independent
reviewers using the Grading of Recommendations, Assessment, Development, and
Evaluations (GRADE) guidelines (170). RoB assessment covered five domains: study design
and limitations, inconsistency in selected articles, indirectness 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.

3.2.9 Publication bias

Publication bias was assessed by visualizing the asymmetry of the funnel plot and examining
the presence and distribution of dots in the plot (171). 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 (172). All
data analysis was conducted using STATA version 17 software package (Stata Corporation,

College Station, TX).
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3.2.10 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.

3.3. Sub-study II: Evaluation of P. falciparum genetic diversity and MOI in relation to
malaria transmission intensity, clinical disease status (symptomatic versus

asymptomatic), and temporal trends (Objectives 2, 3, and 4)

Su-study II utilized data and P. falciparum-positive DBS filter paper samples collected
during the comprehensive surveillance studies conducted under PRISM study, conducted
from August 2011 to July 2017. The metadata and DBS samples were obtained from the
Resistance, Immunology, and Surveillance of Malaria (PRISM) study, which was carried out
in three regions of Uganda with varying malaria transmission intensities: Jinja (low
transmission), Kanungu (moderate transmission), and Tororo (high transmission) (Figure 2).
The objectives of this sub-study were to assess the genetic diversity and MOI of P.
falciparum across varying transmission settings in Uganda; compare genetic diversity and
MOI between asymptomatic and symptomatic malaria cases; and investigate temporal

changes in P. falciparum genetic diversity and MOI over time points.

Description of the PRISM Study

The PRISM study enrolled participants from three sub-counties in Uganda, selected to
represent varying levels of malaria transmission intensity (137). These included Walukuba, a
peri-urban area near Lake Victoria in south-central Uganda, classified as a low-transmission
setting; Kihihi, a rural area located near Bwindi Impenetrable National Park in the southwest,

representing a moderate-transmission area; and Nagongera, a rural area in the southeast near
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the Kenyan border, categorized as a high-transmission area. Transmission intensities at these
sites were assessed using entomological inoculation rates (EIR): 3.8 for Walukuba (Jinja),
26.6 for Kihihi (Kanungu), and 125 for Nagongera (Tororo), as measured at the start of the

PRISM study (Figure 2) (137).

Kihihi
(Kanu’ngu)

Water bodies |

Parasite Prevalence
— H‘ﬂh 167%

— Low: 2%

Figure 2. Map of Uganda showing the malaria endemicity of the study sites at the time of

sample collection. Adapted from Kamya et al. 2015 (137).
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The PRISM study enumerated and mapped all households in each of the three selected sub-
counties. From these, 100 households were randomly selected to participate in the cohort,
regardless of whether malaria infection was present at the time of selection. This approach
ensured the inclusion of both symptomatic and asymptomatic individuals. Within each
selected household, both male and female children aged 0.5-10 years, as well as one primary
adult caregiver (with no specific gender requirement), were enrolled in the cohort. Study
participants were encouraged to visit a dedicated study clinic open 7 days a week for all their
medical care. Routine visits were conducted every 3 months and included a standardized
evaluation and collection of blood by finger prick for thick blood smear, haemoglobin
measurement, and DBS filter paper samples for molecular analysis. If the thick blood smear
was positive by light microscopy, the patient was diagnosed with malaria and managed
according to national guidelines. The cohort was dynamic, with newly eligible children from
participating households being enrolled, and participants who reached 11 years of age being
excluded from further follow-up. Study subjects who missed their scheduled routine visits
were visited at home and requested to come to the study clinic as soon as possible.

The PRISM cohort estimated the incidence of malaria among children and adults living in
three different epidemiological settings with varying levels of malaria transmission intensity.
Also measured the prevalence of asymptomatic parasitemia and anemia among children and
adults in the same settings. Additionally, determined the age and exposure-dependent
acquisition of antibody responses to malaria antigens, and assessed the association between
antimalarial antibodies and protection from malaria. Further identified and characterized
interactions between agricultural development and malaria, and evaluated the associations

between overnight travel within Uganda and the risk of malaria infection.
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3.3.1 Populations

3.3.1.1 Target population

Children and adults living in low, medium and high malaria transmission areas of Uganda

covered by the primary studies.

3.3.1.2 Accessible population

Children and adults who were enrolled in the primary PRISM study (2011-2017), conducted

in low, medium and high malaria transmission areas of Uganda.

3.3.1.3 Study population

All children and adults enrolled in the PRISM study in low, medium and high malaria

transmission areas of Uganda and who fulfilled the selection criteria.

3.3.2 Selection criteria

3.3.2.1 Inclusion

e Children aged 6 months to < 10 years and adults aged >18 years

e Individuals with a documented fever (tympanic temperature >38.0°C) or a history of

fever within the previous 24 hours, as well as asymptomatic individuals

e A positive thick blood smear for P. falciparum

e Availability of DBS filter paper

e Participants who had provided consent for use of samples for future molecular studies

e Participants with sufficient demographic and clinical data.

32



3.3.2.2 Exclusion

e Mixed infections

e Missing data as per medical records.

3.3.3 Sample size determination

The minimum sample size required for each objective was determined as follows:

In objective 2, the aim was to evaluate P. falciparum genetic diversity and MOI across areas
with low, medium, and high malaria transmission intensities in Uganda. To determine the
required sample size, a formula for comparing two proportions was used, considering
pi=62% as the moderate estimate of the proportion of multiple infections and p>=80% as the
higher estimate, based on studies from the East African region (14, 18). The critical value
Za/2 corresponded to a 5% level of significance, and Z3 was the critical value for a power of

80%.

n=[(Za/2+ZB)2 * (pi(1-p1) + p2(1-p2)) / (p1-p2)2] = 95.7.

For three transmission settings, a total of 96x3=288 samples were required.

In objective 3, the aim was to compare P. falciparum genetic diversity and MOI between
asymptomatic and symptomatic malaria cases in Uganda. We applied a formula for
determining the sample size for two proportions, considering p; as the proportion of
individuals with multiple P. falciparum infections among asymptomatic malaria cases
(63.3%) and p: as the proportion of individuals with multiple P. falciparum infections among

symptomatic malaria cases (80.6%) (173).

n = [(Za/2+ZB)2 * (pi(1-p1) + p2(1-p2)) / (p1-p2)2] =74.
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For this study objective, three levels of P. falciparum infection severity were considered:
asymptomatic, symptomatic uncomplicated, and symptomatic complicated. A total of 74

samples were selected from each category, resulting 222 samples in total.

In objective 4, the aim was to investigate temporal changes in P. falciparum genetic diversity
and MOI across areas with low, medium, and high malaria transmission intensities in
Uganda. We used the formula for determining the sample size for two proportions
considering p; and p; as the proportions of polyclonal infection at two time points: 50.5% and

69.2%, respectively (174).

n = [(Za/2+ZP)2 * (pi(1-p1) + p2(1-p2)) / (p1-p2)2] =104.4.

For the three sites, a total sample size of 105*3= 315 was required.

3.3.4 Study variables

The study utilized both demographic/clinical and genetic variables:

Demographic/Clinical variables: Age, gender, parasite density, hemoglobin levels,

and body temperature.

e Genetic diversity indices: Number of alleles, allelic richness, number of effective
alleles, and expected heterozygosity.

e Multiplicity of infection (MOI) metrics: Mean MOI and proportion of polyclonal
infections.

e Population structure metrics: Multilocus linkage disequilibrium, genetic

differentiation (Fst) and analysis of molecular variance (AMOVA).
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3.3.5 Data collection

Demographic and clinical data: These were extracted from the PRISM database, including
age, gender, hemoglobin levels, body temperature, and parasite density. Data were managed

using Microsoft Excel and were double-checked to ensure completeness and accuracy.

Genetic data: Genetic data was obtained through molecular analysis of P. falciparum
isolates. DNA was extracted and analyzed using polymorphic microsatellites (TA1, Poly-a,
PfPK2, TA109, 2490, C2M34-313, and C3M69-383). PCR-based genotyping was performed
to assess P. falciparum genetic diversity, determine MOI, and to evaluate population

structure.

3.4 Sub-study III. Evaluation of genotyping algorithms to distinguish recrudescence

from reinfection (Objective 5)

This sub-study aimed to assess the performance of polymorphic molecular markers
(microsatellites, msp-1, msp-2) and three genotyping algorithms (3/3 match-counting, >2/3
match-counting, and a Bayesian approach) in distinguishing between recrudescence and
reinfection. The performance of various genotyping markers and algorithms for
distinguishing P. falciparum recrudescence from reinfection was evaluated using stored DBS
filter paper samples collected from children aged 6 months to 10 years with recurrent
uncomplicated malaria. These children were enrolled in a TES assessing the efficacy of
artemether-lumefantrine (AL) and dihydroartemisinin-piperaquine (DP), conducted between
September 2018 and February 2019 in three high malaria endemic areas: Aduku, Arua, and

Masafu in Uganda.
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Background description of the Therapeutic Efficacy Study (TES)

The Therapeutic Efficacy Study (TES), assessing the efficacy of artemether-lumefantrine
(AL) and dihydroartemisinin-piperaquine (DP), was conducted from September 2018 to
February 2019 at three high-transmission health facilities in Uganda: Aduku Health Centre
IV in Kwania District (Northern Uganda), Arua Regional Referral Hospital in Arua District
(Northwestern Uganda), and Masafu District Hospital in Busia District (Eastern Uganda).
These sites experience perennial malaria transmission with high intensity. According to the
2018-2019 malaria indicator survey, parasite prevalence among children aged 0—59 months
was 13% in Kwania District, 22% in Arua District, and 21% in Busia District (175). The TES
enrolled children aged 6 months to 10 years who had uncomplicated P. falciparum malaria
confirmed by microscopy. During the study, DBS filter paper samples were collected for
parasite genotyping. These samples were later used to distinguish between P. falciparum

recrudescence and reinfection in cases of recurrent parasitemia.

3.4.1 Populations

3.4.1.1 Target population

Children living and high malaria transmission areas of Uganda covered by the TES.

3.4.1.2 Accessible population

Children who were enrolled in the primary TES conducted in high malaria transmission areas

Uganda.

3.4.1.3 Study population

All children enrolled in the TES who experienced recurrent infections.
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3.4.2 Selection criteria

3.4.2.1 Inclusion

Children aged 6 months to 10 years who had recurrent uncomplicated P. falciparum

malaria

e A positive thick blood smear for P. falciparum

e Availability of DBS filter paper

e Participants who had provided consent for use of samples for future molecular studies

Participants with sufficient demographic and clinical data.

3.4.2.2 Exclusion

e Mixed infections

e Missing data as per medical records.

3.4.3 Sample size determination

All DBS filter paper samples collected from children aged 6 months to 10 years with
recurrent uncomplicated P. falciparum malaria were analyzed. A total of 179 paired samples
collected at the time of initial diagnosis and at recurrence were genotyped, including 123
from the artemether-lumefantrine (AL) arm and 56 from the dihydroartemisinin-piperaquine
(DP) arm. Since the objective was to genotype all available isolates from participants with
recurrent parasitemia, no additional sample size calculation was necessary beyond the
original inclusion criteria of the TES. This sample size was considered sufficient to address
the study objective, as all eligible recurrent cases were included and a comprehensive

molecular analysis was conducted. However, formal power calculations were not performed
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retrospectively, as the analysis was exploratory and based on an existing dataset from a well-

characterized clinical trial.

3.4.4 Study variables

Parasite genetic diversity indices (e.g., number of alleles, allelic richness, number of effective
alleles, expected He); MOI metrics (mean MOI, proportion of polyclonal infections); number

of recrudescent infections.

Data were obtained by genotyping P. falciparum isolates from individuals with recurrent
parasitemia during TES, using polymorphic markers such as msp-1, msp-2, glurp, and neutral

microsatellites.

3.5 General laboratory methods for objectives 2—5

Laboratory assays, including malaria microscopy and parasite genotyping including PCR
were conducted at the Molecular Biology Research Laboratory of the Infectious Diseases

Research Collaboration (IDRC) in Kampala, Uganda.

3.5.1 Determination of parasite density

Microscopy slides for parasite density and species detection were prepared using a 2%
Giemsa solution and stained for 30 minutes, with both thick and thin blood films being
prepared. Experienced microscopists examined the slides under a compound light microscope
at 100x oil immersion. Although these parasite density and species detection methods were
originally performed in previous studies, we obtained the existing data for this analysis and
independently verified parasite densities in 10% of the samples prior to molecular analysis to
ensure data reliability. P. falciparum parasite density was determined by counting asexual

parasites against 200 leukocytes. The parasite density per pL of blood was calculated by
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multiplying the total parasite count by 40, assuming an average of 8,000 leukocytes per pL of
blood (176). For quality control, each smear was independently read by two microscopists.
Though discrepancies defined as differences in species diagnosis, parasite density >25%, or
presence of parasites were rare, any identified discrepancy prompted a review by a third
microscopist. Final parasitemia was determined by averaging the readings of the two
microscopists or, in cases of disagreement, by averaging the third microscopist's reading with
that of the closest of the initial two. In cases where the third microscopist’s reading was
significantly different, it was used as the final determination for both parasite density and
species. To minimize discrepancies, all microscopists underwent thorough training on
standardized techniques and parasite identification prior to the study, and regular assessments
were conducted to ensure consistent performance. Microscopists were not blinded to the
slides, but each microscopist independently read the slides without knowledge of the other’s

results.

3.5.2 Selection of the samples for molecular analysis

For Objectives 2—4, a stratified random sampling approach was employed, guided by the
calculated sample size for each objective. This strategy ensured that the molecular analysis
included participants from various study sites and captured a wide range of demographic and
clinical characteristics, thereby representing the broader study population. Stratification was
based on key variables, including age, gender, infection profile, geographical location, and

study period, to achieve a balanced and representative sample.

For Objective S5, all available samples from participants with recurrent parasitemia were

retrieved for molecular analysis.
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All selected samples were obtained from the IDRC Biorepository at the Central Public Health
Laboratory in Butabika, Kampala, Uganda, where they had been stored at —20°C to preserve
DNA integrity. The retrieved DBS filter paper samples were linked to participants'
demographic and clinical information using their cohort ID, along with the corresponding

date and year of sample collection.

3.5.3 DNA extraction

P. falciparum genomic DNA was extracted from DBS filter paper samples using Chelex 100
Resin (Sigma-Aldrich, USA), following the method described by Musapa et al.(177). The
Chelex extraction method was chosen for its simplicity, cost-effectiveness, and efficiency in
processing samples. It effectively isolates P. falciparum DNA, reduces PCR inhibitors, and
requires fewer reagents, offering a practical and reliable alternative to silica-based or column-
based methods. Briefly, 6 mm discs were punched out from the DBS filter paper samples into
prelabelled 1.5 mL microcentrifuge tubes containing 1 mL of 1X phosphate-buffered saline
(PBS) and incubated overnight at 4°C. The punching machine was cleaned with DNase, and a
clean blank piece of Whatman 3MM filter paper was pre-cut between samples to prevent
cross-contamination. The discs were washed twice with 1 mL PBS and then boiled at 99°C in
200 pL of 20% Chelex (Sigma-Aldrich, USA) in DNase/RNase-free water. After a final
centrifugation step (14,000 x g for 1 min), the extracted DNA was transferred into a labelled
0.6 mL microcentrifuge tube with a 100 puL elution volume and then stored at —20°C until
further use. As an internal control, every eighth sample consisted of a blank filter paper
sample that was cut, extracted, and processed alongside the field samples to identify any

contamination that could lead to false positives.
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3.5.4 Detection and confirmation of P. falciparum

Detection and confirmation of P. falciparum was performed through genotyping of the P.
falciparum 18S rRNA gene using nested PCR (178). Briefly, two rounds of PCR
amplification were conducted to enhance sensitivity and specificity. In the first round,
primers targeting conserved regions of the Plasmodium genus amplified a broad segment of
the 18S rRNA gene, common to all Plasmodium species. In the second round, nested primers
specific to P. falciparum amplified a targeted region of the gene, confirming the presence of
P. falciparum. The PCR products were visualized on a 1.5% agarose gel stained with SYBR
Green (Invitrogen) and prepared in 1x TAE buffer. The products were compared to a 100 bp
DNA ladder (Thermo Fisher Scientific), which allowed the identification of DNA fragments
between 100-1,000 base pairs. The expected amplicon size for P. falciparum was 120-200
base pairs. A distinct band at the expected size confirmed the presence of P. falciparum and

validated the specificity of the nested PCR assay.

3.5.5 Microsatellite genotyping

A panel of seven neutral polymorphic microsatellites of P. falciparum, including TA1 (Chr6),
Poly-a (Chr4), PfPK2 (Chr12), TA109 (Chr6), 2490 (Chr10), C2M34-313 (Chr2), and
C3M69-383 (Chr3), was genotyped using primers labelled with HEX or 6-FAM. The
microsatellites Poly-a, TA1, TA109, PfPK2, and 2490 were nested, while C2M34-313 and

C3M69-383 were not nested (Appendix X).

For the nested PCR reactions, the primary reaction for each marker was carried out in a total
volume of 15 pL, containing 10.5 pL of molecular-grade PCR water, 1.5 pL of 10x reaction
buffer, 0.3 uL of dNTPs (1.25 mM), 0.3 pL of Forward Primer (10 uM), 0.3 pL of Reverse

Primer (10 uM), 0.25 puL of AmpliTaq Gold (5 U/uL), and 2 pL of DNA template. The
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Round 1 PCR conditions were as follows: 94°C for 2 minutes, followed by 25 cycles of
(94°C for 30 seconds, 42°C for 30 seconds, 40°C for 30 seconds, 65°C for 40 seconds), and
ending with 65°C for 2 minutes. The secondary reaction contained the same reagents as the
primary reaction, with the addition of 0.3 pL of the labeled primer for each marker. A 2 pL.
aliquot of the primary reaction product was used in a final volume of 15 pL for the nested
PCR reactions. The Round 2 PCR conditions were: 94°C for 2 minutes, followed by 25
cycles of (94°C for 20 seconds, 45°C for 20 seconds, 65°C for 30 seconds), and ending with

65°C for 2 minutes.

PCR conditions for the C2M34-313 and C3M69-383 reactions were as follows: 94°C for 2
minutes, followed by 5 cycles of (94°C for 30 seconds, 50°C for 30 seconds, 60°C for 30
seconds), then 40 cycles of (94°C for 30 seconds, 45°C for 30 seconds, 60°C for 30 seconds),
and ending with 60°C for 2 minutes (Appendix X). A 2 pL sample of the PCR product was
then run on a 2% agarose gel to confirm amplification before being analyzed on the
sequencer. The amplified PCR products were transferred to safe-lock DNA amplicon storage
tubes, securely wrapped in aluminum foil, and sent to Inqaba Biotec in South Africa for

microsatellite fragment analysis using an ABI capillary electrophoresis platform.

3.5.6 Microsatellite analysis

Microsatellite fluorescent-labelled PCR products were analysed using an Applied Biosystems
ABI 3730x1 Genetic Analyzer (Thermo Fisher Scientific, Waltham, MA, USA) to determine
their lengths and at Inqaba Biotec in South Africa. The peaks were scored using GeneMarker
HID V2.9.5 software. For samples that produced more than one peak, the highest peak was
defined as the dominant allele. Additional peaks were classified as minor alleles if their peak
heights exceeded 200 relative fluorescence units (RFU) and were > 20% of the height of the

dominant peak. This threshold was used to identify minor alleles, which may represent clones
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present at lower frequencies but still contribute to the genetic diversity of the infection. The
identification of these additional minor alleles, including third and fourth alleles, was based
on the relative peak heights at each microsatellite locus. Peaks that met these criteria were
recorded as distinct alleles. To ensure the quality and reliability of the data, the raw
electropherogram data in .fsa files generated by the ABI 3730x1, were first analyzed by the
Inqaba Biotec team. We then conducted a thorough review and revalidation of .fsa files to
ensure data accuracy before proceeding with the final analysis. Subsequent genetic analysis
was performed on samples with successful amplification of at least five microsatellite
markers. To minimize bias from multiple infections, only the predominant alleles were
included. Samples with incomplete, poor-quality amplification, or those failing to amplify

one or more markers were excluded to ensure data accuracy.

3.5.7 P. falciparum msp-1, msp-2 and glurp genotyping

Parasite genotyping was conducted using nested PCR as described by Congpuong K et al,,
2014 (179) adjusting the PCR reaction mixture to 25 uL (Appendix XI). DNA from P.
falciparum reference strains (3D7, and HB3) was used in each run as positive control (180).
A 3uL sample of the PCR product was then analysed on a 2% agarose gel to confirm the
amplification.

PCR products were analysed by capillary electrophoresis using the QIAxcel DNA High-
Resolution Kit (Qiagen) on the QIAxcel Advanced System (Qiagen, Hilden, Germany). PCR
products for the msp-I and msp-2 allele families were analysed following the AM420
protocol, utilising the QX DNA Size Marker 50—800 bp and the QX Alignment Marker 15
bp/1 kb (Qiagen, Hilden, Germany). Nested PCR products for glurp were analysed using the
same protocol with the QX DNA Size Marker 100 bp—2.5 kb and the QX Alignment Marker

15 bp/3 kb (Qiagen, Hilden, Germany). Band sizes were determined using the QIAxcel
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ScreenGel software (Version 1.5.0.16, Qiagen, Hilden, Germany). The height cutoff for
minority clones was set at 10% of the dominant peak for msp-/ and msp-2, and 20% for glurp

(181).

3.5.8 Determination of P. falciparum genetic diversity

The genetic diversity of P. falciparum, usually resulting from genetic recombination (72),
was assessed in each parasite population from each study site by calculating the: mean
number of alleles (N3), allele richness (Ar), allele frequency, number of effective alleles (N)
and expected heterozygosity (H.) across each locus. These metrics were calculated from the
predominant allele dataset using GENALEX 6.5 software (182). Expected heterozygosity
(He), defined as the probability that two randomly selected clones from a population will
carry distinct alleles at each marker locus, was calculated using ARLEQUIN software version

3.11 (183) with the formula:

H, = [n/(n — 1)][1 —Zp?],

where ‘n’ represents the number of isolates analyzed and ‘pi’ is the frequency of the i" allele
in a given population. The H. values range between 0 (no genetic diversity) and 1 (high
genetic diversity) (15). The mean N,, N¢, and He values for each study site were computed

from each locus.

3.5.9 Determination of P. falciparum MOI

P. falciparum MOI was defined as the number of distinct parasite genotypes coexisting within
a given infection (78). Isolates with only one allele were considered monoclonal infections,
while those with more than one allele were classified as polyclonal infections (77). The MOI
for each infection was determined by identifying the highest number of alleles observed

across any of the microsatellite markers used in the analysis. This maximum allele count was
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considered the MOI for that particular infection. To assess the parentage of polyclonal
infections, we counted the number of isolates with more than one allele for each
microsatellite marker that successfully amplified. The results were summarized by counting
the number of participants exhibiting a certain number of clones and compared across study

sites, infection profiles and overtime.

3.5.10 P. falciparum multi-locus linkage disequilibrium and genetic differentiation

analysis

Differentiation analysis was done using Wright’s F-statistics (Fsr) values using Arlequin 3.11
(183). The Fsr values were classified as follows: 0 to 0.05 for low genetic variability, 0.05—
0.15 for moderate genetic variability, 0.15-0.25 for high genetic differentiation, and > 0.25
for substantial genetic differentiation (184). Inter- and intra-population variance was
determined wusing analysis of molecular variance (AMOVA). Multilocus linkage
disequilibrium (LD), measured as the standardized index of association (I4%), was calculated
using LIAN version 3.5 (185) for the whole dataset. This index was calculated using the

formula:

145= (1/n—1((VD/(VE)—1)

where VE is the expected variance of the n™ number of loci for which two individuals differ,
and VD is the observed variance. The significance of 155 values was tested using the Monte
Carlo method. The distance between isolates from the study sites was estimated through
Principal Coordinates Analysis (PCoA) using GENALEX 6.5 software (182) to assess

parasite population substructure.
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3.5.11 P. falciparum population cluster analysis

Cluster analysis was performed using STRUCTURE v2.1 software (186).

3.5.12 Recrudescence and reinfection classification

Three algorithms namely: the 3/3 match counting algorithm, the >2/3 match counting
algorithm, and a Bayesian approach (146, 148), were applied to several datasets, each
combining different genotyped microsatellites with msp-1, and msp-2. The 3/3 method
classified an infection as recrudescence if one or more alleles occurred at all three genotyped
markers on both day 0 and the day of the recurrent malaria infection. In contrast, a >2/3
match counting algorithm classified an infection as a recrudescence if one or more alleles
were present in at least two of the three genotyped markers on both day 0 and the recurrence
day. The Bayesian algorithm utilized allele information from all samples to estimate the
probability of recrudescence for each case. A low probability indicated a greater likelihood of
reinfection, whereas a probability closer to 1 suggested a high likelihood of recrudescence
(148). This approach highlighted how different probability thresholds can influence the
sensitivity (true positive rate) and specificity (true negative rate) of the algorithm.
Specifically, a lower threshold may lead to the identification of more recrudescences, thereby
enhancing sensitivity, while a higher threshold can improve specificity by reducing false
positives. To convert these probabilities into a binary classification of recrudescence versus
reinfection, thresholds of 0.7 and 0.8 were applied sequentially. The outcomes of all three

algorithms were then compared to assess their effectiveness in identifying recrudescences.

3.6 Statistical analyses

Data quality checks were conducted prior to analysis to identify and resolve any

inconsistencies. All statistical analyses were performed using STATA version 17 (StataCorp,
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College Station, TX). Descriptive statistics, including means and proportions, were used to

summarize baseline characteristics of predictor variables for each study objective.

To evaluate P. falciparum genetic diversity and MOI across areas of varying malaria
transmission intensity in Uganda, genetic diversity indices, number of alleles (N.), effective
number of alleles (N¢), allelic richness (Ar), and expected heterozygosity (He), along with
MOI indices (mean MOI and polyclonal infection rates), were compared across sites
representing low, moderate, and high malaria transmission intensities using Kruskal-Wallis
tests, Chi-square tests, or Fisher’s exact tests, as appropriate. Population structure was
assessed via linkage disequilibrium (LD) analysis, with the significance of the multilocus
index of association (I5S) tested using the Monte Carlo method. Pairwise genetic
differentiation (Fst) values were computed to quantify variation between populations.
Principal Coordinate Analysis (PCoA) was used to visualize genetic distances, and
STRUCTURE v2.1 was employed to investigate clustering patterns among parasite

populations.

To compare P. falciparum genetic diversity and MOI between asymptomatic and
symptomatic malaria cases, genetic diversity indices (Na, N, allele frequencies, and He) and
MOI indices (mean MOI and polyclonal infection rates) were compared among individuals
with asymptomatic, symptomatic uncomplicated, and symptomatic complicated malaria.
Appropriate tests: Kruskal-Wallis, Chi-square, or Fisher’s exact were used depending on the
data type and distribution. Population structure differences were again evaluated using LD
and 145, with Monte Carlo significance testing. Pairwise Fst values were also calculated to

assess genetic differentiation between infection profiles.
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To evaluate changes in P. falciparum genetic diversity and MOI over time, comparisons of
Na, Ne, He, mean MOI, and the proportion of polyclonal infections were made across different
time points using the Kruskal-Wallis test. Temporal trends in these indices were further

analyzed using the Jonckheere—Terpstra test.

To assess performance of molecular markers and genotyping algorithms for distinguishing
recrudescence from reinfection, Spearman’s rank correlation was used to examine the
relationship between mean H. and mean MOI. The performance of the three genotyping
algorithms (3/3 match-counting, >2/3 match-counting, and a Bayesian approach) in

classifying recrudescence was compared using the Wilcoxon signed-rank test.

For all analyses, 95% confidence intervals (CIs) and/or standard deviations (SDs) were

reported where applicable. Statistical significance was defined as p < 0.05.

3.7 Ethical approval

The PhD study received ethical approval from the Makerere University School of Medicine
Research and Ethics Committee (Mak-SOMREC-2021-152) and the Uganda National
Council for Science and Technology (Ref No: HS2744ES). Only samples from participants
who had provided prior consent for future use of their biological specimens were included in
this analysis. Samples from participants who had not consented were removed from the
repository and were therefore not available for use. Permission to use the stored samples was
also obtained from the respective principal investigators (PIs). As the study involved no direct

interaction with participants, a waiver of consent was granted by SOMREC.
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CHAPTER FOUR: RESULTS

4.1 Review status of P. falciparum genetic diversity and MOI based on msp-1, msp-2,

glurp and microsatellite genetic markers in SSA

The systematic review and meta-analysis showed wide variations in P. falciparum genetic
diversity and MOI across different countries as well as regions in SSA. The review included
52 studies, which collectively analyzed 11,640 genotyped parasite isolates from 9,062
symptomatic and 2,578 asymptomatic P. falciparum infections.

Among the articles reviewed, a large proportion (75%) were from studies that employed
cross-sectional designs, while others utilized RCTs or cohort study designs. 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 articles. Microsatellites were used in about 19% of the
articles, and a small number used a combination of markers, including microsatellites and
SNPs. The review also highlighted the imbalance in research focus, with most studies being

conducted in high-transmission areas and mainly among symptomatic individuals.
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P. falciparum genetic diversity in SSA

In areas with high malaria transmission, such as Equatorial Guinea, the frequencies of msp-1/
alleles K1, MAD20, and RO33 were notably high, 96.07%, 96.09%, and 70.78%,
respectively (91). In contrast, in Ethiopia, a country with moderate transmission, these
frequencies were much lower, 20.8%, 4.2%, and 4.2%, respectively (14). The pooled allele
frequencies for msp-1 alleles K1, MAD20, and RO33 across studies were 61%, 44%, and
40%, respectively, showing considerable regional variation across SSA. Specifically, in
Eastern Africa, the pooled frequencies were 46%, 42%, and 31%; in Central Africa, they were
74%, 51%, and 48%; and in West Africa, the frequencies were 67%, 43%, and 44%,
respectively.

Similarly, the frequency of the msp-2 gene I/C 3D7 and FC27 alleles varied widely. For
example, the frequency of the I/C 3D7 allele ranged from 15.9% to 98.3% in Ethiopia (14,
85). The FC27 allele frequency ranged from 10.3% in Ethiopia (187) to 98.9% in high-
transmission areas of Benin (164). The pooled allele frequency for I/C 3D7 was 61%, while
for FC27 it was 55%. Regionally, the pooled allele frequency for I/C 3D7 was 60% in East
Africa, 67% in Central Africa, and 61% in West Africa. For FC27, the pooled allele
frequencies were 55% in East Africa, 67% in Central Africa, and 50% in West Africa.

For the glurp gene, allele frequencies also demonstrated significant variation. These ranged
from 39.53% in Nigeria (188) to 97.6% in Uganda (20). The overall pooled allele frequency
for glurp across all studies was 66%, with regional differences: 90% in East Africa and 70%
in West Africa.

The mean expected He varied significantly by region. In Ethiopia, the mean H. was 0.09 (85),
and the highest (0.93) was in the Democratic Republic of Congo (DRC) (189). The overall
pooled mean H. across all studies was 0.65 (95% CI: 0.51-0.78). Regionally, the pooled

mean H. values were 0.58 (95% CI: 0.29-0.86) in East Africa, 0.84 (95% CI: 0.81-0.86) in
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Central Africa, 0.74 (95% CI: 0.73—0.75) in Southern Africa, and 0.69 (95% CI: 0.62—-0.75) in

West Africa (Figure 4).
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 ' ] 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 —Jll— 0.77[0.64, 0.90] 5.62
Touray, A.O 2020 Kenya - 081[0.73, 0.90] 5.81
Mulenge, F.M 2016 Kenya I 084[083, 0.85 5093
Heterogeneity: 1° = 0.17, 1° = 99.94%, H’ = 1610.48 ——mm=—  0.58[0.29, 0.86]
Test of 8 = 6;: Q(7) = 11273.36, p = 0.00
Central Africa
Singana, B.P 2016 DRC B 084[081,0.86] 5.92
Heterogeneity: 7° = 0.00, I’ = .%, H’ = . ¢ 0.84 [ 0.81, 0.86]
Test of 8; = 6;: Q(0) = 0.00, p =.
Southern Africa
Gwarinda, HB 2012 S. Africa [ | 0.74[0.73, 0.75] 5.93
Roh, M.E 2019 Eswatini [ | 0.75[0.74, 0.76] 5.93
Heterogeneity: T° = 0.00, I* = 58.59%, H’ = 2.41 \ 0.74[0.73, 0.75]
Test of 8 = 6;: Q(1)=2.41,p=0.12
West Africa
Ndiaye, T 2019 Senegal - 0.52[0.47, 0.57] 5.88
Kolawole, O.M 2016 Nigeria 0.63[0.55, 0.72] 5.81
Amoah, L.E 2021 Ghana 0.68[0.67, 0.68] 5.93
Abukari, Z 2019 Ghana 0.68[0.66, 0.71] 5.92
Nabet, C 2016 Mali [ | 0.77[0.74, 0.80] 5.92
Ajogbasile, F.V 2021 Nigeria [ | 0.80[0.78, 0.83] 5.92
Heterogeneity: T° = 0.01, 1> = 97.00%, H” = 33.32 < 0.69[0.62, 0.75]
Test of 6 = 8;: Q(5) = 166.60, p = 0.00
Overall PP 0.65[0.51, 0.78]
Heterogeneity: 1° = 0.08, I” = 99.91%, H® = 1172.93
Test of 8, = B Q(16) = 18766.81, p = 0.00
Test of group differences: Q,(3) = 46.71, p = 0.00

Random-effects DerSimonian—Laird model
Figure 4 Forest plot representing the pooled mean H. of P. falciparum infection across 17
studies that reported measures of dispersion (CI and SD) for mean H. in malaria-affected

countries in SSA, sorted by region.
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P. falciparum MOI across malaria-affected countries in SSA

The mean MOI and prevalence of polyclonal infections varied across malaria-endemic
regions in SSA. For example, the mean MOI ranged from 1.09 in Ethiopia (East Africa) (85)
to 5.51 in Equatorial Guinea (West Africa) (91). Across all studies, the overall pooled mean
MOI was 2.09 (95% CI: 1.88-2.30). When broken down by region, the pooled mean MOI
was as follows: 2.05 (95% CI: 1.83-2.26) in East Africa, 2.37 (95% CI: 1.28-3.46) in Central
Africa, 2.16 (95% CI: 2.09-2.23) in Southern Africa, and 1.96 (95% CI: 1.53-2.39) in West

Africa (Figure 5).
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Effect size Weight

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

Mohammed, H 2021 Ethiopia -l 1.20[0.97, 1.43] 3.13
Kidima, W 2015 Tanzania |} 1.40[1.25, 1.55] 3.20
Sumari, D 2010 Tanzania | ] 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 —— 1.80[ 1.52, 2.08] 3.07
Agaba, B.B 2021 Ghana -l 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 E 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 L 3.39[2.15, 4.63] 1.52
Heterogeneity: 7° = 0.19, I = 97.41%, H® = 38.64 ‘ 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 E 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” = 449.39 e 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: 2 = 0.00, I’ = 16.53%, H®> = 1.20 2.16 [ 2.09, 2.23]

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

West Africa

Abukari, Z 2019 Ghana ] 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: 7° = 0.38, I° = 99.84%, H” = 621.20 1.96 [ 1.53, 2.39]
Test of ©, = ©;: Q(7) = 4348.37, p = 0.00
Overall 2.09[ 1.88, 2.30]
Heterogeneity: T7° = 0.35, I° = 99.64%, H” = 277.57
Test of 8, = 6;: Q(31) = 8604.79, p = 0.00
Test of group differences: Q.(3) = 1.80, p = 0.61

1 2 3 4 5

Random-effects DerSimonian—Laird model

Figure. 5 Forest plot representing the pooled mean MOI of P. falciparum infection across 32
studies that reported measures of dispersion (CI and SD) for mean MOI in malaria-affected

countries in SSA, sorted by region.
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Similarly, the prevalence of P. falciparum polyclonal infections varied across malaria-
endemic regions in SSA. In Ethiopia (East Africa), the prevalence was 16.3% (85), whereas
in Equatorial Guinea (Central Africa), it was 98% (91). The overall pooled prevalence of
polyclonal infections was 63% (95% CI: 56—70) across all studies. When broken down by
region, the pooled prevalence of polyclonal infections was 62% (95% CI: 53-71) in East
Africa, 71% (95% CI: 63-79) in Southern Africa, 65% (95% CI: 43—88) in Central Africa,

and 61% (95% CI: 51-71) in West Africa (Figure. 6).
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%
Author Year  Country ES (95% Cl) Weight

East Africa ]
Tadele, G 2022 Ethiopia e | 0.13(0.09,0.18)  2.13
File, T 2021  Ethiopia e — I 0.41(0.33,049)  2.09
Papa Mze, N 2020  Comoros —‘— 1 0.41(0.34,0.49) 2.09
Mohammed, H 2021  Ethiopia ———— I 0.44(0.30,059)  1.94
Kateera, F 2016  Rwanda —— I 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(0.37,0.65)  1.95
Nderu, D 2019 Kenya —— ! 0.51(0.44,058)  2.10
Mohammed, H 2015  Ethiopia _.-I— 0.59 (0.49, 0.69) 2.05
Sumari, D 2010  Tanzania —‘J— 0.61(0.55, 0.66) 212
Hamid, MM.A 2013 Sudan — e 0.62(0.46,0.75)  1.94
Simpson, S.V 2023  Tanzania —— 0.63 (0.58, 0.67) 213
Mohammed, H 2019  Ethiopia + 0.64 (0.55,0.72) 2.08
Mohammed, H 2018 Ethiopia . Am— 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 | D s 0.79(0.72,0.85)  2.11
Kiwuwa, M.S 2013 Uganda I e 0.80(0.73,0.85) 2.1
Touray, A.O 2020 Kenya 1 —— 0.80(0.71, 0.87) 2.09
Abamecha, A 2020  Ethiopia | —— 0.80(0.70, 0.87) 2.08
Mulenge, FM 2016 Kenya I —— 0.80(0.74,0.85)  2.12
Gatei, W 2015 Kenya —— 0.89 (0.85, 0.93) 2.14
Subtotal ("2 =97.72%, p = 0.00) ¢ 0.62(0.53,0.71)  47.80
West Africa !
Awaga, K.L 2012 Togo —‘— ! 0.28 (0.23, 0.33) 213
Abukari, Z 2019  Ghana — — | 0.35(0.24,0.48)  2.01
Sane, R 2018  Gabon e — | 0.35(0.28,0.43)  2.09
Ndiaye, T 2019 Senegal e — 1 0.36 (0.28,0.44)  2.09
Kolawole, O.M 2016  Nigeria — e — 0.59(0.43,0.73)  1.93
Nabet, C 2016 Mali —i 0.59 (0.51,0.66)  2.09
Niang, M 2017 Senegal —i— 0.61(0.53,0.68)  2.10
Oyedeji, S.I 2013 Nigeria —— 062(0.57,067)  2.12
Agomo, C 2022 Nigeria —— 063(0.51,0.74)  2.02
Oyedeji, S.I 2020  Nigeria —r‘— 0.66 (0.55, 0.74) 2.06
Ajogbasile, F.V 2021  Nigeria — 0.67(0.63,0.71)  2.14
Huang, B 2018 Céte d'lvoire —— 0.69(0.63,0.75)  2.12
Somé, A.F 2018  Burkina Faso | + 0.73(0.67,0.79) 212
Gnagne, A.P 2019  Cote d'Ivoire I —‘— 0.85 (0.80, 0.89) 213
Amoah, L.E 2021  Ghana —— 0.90(0.83,094)  2.12
Ogouyemi-Hounto, A 2013 Benin ! —‘— 0.90 (0.82, 0.95) 211
Subtotal (12 = 97.42%, p = 0.00) <> 0.61(0.51,0.71)  33.38
Central Africa |
Ibara-Okabande, R 2012 DRC —_—— 047 (0.33,061)  1.95
Bouyou-Akotet, M.K. 2015 Gabon —— 1 0.50 (0.41, 0.59) 2.07
Mawili-Mboumba, D.P 2015  Gabon —— | 0.50 (0.43,057)  2.10
Apinjoh, T.O 2015  Cameroon —‘-l— 0.60 (0.52, 0.68) 2.09
Singana, B.P 2019 DRC | —— 0.86(0.76,092)  2.09
Chen, J.T 2018  Equatorial Guinea 1 = 099(096,1.00) 215
Sublotal (12 = 98.64%, p = 0.00) — 065(043,088) 1244
|
Southern Africa 1
Gwarinda, H.B 2021 S. Africa - 0.66 (0.63,069)  2.14
Roh, M.E 2019 Eswatini '—0— 067 (0.63,0.71)  2.14
Ahmedou Salem, M.S.0 2014 S. Africa I —— 0.82(0.74,0.88)  2.10
Subtotal (1"2=.%,p=.) |<> 0.71(0.63,0.79)  6.38

Heterogeneity between groups: p = 0.358

Overall (12 =98.47%, p = 0.00); <> 0.63(0.56,0.70)  100.00

Figure. 6 Forest plot representing the pooled prevalence P. falciparum polyclonal infections

reported by 48 studies from malaria-affected countries in SSA, sorted by region.
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Factors associated with P. falciparum genetic diversity and MOI across SSA

Factors associated with P. falciparum genetic diversity and MOI across SSA include patient
age, parasite density, chemotherapy use, and malaria transmission settings (102, 190, 191),
although this relationship is not consistent across all studies (14, 107, 164). The use of ACT
has notably decreased P. falciparum genetic diversity and MOI. For instance, Huang et al.
(134) observed a decline in both over 10 years following ACT implementation, with a
significant reduction in polyclonal infections for msp-I and msp-2. Rural areas generally
show higher MOI than urban areas, with Tadele ef al. (85) reporting a mean MOI of 1.88 in
rural areas versus 1.55 in urban areas. However, in Uganda, urban areas exhibited higher
MOI values (3.0 to 3.7 for severe and mild malaria cases, respectively). Both symptomatic
(20, 191, 192) and asymptomatic cases (32, 118) have demonstrated high P. falciparum
genetic diversity and MOI. Furthermore, malaria transmission settings correlate with genetic
diversity and MOI, with higher values found in high transmission areas (2.13) compared to
low transmission areas (1.29; p < 0.001), as well as higher expected heterozygosity in high

transmission settings (0.49 to 0.62) (19).

4.2 Evaluation of P. falciparum genetic diversity and MOI in areas of low, medium, and

high transmission intensities in Uganda

Evaluation of P. falciparum genetic diversity and MOI across areas with varying malaria
transmission intensities was based on a total of 288 samples. Of these, 211 (73.3%) were
successfully amplified at a minimum of five microsatellite loci and included in the genetic
analysis. Among the successfully genotyped samples, 109 (51.7%) were from male
participants, and the majority (54%) were from children under five years of age. The parasite
densities in the selected samples ranged from 48 to 1,600,000 parasites/uL. Participants from

Kanungu had significantly higher mean temperatures (38.3°C) compared to those from
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Tororo (37.9°C) and Jinja (37.9°C) (p=0.006), while participants from Jinja had significantly

lower parasite densities than those from the other sites (p=0.001) (Table 1).

Table 1. Demographic and clinical characteristics of study participants from Jinja, Kanungu

and Tororo included in the analysis of P falciparum genetic diversity and MOI

Overall Jinja Kanungu Tororo P. value

Characteristic N=211 N=69 N=71 N=71
Age in Years

<Syears 35 (50.7%) 43 (60.6%) 37 (52.1%)

5-11 years 25 (36.2%) 28 (39.4%) 26 (36.6%)

> 18 years 9 (13.0%) 0(0.0%) 8 (11.3%)
Gender (%)

Male 37 (53.6%) 36 (50.7%) 36 (50.7%)
Mean Axillary
temperature, Oc
(SD) 37.9+1.17 38.3£1.3 37.9+1.1 0.006
Geometric mean
parasite
density/uL (GSD) 41,367.9£7372  109,734.5+4833.4  277.424.6£9245.1 <0.001

Mean Hb 11.34+1.89 10.36+2.33 11.37+1.84

P. falciparum genetic diversity

The mean number of alleles (Nj) observed was 11.29 (+ 3.82) in Jinja, 13.43 (£ 4.58) in
Kanungu, and 12.57 (+ 5.47) in Tororo. The markers C2M34-313 (Chr2), Poly-a, and TA1
had the highest number of alleles, ranging from 13 to 21 across the three study sites. The
mean number of effective alleles (N¢) was 6.13 (+ 3.27) in Jinja, 6.85 (£ 3.73) in Kanungu,
and 6.59 (£ 4.20) in Tororo. The mean expected heterozygosity (H¢) for P. falciparum was

0.78 (£ 0.16) in Jinja, 0.81 (= 0.14) in Kanungu, and 0.78 (£ 0.16) in Tororo. A Kruskal—
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Wallis test showed no significant differences in genetic diversity indices across the sites (p >

0.5) (Table 2).

Table 2. P. falciparum genetic diversity among participants from Jinja, Kanungu and Tororo

Locus Jinja Kanungu Tororo
N, Ne H. N, Ne H. N, Ne H.

2490 6 187 047 6 207 0352 5 1.94 047
Poly-a 13 825  0.89 15 1057 091 16 11.19 091
C2M34-313 18 1157 092 20 1290 093 21 13.09 093
TAl 13 727 087 17 719 0.88 16 6.64  0.86
TA109 10 492 080 10 544 082 8 474 080
C3M69-383 9 3.4 069 13 538 0.82 12 247 0.0
PfPK2 10 589  0.84 13 438 078 10 6.04 082
Mean 1129 613 078 | 1343 685 081 | 1257 659 0.78
SD 3.82 327 016 | 4.8 373 014 | 547 420  0.16

The mean allele richness (Ar) was 10.84 (£ 3.76) in Jinja, 12.42 (+ 4.24) in Kanungu, and

12.13 (£ 5.59) in Tororo. The Kruskal-Wallis test showed no significant differences in the Ar

values (p > 0.05).

P. falciparum MOI

The highest rate of polyclonal infection was observed in Tororo, with 50 out of 71 samples

(70%). In Jinja, 40 out of 69 samples (58%) exhibited polyclonal infections, and in Kanungu,

40 out of 71 samples (56%) showed polyclonal infections. The highest polyclonal infection

rates were recorded with marker C3M69-383, showing rates of 83% in Jinja, 80.3% in
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Kanungu, and 88.2% in Tororo. Conversely, the lowest rates of polyclonal infection were
recorded with marker 2490, with rates of 33.3% in Jinja, 24.9% in Kanungu, and 46.5% in
Tororo. The mean MOI varied slightly across the study sites: Jinja had a mean of 1.9 (£0.3),
Kanungu had a mean of 2.0 (£0.05), and Tororo had a mean of 2.5 (£0.05). Overall, Tororo

had a significantly higher MOI compared to the other sites (p = 0.004) (Table 3).

Table 3. P. falciparum MOI among participants from Jinja, Kanungu and Tororo

Locus Jinja (n= 69 Kanungu (n=71 Tororo (n=71
Number  Percentage Number  Percentage Number Percentage
genotyped  Polyclonal Mot genotyped  Polyclonal Mot genotyped Polyclonal Mol

2490 69 333 14 71 249 1.3 71 46.5 1.6

Poly-a 69 45 1.6 71 517 2.0 70 62.9 25

C2M34-313 64 73.2 2.1 69 319 14 55 54.5 2.1

TAl 68 69.1 22 71 81.7 24 57 80.7 2.6

TA109 69 47.6 1.9 70 43.8 1.8 71 74.6 2.7

C3M69-383 58 83.0 22 71 80.3 24 68 88.2 32

PfPK2 69 55.1 20 71 71.5 25 69 82.6 2.8

Mean 66.6 58.0 1.9 70.6 56.0 20 65.9 70.0 25

SD/*SE 4.2 6.7 03 0.8 9.0 0.5 6.8 *59 0.5

Across the sites, the microsatellites C3M69-383 and TAl identified more polyclonal

infections (number of clones > 2), while 2490 identified the most monoclonal infections.

P. falciparum parasite population structure across study sites

P. falciparum genetic differentiation
The pairwise Fst values between the three study sites showed low genetic differentiation
across the sites, with all values being less than 0.05. Specifically, the Fst value between Jinja

and Tororo was 0.011, indicating the lowest genetic differentiation. The highest
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differentiation was observed between Kanungu and Tororo, with an Fst value of 0.021. The
Fsr value between Jinja and Kanungu was 0.016.

The Analysis of molecular variance (AMOVA) result (0.03) indicated that most of the
genetic variation (97%) in P. falciparum parasites is contained within populations, with only
3% of the variation explained by differences between subpopulations across study sites.
Linkage disequilibrium (LD)

Linkage disequilibrium (LD), assessed based on Multilocus Index of Association (I1»%) values,
ranged from 0.07 in Tororo to 0.14 in Jinja, with Kanungu showing an 1,5 value of 0.13.
Significant multilocus LD was observed at all study sites, as indicated by the p-values (<
0.01) for each site. The variance (VD) values were 21.95 for Jinja, 19.28 for Kanungu, and
12.96 for Tororo, while the expected variance (VE) values were 4.77, 4.43, and 4.81,
respectively. These results demonstrate significant non-random associations of alleles at all
study sites, suggesting the presence of linkage disequilibrium in the P. falciparum populations
from each location.

Principal Coordinates Analysis (PCoA) indicated no distinct clusters of parasites based on
their geographic origins. Subsequent cluster analysis with STRUCTURE identified
significant genetic admixture within the population. Parasite samples from all three regions
displayed varying proportions of blue, orange, and black clusters, reflecting the complex
genetic diversity among the isolates. The mixed genetic heritage of the parasites is evident
from the overlapping and diverse color proportions within the columns, underscoring the

intricate genetic landscape across the three study sites (Figure 7).
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Figure 7. The Bayesian bar plot illustrates the population structure of P. falciparum parasite
isolates collected from Jinja, Kanungu and Tororo study sites. Each vertical bar in the plot
represents an individual parasite isolate. Each bar is divided into colored segments, with colors
(green, red, and blue) representing different genetic clusters of P. falciparum. The size of each

colored segment within a bar corresponds to the proportion of that genetic cluster in the sample.

4.3 Comparison of P. falciparum genetic diversity and MOI between asymptomatic and

symptomatic malaria cases

A comparison of P. falciparum genetic diversity and MOI between asymptomatic and
symptomatic malaria cases was conducted using 225 isolates. Of these, 211 (93.8%) were
successfully genotyped at a minimum of five neutral microsatellite loci and were included in
the final analysis. Among the successfully genotyped samples, 109 were obtained from male
participants. The participants' ages ranged from 6 months to 53 years, with the majority being
under 11 years old. Parasite densities ranged from 16 to 1,600,000 parasites/puL. Significant
differences in axillary temperature, parasite density, and hemoglobin levels were detected
among asymptomatic, symptomatic uncomplicated, and symptomatic complicated malaria

individuals (p < 0.001, Kruskal-Wallis test) (Table 4).
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Table 4. Demographic and clinical characteristics of study participants included in the
comparison of P. falciparum genetic diversity and MOI between asymptomatic and

symptomatic malaria infections.

Asymptomatic Uncomplicated Complicated P. value
malaria infection malaria infection malaria infection

Characteristic (n=70) (n=86) (n=55)
Age (years): <5 19 (27.1%) 39 (45.3%) 36 (65.5%)

5-11 42 (60.0%) 40 (46.5%) 18 (32.7%)

=18 9 (12.9%) 71(8.1%) 1(1.8%)
Gender ratio
(male/female) 34/36 48/38 27/28
Axillary temperature, °c
(Mean£SD) 36.8+0.3 38.6+0.9 38.3+1.1 <0.001
Mean parasite
density/pL (MeantSD) 5862.5+£508.4 61036.4+671.9 446303.6£9136.5 | <0.001
Mean Hb g/dL
(Mean£SD) 11.5£1.6 11.4£1.9 9.8+2.4 < 0.001

P. falciparum genetic diversity among asymptomatic and symptomatic uncomplicated

and complicated study participants

The genetic diversity of P. falciparum, as indicated by the N,, allele frequencies, N, and He,
was high across both symptomatic and asymptomatic malaria infections. The Kruskal-Wallis
test showed no significant differences in the observed N, allele frequencies, Ne, and He
between symptomatic and asymptomatic malaria infections (p > 0.05). The most polymorphic
microsatellite loci were C2M34-313, TA1, and Poly-a, with 17-23, 15-16, and 14-19 distinct
alleles, respectively. The least polymorphic microsatellite locus was 2490, with 5 to 6 distinct

alleles (Figure 8 and Table 5).
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Figure 8. The allele frequencies of the genotyped markers assessed among individuals with asymptomatic (blue), symptomatic uncomplicated
(green) and complicated (red) malaria infections. The vertical axis represents the frequencies of individual alleles, whereas the horizontal axis

represents the base pairs of each allele.
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Expected heterozygosity and number of effective alleles

The mean expected heterozygosity (H¢) ranged from 0.79 (% 0.17) in individuals with
symptomatic uncomplicated malaria to 0.81 (+ 0.15) in those with asymptomatic malaria.
The number of effective alleles (N¢) ranged from 6.07 (£ 3.65) among individuals with

complicated malaria to 7.42 (£ 5.15) in asymptomatic individuals (Table 5).

Table 5. The genetic diversity of P. falciparum in asymptomatic, symptomatic

uncomplicated, and symptomatic complicated individuals

Asymptomatic Symptomatic Uncomplicated | Symptomatic Complicated
Locus malaria (n=70) malaria (n=86) malaria (n=33)
N, Ne H. Na Ne H. Na N, H.

2490 6 2.15 0.54 6 1.74 0.43 5 0.14 0.50
Poly « 17 11.15 0.92 19 10.97 0.92 14 10.19 0.92
C2M34-313 23 17.01 0.96 23 14.35 0.94 17 10.09 0.92
TAl 15 1.52 0.88 16 6.96 0.87 16 7.94 0.89
TA109 11 5.47 0.83 11 5.51 0.83 8 5.41 0.83
C3M69-383 12 3.20 0.69 14 4.11 0.77 12 3.39 0.72
PfPK2 10 5.44 0.83 10 5.59 0.83 12 5.32 0.83
Mean 13.43 1.42 0.81 14.14 7.03 0.79 12.29 6.07 0.80
SD 5.50 5.15 0.15 5.76 428 0.17 4.28 3.65 0.15

N = number of different alleles; N, = number of effective alleles = I/(y pi"2); H. = unbiased diversity/expectec
heterozygosity = [nf(n — 1)] [1 — Y pi"2], and SD = standard deviation. N, N,, and H, were calculated from the
predominant allele dataset. The 95% confidence interval (CI) was calculated as CI = % + 1.96(SDAn), where % it

the sample mean, SD is the standard deviation of the sample, and n is the sample size.

P. falciparum MOI among asymptomatic, symptomatic uncomplicated and complicated

malaria-infected individuals

The mean MOI did not differ significantly across the various P. falciparum infection

categories (p = 0.33). It ranged from 1.92 (+ 0.42) in individuals with symptomatic
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complicated malaria to 2.10 (£ 0.36) among asymptomatic malaria individuals (Table 7). The
percentages of polyclonal infections were generally consistent across the different P.
falciparum infection types, ranging from 58.5% (95% CI: 44.60—72.39) among individuals
with symptomatic uncomplicated malaria to 63% (95% CI: 51.22—74.78) among those with

complicated malaria (Table 6).
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Table 6. P. falciparum MOI in asymptomatic, symptomatic uncomplicated, and symptomatic complicated individuals

Locus Asymptomatic malaria (n= 70) Uncomplicated malaria (n= 86) Complicated malaria (n=355)
Number Percentage Percentage Mean | Number Percentage Percentage Mean | Number Percentage Percentage Mean
positive monoclonal polyclonal MOI | positive monoclonal polyclonal MOI | positive monoclonal polyclonal MOI

2490 70 64.3 35.7 1.5 85 64.7 353 1.4 55 63.6 36.4 1.4

Poly a 69 42.0 58.0 24 86 43.0 57.0 22 55 61.8 38.2 1.6

C2M34-313 57 439 56.1 1.7 79 48.1 51.9 1.8 52 50.0 50.0 1.7

TAl 62 29.0 71.0 2.1 79 253 74.7 2.3 55 10.9 89.1 2.6

TA109 70 47.1 52.9 22 85 38.8 61.2 2.2 55 50.9 49.1 2.0

C3M69-383 66 13.6 86.4 25 80 12.5 87.5 2.5 51 235 76.5 23

PfPK2 69 29.0 71.0 22 86 26.7 73.3 23 54 29.6 70.4 2.1

Mean 38.4 61.6 2.10 37.0 63.0 2.08 41.5 58.5 1.92

SD 16.24 16.24 0.36 17.19 17.19 0.37 20.26 20.26 0.42

The number positive represents the number of samples successfully amplified by each locus. The percentage of monoclonal infections is the

proportion of isolates with only one allele score per locus. The percentage of polyclonal infections is the proportion of isolates with more than

one allele score per locus.
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Linkage Disequilibrium (LD) and Genetic differentiation

A multilocus index of association analysis was performed to assess the non-random association
of all microsatellite loci in the dataset. Significant multilocus LD was observed in both
symptomatic and asymptomatic malaria infections (p < 0.01). For the different infection
categories, the variance (VD) was 19.05 in asymptomatic malaria, 19.38 in symptomatic
complicated malaria, and 17.28 in symptomatic uncomplicated malaria. The expected variance
(VE) was 4.95 for asymptomatic, 4.46 for symptomatic complicated, and 4.74 for symptomatic
uncomplicated malaria. The standardized index of association (I»%) was 0.11 for asymptomatic
malaria, 0.12 for symptomatic complicated malaria, and 0.09 for symptomatic uncomplicated
malaria. The variance in VD (Var VD) was 0.25 for asymptomatic, 0.27 for symptomatic
complicated, and 0.18 for symptomatic uncomplicated malaria. In all infection categories, the p-

value was less than 0.01, indicating significant linkage disequilibrium.

The pairwise Wright’s fixation index (Fst) between the asymptomatic, symptomatic complicated,
and symptomatic uncomplicated malaria infections revealed low genetic differentiation, with Fsr
values ranging from 0.0034 to 0.0105. Specifically, the Fst between asymptomatic and
symptomatic complicated infections was 0.0034, between asymptomatic and symptomatic
uncomplicated infections was 0.0059, and between symptomatic complicated and symptomatic

uncomplicated infections was 0.0034.
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4.4 Evaluation of temporal changes in P. falciparum genetic diversity and MOI across three

sites with varying (low, medium and high) malaria transmission intensities

Evaluation of temporal changes in P. falciparum genetic diversity and MOI across areas with
low, moderate, and high malaria transmission intensities in Uganda involved analysis of a total of
220 P. falciparum-positive samples. Of these, 180 (81.8%) were successfully amplified at a
minimum of five microsatellite loci and included in the final analysis. Among the 180 samples,
91 (50.6%) were from male participants, and a significant proportion (46.7%) were from
individuals aged 5-11 years. Overall, the mean parasite densities in the study areas decreased
over time. During the 2011-2012 study period, the mean parasite counts were 17,034
parasites/uL in Jinja, 36,118 parasites/uL in Kanungu, and 68,240 parasites/uL in Tororo (Table
7). By the 2015-2016 period, these counts had declined to 14,882.4 parasites/uL in Jinja, 20,694
parasites/uL in Kanungu, and 23,586.2 parasites/uL in Tororo (Table 8). Regarding hemoglobin
(Hb) levels among study participants, Jinja experienced an increase from 11.3 g/dL to 11.7 g/dL,
and Tororo rose from 11.1 g/dL to 11.3 g/dL. In contrast, Kanungu saw a decrease in mean Hb

levels from 10.9 g/dL to 10.7 g/dL during the same period (Table 7).
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Table 7. Demographic and clinical characteristics of study participants included in the analysis
of temporal changes in P. falciparum genetic diversity and MOI across areas with low, medium,

and high malaria transmission intensities

Characteristic Isolates collected 2011-2012 Isolates collected 2015-2016
Jinja Kanungu Tororo Kanungu
(n=38) (n=27) (n=24) Jinja (n=26) (n=34) Tororo (n=31)
Age in years
<Syears 21(553%) 14(51.9%) 14(583%) | 8(30.8%) 12 (353%)  11(35.5%)
5-11 years 11(28.9%) 13 (48.1%) 9 (37.5%) 15(57.7%)  22(60.7%) 14 (45.2%)
> 18 years 6(15.8%)  0(0.0%) 1(4.2%) 3 (11.5%) 0 (0.0%) 6 (19.4%)
Gender (%)
Male 20(52.6%)  15(55.6%) 14(58.3%) | 13(50.0%)  16(47.1%) 13 (41.9%)
Mean Axillary

temperature, Oc

(SD) 38.6(0.9) 38.4(1.8) 38.5(0.8) 36.8(0.5) 38.3(1.2) 37.3(0.9)
Mean Hb

g/dL(SD) 11.3(1.9) 10.9(2) 11.1(1.5) 11.7(1.7) 10.7(2.4) 11.3(2.3)
Mean parasite 17,034 36,118 68,240 14,882.4 20,694 23,586.2
density/uL (SD) (2,736.1) (4,157.9) (8,491) (1,181) (2,197.1) (1,927)

Temporal changes in P. falciparum genetic diversity between 2011-2012 and 2015-2016

study periods across sites

Overall, P. falciparum genetic diversity remained consistently high across all study sites over
time, with mean H. values consistently exceeding 0.7 (Figure 9). However, a slight decline in the
mean values of Ni, Ne, and He was observed across all study sites (Table 8). Importantly, no

significant differences were observed in mean Nj, Ne, or He between the study periods, nor were
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there any significant temporal trends in these indices across the two study periods. These
findings were supported by the non-significant results from both the Kruskal-Wallis and

Jonckheere-Terpstra tests (P > 0.05).

Table 8. P. falciparum genetic diversity between 2011-2012 and 2015-2016 a cross-study sites

Locus Site Isolates collected 2011-2012 Isolates collected 2015-2016
Na N. H. Na Ne H.
Jinja 5 1.87 0.48 5 2.06 0.54
2490 Kanungu 5 2.13 0.55 3 1.58 0.38
Tororo 4 1.68 0.42 4 2.15 0.55
Jinja 11 8.01 0.90 10 6.38 0.88
Poly a Kanungu 12 9.23 0.93 12 7.92 0.90
Tororo 11 6.68 0.89 11 8.04 091
Jinja 14 9.09 0.92 14 11.26 0.95
C2M34-313 Kanungu 15 12.76 0.96 14 8.50 091
Tororo 17 9.85 0.94 15 11.76 0.96
Jinja 10 7.76 0.89 9 5.95 0.87
TAl Kanungu 10 4.96 0.83 11 6.28 0.87
Tororo 10 5.79 0.88 11 6.87 0.89
Jinja 6 3.30 0.71 6 4.69 0.72
TA109 Kanungu 5 4.07 0.78 7 4.78 0.85
Tororo 7 4.30 0.92 9 5.78 0.85
Jinja 9 4.13 0.78 6 2.11 0.55
C3M69—383 Kanungu 7 3.13 0.71 7 3.35 0.52
Tororo 9 4.96 0.83 10 4.35 0.57
Jinja 8 5.64 0.84 7 5.04 0.83
PIPK2 Kanungu 8 4.64 0.81 9 312 0.70
Tororo 7 5.45 0.85 6 5.06 0.83
Jinja 9.0 5.68 0.79 8.14 5.36 0.76
Overall _
(Mean + SD) Kanungu 8.86 5.85 0.80 9.00 5.08 0.73
Tororo 9.29 5.53 0.82 9.43 6.29 0.79
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Figure 9. Changes in P. falciparum mean He values between 2011-2012 and 2015-2016 study

periods across sites.

Temporal changes in P falciparum MOI between the 2011-2012 and 2015-2016 study

periods across sites

Overall, the percentage of P. falciparum polyclonal infections in the three study areas remained
consistently high, exceeding 50%, which indicates a robust polyclonal parasite population over
time. During the study periods, there was a significant temporal decrease in the percentage of
polyclonal infections in Kanungu, declining from 56.1% to 52.8% overtime (P = 0.01). In
contrast, Jinja and Tororo showed no significant temporal differences in the percentage of
polyclonal infections (p > 0.05). Regarding P. falciparum mean MOI, there was a significant

temporal reduction in Tororo, where it decreased from 2.2 to 2.0 overtime (p = 0.03) (Figure 9).
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However, Jinja and Kanungu did not exhibit significant changes in mean MOI over time (p >

0.05) (Figure 10).

Mean MOI Percentage of polyclonal infections
25 100%
2 90%
2
2 19 80%
157 7 70%
15 0%
50% i
40%
1
30%
20%
0.5
10%
0% . |
0 2011-2012 2015-2016 2011-2012 2015-2016 2011-2012 2015-2016
Jinja Kanungu Tororo Jinja Kanungu Tororo
@2011-2012 ©@2015-2016 Polyclonal = Monoclonal

Figure 10. Changes in P. falciparum mean MOI and the percentage of polyclonal infections

between 2011-2012 and 2015-2016 study periods Jinja, Kanungu and Tororo.

Temporal changes in Linkage disequilibrium (LD) among P. falciparum populations

Temporal changes in Linkage Disequilibrium (LD) among P. falciparum populations were
assessed through a multilocus index of association analysis to evaluate the non-random
associations of all microsatellite loci in the dataset. The statistical significance of LD was tested
using 10,000 Monte Carlo simulations. Overall, there was a slight increase in LD, based on the
standardized index of association (I»%), across the sites over time. During the 2011-2012 period,
Kanungu recorded the lowest IS at 0.0085 (p = 0.31), while Jinja had the highest significant [55

value at 0.0233 (p = 0.06). In the 2015-2016 study period, Kanungu's 145 rose to 0.0114 (p =
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0.14), and in Tororo, it increased to 0.0168 (p = 0.18). Jinja also experienced a slight increase in

145, from 0.0233 in 2011-2012 to 0.0239 in 2015-2016 (p = 0.01).

Temporal changes in genetic differentiation of P. falciparum populations

Overall, the genetic differentiation of the P. falciparum population among the sites was low, with
a slight increase between the study periods. In the 2011-2012 period, the Fst values were low:
0.0275 between Jinja and Kanungu, and 0.0145 between Jinja and Tororo, with the highest
differentiation at 0.0503 between Kanungu and Tororo. In the 2015-2016 study period, Fsr
values showed modest increases: 0.0384 between Jinja and Kanungu, and 0.0353 between Jinja
and Tororo. The highest differentiation remained between Kanungu and Tororo, increasing to

0.0585

4.5 Performance of different genotyping markers and three algorithms (3/3 match-
counting, >2/3 match-counting, and the Bayesian approach) for distinguishing P.

falciparum recrudescence from reinfection

Assessing the performance of different genotyping markers and algorithms for distinguishing P.
falciparum recrudescence from reinfection involved the analysis of 179 paired samples.

Genotyping results showed that 174 (98.7%) of the paired samples were successfully amplified.

Diversity of the genotyped markers in Aduku, Arua and Masafu study sites

The genetic markers K1, MAD20, RO33, along with the 3D7 and FC27 allelic variants,
correspond to the msp-I and msp-2 genes, respectively. The overall mean expected
heterozygosity (He) for P. falciparum was 0.84 + 0.12 in Aduku, 0.85 £ 0.12 in Arua, and 0.87 +

0.09 in Masafu. For msp-1, the K1 allelic family exhibited the highest He values, with 0.88 in
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Aduku, 0.93 in Arua, and 0.92 in Masafu. For msp-2, the 3D7 allelic family displayed the highest
H. values, with 0.94 in both Aduku and Arua, and 0.95 in Masafu. The microsatellite marker 313
showed consistent He values of 0.95 across all sites. The Poly-o marker demonstrated mean
expected He values of 0.92 in Aduku, 0.91 in Arua, and 0.94 in Masafu. Additionally, the overall
mean effective number of alleles (N¢) was 7.61 £+ 3.66 in Aduku, 8.77 +4.04 in Arua, and 9.24 +
4.62 in Masafu (Table 9). These findings indicate a relatively high level of genetic diversity

across the study sites.
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Table 9. Genetic diversity of the mspl, msp2, glurp and microsatellite markers a cross Aduku,

Arua and Masafu

Marker Aduku Arua Masafu

He N. He Ne He Ne
K1 0.88 7.45 0.93 12 0.92 10.84
MAD20 0.89 6.67 0.93 11.59 0.9 8.29
RO33 0.63 2.56 0.56 2.21 0.68 2.99
IC/3D7 0.94 12.63 0.94 14.71 0.95 16.26
FC 27 0.87 6.92 0.87 6.92 0.85 6.23
Glurp 0.86 6.44 0.89 8.28 0.92 11.71
313 0.95 15.47 0.95 15.72 0.95 17.56
383 0.9 8.97 0.88 7.63 0.85 6.49
Poly-a 0.92 10.47 0.91 9.98 0.94 14.02
TAl 0.86 6.59 0.89 7.63 0.89 8.56
P{PK2 0.87 7.18 0.87 7.15 0.85 6.42
2490 0.56 22 0.6 2.47 0.68 3.03
TA109 0.83 5.39 0.88 7.7 0.88 7.78
Mean 0.84 7.61 0.85 8.77 0.87 9.24
SD 0.12 3.66 0.12 4.04 0.09 4.62

The mean allele richness (Ar) across the study sites was 10.6 £ 3.9 in Aduku, 12.5 + 4.4 in Arua,
and 11.9 £ 4.5 in Masafu. The number of genotypes for the K1 allelic family ranged from 14 to
18 in Aduku and Arua, respectively, while for I/C 3D7, it ranged from 19 to 25 in Aduku and
Masafu. The most polymorphic microsatellite, 313, exhibited 22 to 28 genotypes in Aduku and

Arua. Poly-a genotypes ranged from 15 to 24 in Aduku and Masafu. Microsatellite 383 showed
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14 to 20 genotypes in Aduku and Arua. The less polymorphic microsatellite 2490 had 5
genotypes in Aduku and 6 genotypes in Arua and Masafu. Markers such as TA1, TA109, PfPK2,
2490, and glurp exhibited 3 genotypes with allele frequencies greater than 10%, with 2490
showing a single genotype with a frequency exceeding 50%. The Kruskal-Wallis test revealed no
significant differences in the observed number of genotypes, allele richness (Ar), allele
frequencies, number of effective alleles (N¢), or expected heterozygosity (He) across the sites (p
> 0.05). These results suggest that there is no significant variation in genetic diversity across the

three sites, despite the observed differences in allele richness and genotype distribution.

P. falciparum MOI in Aduku, Arua and Masafu

Across all study sites, msp-I and the microsatellites PfPK2 and Poly-a exhibited the highest
average MOIs, while microsatellite 313, the most diverse marker, generally showed lower MOls.
In Aduku, the highest average MOIs for microsatellites were observed for PfPK2, TA1, and
Poly-a, with values of 1.77, 1.68, and 1.59, respectively. In Arua, PfPK2 had the highest average
MOI of 1.71, followed by TA1 and 383, each with an MOI of 1.59. In Masafu, Poly-a, TA1, and
TA109 showed the highest MOIs, with average values of 1.79, 1.68, and 1.58, respectively
(Figure 11). Across all three sites, glurp consistently exhibited one of the lowest MOIs. The
Kruskal-Wallis test revealed significant differences in MOIs: Poly-a had significantly higher
MOIs in Masafu, PfPK2 exhibited significantly higher MOIs in Arua and Aduku, and msp-1

showed significantly higher MOIs in Arua and Masafu (P <0.05).

Spearman’s rank correlation analysis showed no significant correlation between mean H. and

mean MOI (p > 0.05).
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Figure 11: Distribution of the P falciparum MOI across Aduku, Arua and Masfu study
sites. Each violin plot shows, for a given site, the distribution of the observed MOIs in the
samples collected at Day 0. The diamond from each violin plot represents the average MOI

whose corresponding value is displayed above.

Comparison of >2/3, 3/3 and Bayesian algorithm to classify recrudescence

The 3/3 algorithm was the most conservative, identifying significantly fewer recrudescences than

both the >2/3 and Bayesian algorithms at probability cutoffs of > 0.7 and > 0.8 (P < 0.05). For
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the AL arm, this ranged from two recrudescences with msp-1, msp-2 paired with microsatellites
383 and Poly-a, to seven recrudescences using microsatellite 2490 as third marker. Similarly, for
the DP arm, the 3/3 algorithm identified two recrudescences when using microsatellites TA1 or
TA104 as the third marker, compared to four recrudescences when using glurp, 383, Poly-a, or
PfPK2. In contrast, the >2/3 algorithm identified significantly more recrudescences. For the AL
arm, the number ranged from minimum ten recrudescences with microsatellite TA1 to fourteen
with PfPK2 and 2490. For the DP arm, it ranged from seven recrudescences with microsatellite
313 to ten with glurp (Figure 12). The number of recrudescences classified by the Bayesian
algorithm varied significantly depending on the probability cutoff used. For the AL arm, on
average, nearly twice as many recrudescences were identified with a 0.7 cutoff compared to 0.8,
while for the DP arm, the 0.7 cutoff resulted in over 62% more recrudescences than with the 0.8
cutoff. The marker combinations yielding the highest and lowest numbers of recrudescences also
varied with the cutoff and drug arm. Specifically, microsatellites 313 and 2490 produced the
highest number of recrudescences for both thresholds in the AL arm, while microsatellites
TA109 and 383 resulted in the lowest number at the 0.7 and 0.8 thresholds, respectively. In the
DP arm, microsatellite 383 led to the most recrudescences at the 0.7 cutoff, while TA109
produced the highest number at 0.8 cutoff. For the same drug arm, the fewest recrudescences
were identified using Poly-o and TA1 at the 0.7 cutoff, and Poly-a again at the 0.8 cutoff (Figure

12).
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CHAPTER FIVE: DISCUSSION

5.1 Discussion

The overarching goal of this study was to assess the status of P. falciparum genetic diversity and
MOI across SSA, with specific focus on areas with varying malaria transmission intensities in
Uganda, and to evaluate the performance of different genetic markers and algorithms in
distinguishing recrudescence from reinfection. The findings showed significant variation in
genetic diversity and MOI across SSA, with high genetic diversity and minimal population
structure observed in Uganda, regardless of transmission intensity. This suggests extensive gene
flow and parasite diversity across diverse transmission settings. Notably, P. falciparum
infections exhibited high genetic diversity in both asymptomatic and symptomatic individuals,
with asymptomatic individuals showing slightly higher genetic diversity. While the study
observed a modest temporal decline in both genetic diversity and MOI, these metrics remained
high, indicating a slow reduction in malaria transmission in Uganda’s three study sites with
differing malaria endemicity levels. The study also highlighted the potential of microsatellite
markers such as PfPK2 and Poly-a, which exhibited higher MOIs, as promising alternatives to
glurp for classifying recrudescence particularly in high-transmission areas. These findings
enhance our understanding of parasite gene flow dynamics and are critical for refining malaria
control strategies, strengthening surveillance, and optimizing interventions in regions with

varying transmission patterns.

The systematic review and meta-analysis showed high P. falciparum genetic diversity and MOI
across SSA, with regional variations likely influenced by differences in malaria transmission

intensity. These findings align with previous reports of high P. falciparum genetic diversity
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observed in Uganda and in other high (36, 193) and low (87) malaria transmission areas within
SSA. In such regions, the abundance of highly efficient mosquito vectors, particularly female
mosquitoes of the Anopheles gambiae and Anopheles funestus complexes, which are well
adapted to human environments (2, 3), promotes frequent genetic recombination, thereby
contributing to the observed genetic variation (11, 194). Despite intensifying malaria control
efforts, regions with high genetic diversity continue to present concerns due to ongoing
transmission, while regions with lower genetic diversity may reflect the success of malaria
control measures (132). The prevalence of polyclonal infections, indicative of high transmission
was notably high across all the study sites, with a pooled mean of 63%. This high occurrence of
polyclonal infections can be attributed to increased vector populations, which may promote
superinfections or the concurrent transmission of unrelated parasite genotypes (195). While 28
potentially relevant publications were not accessible due to restricted access. The screening of
titles and abstracts suggested these studies likely covered settings as those included, their
omission may have introduced a potential for missing evidence bias, which could slightly refine
pooled estimates but is unlikely to alter the overall conclusions regarding high diversity and MOI
across SSA. By incorporating data from SSA and study sites across Uganda, our review provides
important insights into regional variations in P. falciparum genetic diversity, expanding our
understanding of how ecological and epidemiological factors influence parasite populations in

different settings.

Further review of markers used to estimate P. falciparum MOI found that antigen-coding loci,
such as msp-1 and msp-2, typically report higher mean MOI compared to microsatellites.
Microsatellites offer greater polymorphism and are less influenced by immune selection. The

lower polymorphism and fewer alleles in msp-1, msp-2, and glurp limit their effectiveness in
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accurately estimating MOI (196). While these traditional markers remain widely used and are
recommended by WHO for molecular correction in therapeutic efficacy studies, they have lower
resolution than SNP-based or whole genome sequencing approaches, particularly for detecting
minority clones and fine-scale population structure. Deep amplicon sequencing or whole-genome
sequencing, though beyond the scope of this work due to resource and feasibility constraints,
offer enhanced discrimination of parasite haplotypes and structural variation. Our findings are
therefore interpreted within the capabilities and constraints of commonly used molecular
markers. These findings emphasize the importance of using more advanced molecular tools, such
as microsatellites and whole-genome sequencing, for precise assessments of parasite genetic

diversity and MOI.

P. falciparum genetic diversity and MOI were found to be influenced by several factors,
including parasite density, clinical malaria category, patient age, malaria control interventions,
and transmission intensity (17, 19, 85, 118, 190-192). Consistent with previous research, the
current study confirmed that higher parasite densities correlate with increased genetic diversity
and MOI (19, 197), as higher parasite densities increase the likelihood of distinct parasite
genotypes. Immunity development with age was inversely related to P. falciparum genetic
diversity (198), while rural areas exhibited higher genetic diversity compared to urban areas
(199). Regions with well-implemented malaria control interventions, such as Ethiopia (85),
exhibited lower diversity and MOI, suggesting that long-term interventions like LLIN
distribution, IRS, and ACT deployment may indirectly shape parasite population dynamics.
However, persistent high diversity in Uganda despite these interventions indicates ongoing

transmission pressure.
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The analysis of P. falciparum genetic diversity and population structure indicated high genetic
diversity and MOI, with limited population structure across Uganda’s varying malaria
transmission settings. The mean number of alleles (N,) ranged from 11.29 to 13.34, which aligns
with high-transmission areas in SSA. In contrast, low-transmission regions, such as Djibouti,
reported fewer alleles (N.= 5.3 to 13.5) (200). The observed high mean He, ranging from 0.78 to
0.81, suggests large effective parasite populations that promote genetic recombination and
diversity (82, 201), a characteristic shared with other high-transmission regions, such as
Madagascar (202). Genetic diversity persists in low-transmission areas due to the influx of
parasites from high-transmission regions (87), which complicates immunity development,

facilitates immune evasion, and fosters the emergence of drug-resistant strains (9).

Significant variations in P. falciparum MOI were observed across study sites (p < 0.001). Tororo,
a high-transmission area, exhibited the highest mean MOI (2.5), followed by Kanungu (2.1), and
Jinja (1.9), a low-transmission region. These findings are consistent with studies from Rwanda,
where higher MOI values were observed in high-transmission areas like Ruhaha (mean MOI =
2.13, polyclonal infection = 62%) and lower values in Mubuga (mean MOI = 1.29, polyclonal
infection = 26.9%) (19). Increased MOI indicates frequent exposure to multiple parasite strains,
leading to genetic recombination and a higher risk of immune evasion and drug resistance (40).
Conversely, low-transmission areas tend to have more monoclonal infections, reflecting fewer
mosquito bites and limited genetic recombination (203, 204). These findings also provide a
temporal baseline based on samples collected in 2011. While parasite populations may evolve
over time, microsatellite-based neutral genetic diversity patterns are relatively stable in high-
transmission settings, supporting the relevance of historical comparisons while emphasizing the

need for ongoing surveillance to capture current dynamics.
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Genetic differentiation (Fst) analysis showed minimal variation, with Fsr values ranging from
0.011 to 0.021, consistent with findings from other malaria-endemic regions, such as Kenya (Fsr
= 0.072) (88). Principal coordinates analysis confirmed this low genetic differentiation,
indicating minimal geographic structuring of P. falciparum populations. Linkage disequilibrium
(LD) values were also low (ranging from 0.07 to 0.14), suggesting that alleles at different loci
are largely independent within populations. These patterns align with studies from high-
transmission areas, including Mali and Nigeria, where low LD values are attributed to high
genetic recombination (205, 206). The low Fst and LD values suggest significant gene flow
between regions, likely facilitated by human migration, which supports parasite exchange across
transmission settings (80, 205, 206). In Uganda, where internal migration is common, gene flow
enhances P. falciparum genetic diversity and complicates local malaria control efforts. These
findings underscore the need for regional malaria control strategies that account for gene flow

across populations.

Our study found that both asymptomatic and symptomatic P. falciparum infections exhibited
high P. falciparum genetic diversity, with asymptomatic individuals showing slightly higher
diversity (He = 0.81 + 0.15) compared to those with symptomatic uncomplicated malaria (H. =
0.79 £ 0.17) and complicated malaria cases (H. = 0.80 = 0.15). This suggests that asymptomatic
individuals may serve as reservoirs for parasite transmission, contributing to ongoing genetic
evolution. Similar results have been reported in Cote d'Ivoire (207) and Kenya (118), where
asymptomatic individuals harbored a broader range of parasite genotypes. Despite some studies
reporting no significant difference in P. falciparum genetic diversity between symptomatic and

asymptomatic cases (136, 208), our findings highlight the potential role of asymptomatic
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infections in sustaining transmission and the importance of interventions targeting these

reservoirs.

Temporal analysis showed slight decreases in P. falciparum genetic diversity and MOI,
suggesting reduced malaria transmission intensity. However, genetic diversity remained high,
with mean He values exceeding 0.7 across all study sites. These results align with studies from
Eswatini and Kenya, where high parasite genetic diversity persisted despite interventions, likely
due to parasite importation from neighboring regions (133, 209). This indicates that human
migration plays a crucial role in maintaining genetic diversity across regions, irrespective of
transmission intensity. The slight decreases in P. falciparum MOI over time suggest a gradual
decline in transmission intensity, a trend observed in Tororo following vector control measures
(210). Studies from the Democratic Republic of the Congo (DRC) (135) and Kenya (136)
showed similar patterns, suggesting regional variability in the relationship between transmission
intensity and MOI. Our analysis found polyclonal infections in over 50% of cases, typical in
mesoendemic and holoendemic areas (136, 211). The decline in both metrics suggests that
control measures may reduce polyclonal infections, which could influence the genetic structure

of P. falciparum populations (134).

The study further indicated that although glurp exhibited high genetic diversity (mean He = 0.86—
0.92), it showed a lower mean MOI (1.23-1.38), leading to fewer recrudescence cases being
classified. This lower MOI suggests that glurp is less sensitive in detecting minority clones,
which may result in an underestimation of recrudescence and an overestimation of drug efficacy
(181). Previous studies have reported similar findings, indicating that glurp has moderate

diversity but lower sensitivity for detecting minority clones (212). However, some studies found
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no significant differences in recrudescence classification when glurp was used in place of
microsatellites (213), though its reduced sensitivity remains a limitation (181). Markers such as
PfPK2 and Poly-a, which exhibit higher MOIs and greater sensitivity to minority clones, are
therefore better suited for recrudescence classification, particularly in high-transmission areas.
Combining microsatellites with SNP-rich markers or deep amplicon sequencing improves
minority clone detection. While such approaches were beyond the scope of this study, our results
are consistent with emerging evidence supporting higher-resolution genotyping for accurate PCR

correction in therapeutic efficacy studies.

Regarding the classification algorithms, the 3/3 approach identified fewer recrudescences,
enhancing specificity but potentially misclassifying true recrudescences as reinfections in high-
transmission areas. In contrast, the >2/3 approach classified more recrudescences than the 3/3
algorithm, particularly with markers such as 383 and PfPK2, suggesting it may be better suited
for low to moderate-transmission areas. However, this approach could overestimate
recrudescence and inflate drug efficacy in high-transmission regions (146). The Bayesian
algorithm, on the other hand, identified more recrudescences than both the >2/3 and 3/3
algorithms and showed a more uniform distribution of likelihoods for recrudescence
classification, differing from previous studies from Angola, which reported a bimodal
distribution between recrudescences and reinfections (148). Direct comparison with the primary
TES study was not possible due to data access limitations; thus, our discussion focuses on

comparative performance metrics rather than exact recrudescence counts.

Overall, the study findings indicate high P. falciparum genetic diversity, MOI, and significant

gene flow, presenting ongoing challenges for malaria transmission. Microsatellites PfPK2 and

89



Poly-a, which are sensitive to minority clones, show promise as alternatives to glurp. The 3/3
match-counting algorithm classified fewer recrudescences compared to the >2/3 and Bayesian
algorithms. These findings highlight the importance of region-specific strategies that account for
asymptomatic carriers, human migration, evolving environmental pressures such as drug
resistance and insecticide use, and the potential adoption of higher-resolution genotyping

methods to improve malaria surveillance and therapeutic efficacy assessment.

5.2 Strengths and limitations of the study

Strengths of the study

The systematic review and meta-analysis were conducted following the PRISMA-P guidelines,
ensuring methodological rigor, transparency, and reproducibility throughout the process. By
focusing on peer-reviewed articles published over an extended period, the study captured a

comprehensive range of data on P. falciparum genetic diversity and MOI across SSA.

To address potential limitations and enhance the robustness of the systematic review and meta-
analysis findings, a subgroup meta-analysis was conducted based on geographic regions,
improving coverage and reducing regional bias. This approach provided a more detailed
understanding of the P. falciparum genetic diversity and MOI patterns across different parts of

SSA.

The inclusion of three study sites with varying malaria transmission intensities increased the
generalizability of the results, allowing for a more nuanced understanding of regional variation in

parasite genetic diversity and MOL.
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Finally, the use of advanced molecular techniques, including nested PCR and capillary
electrophoresis, enabled high-resolution genotyping of P. falciparum. Additionally, statistical
tools such as GENALEX and Arlequin were used to analyze genetic markers including seven
neutral microsatellites and key genes (msp-1, msp-2, and glurp), thereby enhancing the accuracy

and depth of genetic diversity and MOI assessments.

Limitations of the study

The systematic review and meta-analysis geographic coverage were limited, with relatively few
studies from Southern Africa included (87, 214). While a subgroup analysis addressed this to
some extent, the underrepresentation of certain regions could affect the broader applicability of

the findings.

The inclusion of only articles published in English may have introduced selection bias,

potentially excluding relevant studies published in other languages.

Although neutral microsatellite markers were used to assess genetic diversity, these markers may
not fully capture the entirety of P. falciparum's genetic variation. To address this, markers were
selected across six of the parasite's 14 chromosomes to increase coverage. However, whole-
genome sequencing would provide a more comprehensive view of the genetic landscape and is
recommended for future research. Furthermore, microsatellites have lower resolution compared
to SNP-based genotyping or whole-genome sequencing approaches, which may limit detection

of fine-scale population structure and minority clones.
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Technical challenges, including incomplete amplification rates and unequal sample sizes across
study sites, may have contributed to random error and impacted statistical precision. Stringent

quality control protocols were implemented to minimize these issues.

The use of the QIAxcel system, which has lower resolution and discriminatory power compared
to more advanced genotyping platforms (e.g., capillary electrophoresis), may have led to allelic
misclassification, particularly in distinguishing between alleles with small size differences. This
limitation could have resulted in an underestimation of the multiplicity of infection (MOI) or
inaccurate classification of treatment outcomes, especially in differentiating recrudescence from
new infections. To minimize variability and maintain consistency, standardized sample

processing protocols were implemented across all study sites.

The field component of this study was conducted in three sub-counties within Uganda, While
these sites were purposively selected to reflect varying transmission intensities, they cannot fully
represent the ecological and epidemiological diversity of parasite populations across the country.

Therefore, findings should be interpreted as within Uganda rather than across the Uganda.

Finally, parasite samples analyzed in Sub-studies I and II were originally collected between 2011
and 2016, and TES samples for Sub-study III were collected in 2019. Although neutral genetic
diversity patterns in high-transmission settings may remain relatively stable over moderate time
periods, parasite populations are dynamic and influenced by evolving intervention pressures. The
findings therefore provide important baseline insights in genetic status of P. falciparum

populations in Uganda.

92



CHAPTER SIX: CONCLUSIONS, RECOMMENDATIONS AND IMPLICATIONS

6.1 Conclusions and recommendations

This thesis addressed five objectives structured under three sub-studies, focusing on (i) regional
patterns of P. falciparum genetic diversity and MOI across SSA, (ii) parasite population structure
and transmission dynamics in Uganda, and (iii) performance of genotyping markers and
classification algorithms for distinguishing recrudescence from reinfection. The conclusions

below are drawn directly from the findings of each objective.

The systematic review and meta-analysis demonstrated high P. falciparum genetic diversity and
MOI with in SSA, with significant regional variation. A high prevalence of polyclonal infections
(pooled mean 63%) indicates sustained transmission intensity in many endemic settings. These
findings confirm that parasite populations across SSA remain genetically diverse despite ongoing

malaria control efforts.

High genetic diversity (He = 0.78—0.81) and moderate to high MOI were observed across study
sites in Uganda, irrespective of transmission intensity. Low genetic differentiation (Fst = 0.011—
0.021) and low linkage disequilibrium indicate substantial gene flow and limited population
structuring across sites. Asymptomatic and symptomatic infections both harbored high parasite
diversity, with slightly higher diversity observed among asymptomatic individuals, supporting
their role as transmission reservoirs. Although slight temporal declines in MOI and genetic
diversity were observed, overall levels remained high, suggesting persistent transmission

pressure.
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Microsatellite markers PfPK2 and Poly-a demonstrated higher MOI and improved minority
clone detection compared to glurp, supporting their suitability for PCR correction in high-
transmission settings. The 3/3 match-counting algorithm classified fewer recrudescences
compared to the >2/3 and Bayesian approaches, while the Bayesian algorithm identified the
highest number of recrudescences. These findings demonstrate that both marker selection and

algorithm choice significantly influence classification outcomes in therapeutic efficacy studies.

Overall, high parasite genetic diversity, persistent polyclonal infections, and substantial gene
flow characterize P. falciparum populations in the studied settings. Marker resolution and
algorithm selection materially affect recrudescence classification, underscoring the importance of

methodological standardization in molecular surveillance and drug efficacy monitoring.

In light of the findings demonstrating high parasite genetic diversity, persistent polyclonal
infections, low population structure, marker-dependent variation in MOI, and algorithm-
dependent differences in recrudescence classification, the following recommendations are

proposed:

* National Malaria Control Programmes (NMCPs) and Ministries of Health in SSA
countries, including Uganda, should develop and implement region-specific malaria
control strategies informed by local parasite genetic diversity and transmission patterns.
This recommendation is supported by the observed high genetic diversity and substantial
gene flow across transmission settings, which indicate that uniform intervention

approaches may not sufficiently address localized transmission dynamics.

94



* In Uganda, NMCPs, district health authorities, and community health workers must
prioritize the identification and treatment of asymptomatic carriers. This is directly
supported by the finding that asymptomatic individuals harbored high parasite genetic
diversity and may serve as reservoirs sustaining transmission. Active case detection
strategies, such as targeted screening in high-transmission areas, will be vital to reduce

hidden parasite reservoirs.

* Uganda Ministry of Health, in collaboration with NMCPs and surveillance teams,
should strengthen adaptive molecular surveillance systems. Given the persistent high He,
MOI, and low Fsr observed across sites, continuous monitoring of parasite population
structure and genetic diversity is necessary to track transmission dynamics and

intervention impact.

* Research institutions and academic partners should further validate and optimize highly
polymorphic microsatellite markers such as PfPK2 and Poly-a for therapeutic efficacy
studies (TES). This recommendation arises directly from the demonstrated higher MOI
and improved minority clone detection of these markers compared to glurp in Sub-study
II1. Further evaluation of algorithm performance, including Bayesian approaches, is also

warranted to improve classification accuracy.

* Global health agencies and technical bodies, such as WHO and the Global Malaria
Programme, should promote standardized PCR correction guidelines and harmonized
adoption of validated genotyping markers. This recommendation is justified by the
observed discrepancies between match-counting and Bayesian algorithms, which

significantly influenced recrudescence classification.
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* Investment in molecular and genomic surveillance capacity within endemic countries
should be strengthened. This recommendation is grounded in the methodological
limitations identified in this study, including marker resolution constraints and technical
amplification challenges, which highlight the need for improved laboratory and analytical

infrastructure.

6.2 Study implications for future research and policy

This study highlights the essential role of continuous genomic surveillance led by national
malaria control programs and public health authorities in tracking P. falciparum genetic diversity
and MOI dynamics. The high parasite genetic diversity, persistent polyclonal infections, and low
population structure observed across Ugandan sites indicate that surveillance must be sensitive to

local transmission heterogeneity.

Incorporating advanced molecular tools such as targeted deep sequencing and whole-genome
sequencing is recommended. Although not applied in this study due to resource constraints, these
tools would enhance resolution beyond microsatellites, enabling detection of minority clones and

structural variants, which are critical for monitoring parasite evolution and transmission.

The observed high parasite genetic diversity and MOI have direct implications for immunity
acquisition, vaccine efficacy, and treatment outcomes. Specifically, the data suggest that
asymptomatic carriers contribute to ongoing transmission and that gene flow across regions may
facilitate immune escape, highlighting the need to integrate molecular surveillance into vaccine

impact evaluations, particularly for RTS,S/ASO1 deployment in Uganda.
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Further research is warranted to understand the ecological and evolutionary factors maintaining
low linkage disequilibrium in P. falciparum populations. This insight is crucial to anticipate the

emergence of drug-resistant or vaccine-escape variants, which could undermine control efforts.

Continued validation and optimization of highly polymorphic markers (PfPK2, Poly-a) is
recommended. Our study demonstrated that these markers better detect minority clones than
glurp, making them more reliable for differentiating recrudescence from reinfection in TES.

Broad field validation will enable standardized use in diverse transmission settings.

Bioinformatics and public health agencies should refine genotyping algorithms, including
Bayesian models, to improve sensitivity and specificity. This refinement addresses the
discrepancies observed between match-counting and Bayesian approaches in Sub-study III,

ensuring that PCR correction frameworks are context-specific and reliable.
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Background

Plawmodiven falcliparem peesents 3 sipgnificant  public
health challenge s sub-Saharan Africa (SSA) conatitut-
g the majority of reported malarka cases, In 2022, out
of the 249 million malaria cases recocded globally, 253
million occurred im SSA, costributing to an estimated
580,000 oot of the 608,000 malara related deaths world.
wide [1]. While the development of & robust mesane
response is necessary for Plasowodiveme falci-
pavesn infection (2], timely disgnosis and the adminis-
mddmmmmmm;wdnmd

by the high propensity for gemetic diversity of parasites
nfecting individuals and the frequency of muluphcity of
nfection (MOF) within individual indections. These fac-
tors Lavour Imassane evasion, may contribute 1o malaria
pathology, and could promote the emergence of variams
resivtant 1o asti-malarial drugs [4). Morcover, genctic
diversity, particularly involving proteis-coding genes tar-
goied by diagnostic tests such as histidine-rich protein
/3 (HRPL/3) [51 which have become important tools for
malaria diagnosis and surveillance, could have significamt
smplications for malaria survelllance and control.
Genetic diversity and MOI are emerging as relevant
biomsarkers of Plaswodiemn falclparum  transenission
Plassodivon falciparume genetic diversity arises from
gonetic recomdanation during the parasite lifocycle in the
masquito (6], while MOT results from infection by mad.
tiple dintingt parasite genotypes (7], Infection by distinet
parasite genotypes ocours cither when an individaal s
Betten by different mosguatoes Carrying unique parasite
strains (superimfection) or when bitten by a single mos-
q-olcu;'mmulqkmmpu(oo-m
ston) (8, 9.
The gesetic diversity and MO of Mlasmwodiune falcipa-
racns may be mwessed by targeted genotyping of markess
such as misp- 1, wop-2, and glarp, which are coding and
therefore targets for immune evasion [10] or microssted-
Bte markers, which are not targets for immuse evasion
{11]. High-theoughput methods, including molecular
(DNA) barcodes, targeted deep sequencing, and genome-
wide varlation analysis, have also been utilized [12, 13],
bt these are expensive. Although more labour-intensive
and subject to somoe biases, such &5 amplification offh.
clency bias due to size differences between s 1. mep. 2,

and glurp alleles [14, 15], genotyping of these markers &
cheaper and more readily avallable in resource limvined
settings én SSA [12).

The mean values of parssite gemetic diversity and MO!L
are higher &n arcas with high malar transmission inten-
sity [16, 17] and lower in those with low tramsenisdon
intensity [18]. Additionally, mean Meowodiw Glcgpe-
rum genetic diversity and MOI apparemtly decreased
following the sappression of Masmodium falclparom
transmission intensay i areas of Exhlopia [19] and Sene-
gal [20]. In other studies, mean values of Hasmodium Gl

Data on Mleswodivw falaparum  genetic  diversity
and MO are relatively sparse. making it difficult to cas-
ily identify relevant patterns i SSA. Some studies have
focused soldly on MOI bet not genetic diversity [25, 26),
while others have been conducted within a single coun:
try [27L or utdzed 3 single genctic marker [28]. This
study collated published data oo Mlaamodium felcipa.
run gesetic diversity and MOI in SSA and summariced
using a few groetic markers that are widiely utifised for
parasite genotyping in SSA. The aim of the study was to
penerate a systematic sammary that cam inform public
health initsatives for malaria contred In different regions
of SSA.

Methods

Study design and protoced registration

The systemnatic review was conducted using the Preferred
Reporting Mesn for Systematic Review and Meta-Analy-
sis (PRISMA) guidelines {29]. The review protocol is reg-
istered in PROSPERO (#CRDE202 1 267661 ).

Review question

The study reviewed data oo Masmodium falciparam
penetic diversity and MOI In SSA based on msp- L, mosp-
2, plurp, and microsatellte genetsc markers from articles
published from lanuary 2000 through May 2023, This
period was chosen because access to malaria genomic
technologies was reasanably high, yielding repecsenta-
tive data in the regions sampled [30]. Ao, the period
coincides with rapid decline in malaria incidence in SSA
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{31]. The objectives of the review were to: a) charactenize
the geographical distribution of Pleswedivm falciparum
gometic diversity s SSA; b) determsine the peevalence of
Plasmsodicon falciparum polyclonal isfections in SSA;
and c) identify factoes associated with Mlauwodiune falci-
Paraen geswetic dErversity and MO in SSA,

Seacch strategy and information sources

A systematic search, conducted by an experienced bbear.
an (AAK)L utilized PubMed, EMBASE, EBSCOhost,
Wb of Science, and the fisst 30 pages of Google Scholar
after searching several pages and found Do more el
evant studies Additionally, citation lists of the identified
artiches were searched for addtional relevant artscles
{52-57]. The search terms incloded keywords such as
‘Plaswodium falciparum. 'P felciparsm genetic diversny,
P falciparame multiplcity of infection” and “sub-Saharan
Africa” (Addaional file 1)

Chigaity
Mnclusion critenia
The review considered:

« Artiches published in English,

v Study design, e, observational (cross-sectionallvur-
wvey. case control. and cohort) or randosnized climical
trials (RCTs),

MO or percentage of multiple infoctions.

Exclugion criteria

o Absence of key terms “Plaowodiuw  frolciparum
prewtic Eversity and or MOI' in the tithe and oe
abstrace,

»  Studies wning experimental animals,

»  Review articles, case reports, case senes, or editorials

+ Use of inappeopriate laboratory molecallar methods
{DNA extraction, PCR and then fragmess analysis).

(AM and RWN), who abwo performed data sbatraction

Page ol 19

using predetermimed review criteria (Additsomal file 20

= Stody characteristics {author mame, article title, pub-
lication year, country, malasia transoission setting.
and svedy design). participase charactenstics (sample
size, age group, and malaria clinical category).

o Malasia diagnos and genotyping (malarsa diagnosis
method, name of genotyped markers, snd PCR frag-
ment analysis method),

* Outcoene results on Masmedivww Slciparum geoetic
diversity and MO{ based on mean expected het-

diversity and MO were also extracted.

Data anadysis

Meta-analysis was performmed using the random effects
modedl (DerSimonian and Lawd approach) in STATA
(version 17, Staa Corporation, Colfege Statiom, TX). For-
et plots incladed oanly studies that reported measures of
dispersion such &5 S ar Cl for the respective effect sizes
(Mean MOT and o Mean He) to enable compatation of
standacd error foe use in meta-analysis sumg STATAL
Pooled estimates for Masmodium falciparam genetic
diversty and MOl were generated, sorted by region.
Additsomally, patterns of Masmediam Selciparum genetic
diversity and MO were assessed according to malaria
cinical categorses (asymptomatic and symptomatic
malaria infection) [38] and specfic genetic marker(s)
used to evaluate Masmodium falciparum genetic diver.
ity and MOI [12).

Heterogeneity analysis

Heterogomeity across the studics was assessod using the
chi-squared st and Cochran's Q statistic, with a 5% lovel
of statistical significance [39], and the I-sguared (1) sta-
tistic [40]. An 1T statistic of 25% indicates low heteroge-
nety, 5% indicates moderate heterogeneity, and > 75%

indicates high heterogencity [41].

Risk of blas and qualiity of evidence assessment

Risk of blas (RoB) in the selected articles was indepen-
dencly evaluated by two reviewers (AM, RWN) using an
Rol assessment tool adapted from foanna Briggs Insti.
tute'’s (IBI) crivical sppraisal tools [42). The quality of
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Developasent, and Evalustions (GRADE) guidelnes [43].
RoB asurssment covered five domaine: study design and
Emitations, mconsistoncy In selected articles, indirect-
mess of the evidence. Imprecision, and publication bias.
Stodies sconing 0 to 1, 2 to X 4 to 5 and at beast 6 were
padged 10 be very bow, low, moderate, and high-quality
studies, respectively.

Publication bias

Publication biss was assessed by visualizing the asym-
metry of the fennel plot and examaning the peesence and
ditribution of dots im the plot [44). Egper’s statistical tost
was performed to assess the asymmmetry of the funne
plot. A statistically significant resalt (p<Q.05) in Egger's
test indicates that the funned plot asymmetry s due to
sanall-study effects [45) All data analysis was conducted
wskng STATA version 17 software package (Stata Corpo-
ration, College Station, TX),

Missing data

Variables that were messing from sncluded articles were
recorded as not reposted (NR). Authors of artiches with
missing data were contacted for additional Information,
bt only 2 small number (5/12: 41 67%) responded.

Ethics considerations

The study used already poblished Bterature with no direct
Bramnan subject contact and posed no risk 1o the partics-
pants who participated in the primary studies as deter-
mined by the Makorere Univenity School of Medicine
Inststutional Review Board (¢ Mak SOMREC-2021-152)
and Uganda National Councll for Science and Techaol-
ogy (# HS2744ES) (Table 1)

Results

A total of 1,718 asticles were retrieved from the Berature
scarch, and an additional 6 artickes were found

a scarch of the bibliographies of the identified articles.

Table 1 The PECOST famework
ﬁ Description

Rt ¥ Feond wils P A punes
# Stcparurn mied tom
Norw

Pooutation
Expomams
Coarrguertor
Ousorres. Pman oacooes 11 Dendaston of F Aok gerwly
Swarnry n S8 and 1) Pevalerce of F Rsoparum poky
clonet in S5

Faaers susocisted with 2 Sk ponem
QENEIC (veruy st NMOK i S5A
AR S5R et #FeCond Cour ey

Torw 2000 to-bhay 2008
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Of thewe, 52 articles met the incdusion criteria and were
included in the review analysis (Fig. 1) The ssticles were
from 25 of the 54 countries in SSA, covening a total of
11,640 genotyped parasite isolates from 9.062 symgto-
matic and 2578 asymptomatic Maswodivm falclparnm
Infections. Amoag the 52 anticdles, 39 (75%) employed
cross-sectional stedy design while 13 (25%) utilized
RCT/cohart stady designs. A total of 23 studies ensolled
both children and adalts, while 22 studies ensolled only
childron, 2 stodies enrolied only adults, and 5 stod-
e did not specdy the age group of theie study popala-
tioa. The predominmant geawtic markers used to genotype
parasites were the Joci, especially mge-J
and/oc msp-2, @ T0.9% (4052) of the studies, followed
by microsatellites markers only In 19.2% (1V52). Im one
study (L.92% 1/52), both microsatellites and msp 1 and/
or msp-2) were used, while in snother cee stady (1.92%
1/52), gemonyping of Plassodivm falciparam parasites
involved the s of Doth map- 1, map-2, and single nucleo-
tide polymorphisms (SNPs) (Table 2)

mp-
2 ad glurp), and microsatellites, was repocted using
cither allcde frequency. mean expected heteroxygosity,
or both, The frequencies of msp- 1 allcles (K1, MAD20,
and ROXE) were 20.8%, 42%, and 4.2%, respectively. in
Ethsopéa, a country with moderate malaria trassanission
in East Africa [79]. In high malaris transmission areas of
Equatorial Guinea in West Africa, these sanse allcles had
substantislly higher froguencies of 96.07%, 96.09%, and
TOTE%, respectivedy [22). The frequency of the mup-2
gene 1/C 3D7 allele ranged from 15.9% (o 98.3% in Ethio-
pla [19, 79], while the FC27 allde frequency ranged from
10.3% in Ethiopsa [84] to 98.9% in high malaria tramsenis-
ston areas i Benin [36]. Meanwhile, the freguency of
glurp ranged from 39.53% among symptoematsc individu.
als s a hgh malaria transmission setting i Nigerea [63]
1o 97.6% among severe malaria cases living s malasia.
moderate areas in Uganda [74] (Table 2).

The overall pooled allele frequencies of mp-J alleles
K1, MAD20, and RO33 were 61%, 44%, and 40°%, respec-
tively, while the overall polled allele frequencies of mugp-2
C 3D7 and FC27 alleles were 61% and 55%, respectively,
across reviewed stadies, Across regions, the pooled allele
freguencies of msp 1 alldies K1, MAD20. and RO33 were
AG%, A%, and 31N, respectively, im East Afrkcac 74%, 51%,
and 48%, respectively, i Central Africa; and 67%, 43%,
and AAN, respectively, in West Africa. In comparison, the
pooled allcle froquencies of the map-2 1/C 307 and FC27
alledes were 60% and 55%, respectively, i Eavt Africa,
67% in Central Africa, and 62% and 50%, respectively, in
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West Africa. For glurp, the overall pocled alldle froguency
was 66%, with a pooled fregoency of 90% and 70% in Eawt
and West African

parasite genetic diversity and MO! wang only microsated-
Mes and pot mesp- 1, msp-2, or glavp (Table 3).

Based on expected heterozygosity. the mean expected
heterazygosity was 0.09 in Ethiopia [19], a country with
moderate malaria transmission in Eavt Africa, and 093
i the DRC [B0], & country with high malaria transmis-
wmioa im Central Africa (Table 2). The overall pooled mean
expected heterozygosity acrass all studies was Q65 (95%
Cl: 051 -0.78). Across regions, the pooled mean expected
heteroxygosity was 058 (95% Cl: Q29-0.56), 084 (95%
CL O81-056), 074 (95% CL AT3-075), and 0469 (95%
Cl: 062-0.75) in East, Central, Southern, and West Afrs.
<can ceglons, respectively (Fig. 2).

Each Blae square bar isdicates the estemated mean
eapected heterosygonity in one study, and the lines
through the square represest the confidence interval
around the estirsate. The red diamond symbols represent
the pocled mean expected heterozygosity in each regron,
while the green diamond symbol repaesents the overall
pooled mean expected beterorygosity across all regioos.
The x-axis represents the scale for mean expected het
erazygosity which ranges between O to 1.

Flasmodiom fafciparus MO across malaria-affectod
comantries in SSA

Maomeodiem falciparsm MO, defined as the samber
of distinct parasite genotypes co-existing within a given
fection. MNaswodiumy falclparam MOI was repocted
wsing mean MO1 and or prevalence of polycional infec-
tion. The mean MOI rasged from 1.09 ia Echiopia in East
Africa [19] 10 551 in Equatorial Guinea i West Alrica
122] (Tabile 2). The overall pooled mean MO acroos stud-
e was 209 (95% CL: 1L88-230) Across regions, the
pocled mwan MOIL wax 205 (95% CI: L.83-226), 2.37
(05% CL: 1.28-346) 216 (95% CL: 209-223), and 1. 9%
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(95% CI: 1.53-2.39) ins East, Central, Southern, and West
African regions, respectively (Fig. 3).

The prevalence of polydonal infections ranged from
16.5% in Ethoopsa in East Africa [19] to 98% in Equatocial
Gusnvea In Central Africa {22) to 98% in Equatorial Guanea
in Central Africa [27] (Table 2). ‘Ihe overall pooled preva-
lence of Masmodium faloparum polyclonal infections
was 63% (95% Cl 56-70) across all studies. Across the
regions, the pooled prevalence of infections
wak 62% (95% CLS3-T1), 61% (95% CE 51-71), 65% (95%
CE 43-88), and 7IN (95% C1: 63-79) i Fast, West, Cen-
tral, and Southern Africa regions, respectively (Fig. 4).

Factors assocated with Flasmodiom fafciparvm genetic
diversity and MOt across SSA
Im three stodies [24, 72 88|, a positive association
between patient age and parasite density with FPlas-
modium  falciparum genctic dversity and MOT was
obnerved; however, this association was not comsistent
across other studies |36, 69, 79 Scene studies indicatod
an awociation between Mlawvwodivow falcipariow genetic
diversty and MOI with the use of chemotherapy to
suppress malaria infections. For instance, in a study by

MBaal {64]. a decrease in genetic diversity was
found over a 10.year period following the Introdection
of arvemisinin based combination therapy (ACT) in an
island with a 28% decrease for msp- 7 (froe
32 to 23) and pup-2 (from 29 to 21). MOT declned froms
311 0o L&D for mup-J and from 2.75 to 1.35 foe mgpe-2.
The prevalence of infiection for map-J declined
from 76.7% to 2T9.1% (P <001} and for map-2, #t declined
from 62.4% 1o 2838 (P<001).

Similarly, a study by Tadele et al [19] reported a decline

sity and MOI were found in both rural and urban set-
timgs. MO1 was higher &n naral than in wiban settings; for
instance, the mwean MOT for rural versss ueban aceas was
188 versus 1.55, while the prevalence of infec-
tion was 42.2% venus 577X (p=004) [71]. However, in 3

Table 3 Wmlundn MADX, ROA1C/3DT, FO2T andd glusy dledes acatns shadiees

Crre tamdy Aletes u-l‘ln wm West Africa Al regons
Froq i .o Freq el Freq IS swO Foeq ™ wwo
e ! Xl . 100 e - o “w-r . 19-¢¢
MADDO 4 100 1 -n 4“9 -3 - 12-%
RO " 17-4% - 1540 e - - 1048
moe-d X7 Lo w7y L 528 L) 172 ) 449
<D b1 L L1 5% 0 368 1) o4
v w e - - n as. 77 . L
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srudy conducted in an urbam seming in Uginds [78], the  falriparum genetic diversity and MO were ahia reponed
mwan MO values were even higher (R0 03 3.7 for severe ameesg Both aymplomatic |72, 74, 89 and aogmpeo-
and mild malaria casei, reipectnecly pe 0K Ehas Ehoses  matic salasia cases | LG, W Furtbermom, a posibee
cbaprved in rurall aress elswrwhere. High Masmodiom association between the genetic diversity and 30H of
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Plasssodicenn falciparum with malasia tranumiscsion swet-
tings, showing higher values in areas with high malaria
tramamission and lower values in those with low malaria
transmsission (2.13 in high and 1.29 in low malaria trans-
mission p<00001) has been reported [700. Meamshile,
the was high (049 to 0.62) and
bow (0.26 to 0.23) in high and bow msalaria transmission
settings. respectively. However, this sclationship was not
obaerved elsewhere repocted [37].

Subgroup analyris of Phasmodium faliiparum genetic
diversity and MOI baved on malaria clinical category

and the genotyped markers

Subgroup analysis of genetic diversity and MOI was con-

0.515-0.78) in stadics that enrolled only individuals with
asymptomatic infection and 063 (042-053) in thow
that enrolled oaly individuals with symptommatic infec-
tion, However, the pooled mean expected hoterozygosity
was 077 (075-0.79) in studics that envolled individuals
with either asymptomatic or symptomatc Hasmvodium
Slciparaom mdections.

Based on antigen-coding lock, msp-J, and/oc msp-2
genotypes, the pooled Plasmedissn falciparnme mean
eapecied heteroxygosity was 049 (95% C1 0.24-0.74)
In compazisca, @ was 0.76 {95% Cl 0.72-0.79) based on
microsatellite markers. The pooled mean MOI was 1.50
(95% Cl1 1.50-2.30) i stadies enrolling avympeomatic
indiiduals, 216 (95% C1 1.92-241) = stadies enrolling
symptomatic individuals, snd 185 (95% CI1 1.59-2.11) In
studies ensolling both asympeomatic and sympeomatic
cases. Im studies using antigen-coding loc msp- I and/
or msp-2 only. the pooled mean MOI was 2.14 {95% CI
1.91-238), while in studies using microsatellites, it was
163 (95% CT 111-2.15).

Marmodiom feiciparum heterogeneity in the included
studies

Stodies were combined and assessed for heterogene-
wy. Based on mean expected heteroxyvgosity, there was

high bheterogeneity among studies encolling asympto-
matkc individuals (F«99.61%, P<0001) and amceg

studies enrolling individuals with symptomatic malaria

e Spumr on revt page |
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(17 = 99.99%, P <0.001), Simillarty. » high level of heteroge-
noty was observed among studios wsing antigen-coding
lock, mamely map-1 and mgp-2 (P =99.87%, P<0001), as
well as microsatellites (17=9825%, P<0001). Regard-
Ing mean MOI, heterogeneity was high in studies encoll-
ing individuals with asymgeomatic malaria (I = 9864%,
P<0001), symptoosatic malaria (1° «59.60%, P<0.001),
and  both  asymptomatic  and  sysaptomatic  cases
(¥ 96.20%, P<0.001). A high level of heterogencity was
also observed acrens the genotyped markers, inclod-
ing amtigen coding lock, mup- 1, and mup-2 (P =9.619%,
P<0001), and microsatellites (I =9652%, P<0.001)
(Addntional file 1)

Risk of bias in the incheded studies

Methodological quality and reporting béas were identi-
fied as high In 28.5% (15/52) of the studies. There was &
potential for seloction biss, as seccosaful genotyping was
reported to be < 90% in 11.5% (6/52) of the reviewed seti-
den. Additosally, detection Sias rolated to the avwess-
ment of confounding factors was noted in 36.5% (19/52)
of the included artiches (Additonal file 4).

Publcation bias assessment

Viswal lespection of the funnel plocs obtained using
mean expected heterozygosity and mean MOL revealed
an asymmetrical distribution of estimates from the
middle line (Additicsal Ble 5). Eggers statistical test
showed a coefficient of 2,16, =054, and P=059 for
mean expected heteroaygosity, and a coethcent of 165,
2= 128, and P=0.2 for mean MOL

Discussion
The systematic review covered studies Investigating
Plasmodiwnm felciparwm genetic diversity and MOL in
malaris-afectod countries in SSA. Study findings indicate
substantial genetic diversity and MOI among parasites
circulating in SSA. The sebatantial regional variation s
paraviie geowtic diversity and MO! idestified in thes cur-
rent study likely reflects differences in regional malaria
transmission imdensity. This suggests that these markers
may be useful in evaluating malaria transmission patterns
and the effectiveness of control interventions.

Parasite gesetic diversity exhibited varations across
regions, with smsp- 7 (K1, MAD20, and RO33) and mup-2

Mg 3 Forent plct reprounring e pocted e MO of 2 Ascparum wlacuom acmms 1) et that mpoeed rmesiures of Superion 10 and 530y
o ey MO roalas - oS ocmed Courmres 0 558, 30030 by regron. ach DG sqpasee Dar nghcates the s4nimgtad mawn 2 1500 MOY ) ane
My, st the S teough the s@uaes trgererd e ocfdencn mierasl 200w the eutimuse The recd Survond wnbon reprenen the Dooked
i P A s NOR i £aCh megeon, W 10 oot} DArrOnd Yyrr ol repeedrad I ovev sl Do0iend A SS5paeurn mdn VAT aOowos of regeora

Thee 200 parenty T M 550 e MDY

138



Mwrugws of ol Mofaro Jownol X&) 2587 Page 12l 19

Efect sics Wegwm

Author Yoar Country - G ™~
Caw Afecs

L e FOUT g o TIOLON. 143 20
e 299 T a TAO( AN A 30
St O 00 Temeerws m ALY 0 YR >0
Cretet, T 022 Deope ] ABALNAZ VY 3N
e ¥ 2008 Paends o AXMAA Yy A
Nderw, D 2010 ey = TROFEPD ANy 332
[T - 200 Eg. - TAO[t32 208 20
L ITTT G TWLr. 3 2
e A A 2003 Bten YRR 230 20
Momarenat = 200 Do - 200V 247 24
D W 209 Wawys = 200210 229 3D
Mahah Abdet Hamed M 2008 Seden = 2285287, 24) 27
Feyet b L 200V Ugande =1 2400238 248 A2a
P - JO1  EWeapes - JeO(23¢, 298 3¢
Mt it - TONF Erepie - JROLINe, 208 202
P 2000  Uwape - FIVEIVL. 249 30w
Towrny A O AL Kewyw

e i — L IPE2AS. AN 152
Hetarogenety 1 = 010 1 = ST A1% ' = 3004 ‘ 2085003 239

Totol =6 Ot =Gta 2 p=000 |

Carma Alea

Mawh Mocenta ©F 2018 Geton | ALV A A
Do Abosmt M K 2018 Gaton -3 TROFIEYL A M6
Sevoscn. 8V 02 DAC q TSI N0 208 A2
Aptogon, 10 2008 Camwercos - 2350248 28] 7
My A 2003 Oeton ! ] k-1 A0OLAM Al 324
Hetasmgurmty 10 1000 40N M . 0 — = 237pran d4e
oMol B 5 8 Ond) = 1TUT B 5« 000 |

Southers Alsce

Cremwwedn o8 2021 8 Amce = 213204 321 32
o M & 2090 Eewaten | J30[310 33 33
Hetasngerety = 000 ¢ = 1683% ' =« 1 J0 220 330

TeM a0 =0 O =120 p= 02T |

Weat Avica

Al 2 218 Grees " TIPLAIY, 18N e
A & 2007 Ohass - 1Ol AW 22
Nsdt 00 e » TIIENEI NI A
et AP 2018 Bartens Fane o TERCTY, YRS AT
Agnmn. C P m SeRCres 2N A
Oyeced. 54 2013 Ngere - 208070 2400 299
uang B 2018 Coee dwaes r 2310290, 230 322
Sonce, P 200 Burvms Fase = XA 2N A
Hetasaganmty '« 030« 90 0% o v 621 20 <5 Isefrsa 3%
ool B« & G » 4388 37, p » 000 | l

Frv— . < Jon e 330

Setngerty ' 5 030 ¢ = 00 0an o' v ITT At
Toslinl@ =8 GOV~ MOL T p =000

Tent of Qoup SBwwrces QUM 100, p - 00

- e 34 O™ et rde
Fig. 3 (Ser logerd O prewius Qe )

139



Mwwugwa ot ol Mokarie Jourser 2004 2597

i
{

FRUNEIYURITRNANIRAIAYNR

T T T

ey FICV IR s iR

Aoww Ao
g X4
e
-e ®

e
S .
Nt

ey V
Oyeiee 3
agoma €
Cvetes 11
Aoty
—~—— b

e 8
Cnagra A S
e L8
e
e PN h

S LE LI ERREI2EE

Basen M e

Db 0 E
A Ve o
ey fewnm M 30O ]
B =S~

|
|

ey wesves grwge | 0 4 M

Ovnll 2o mE™ printy

tageew
ngnIe
ANRM I,
L LA L)
LR
EE L R LU
LM RN
LR
EL L AL
MNER -
AR L
ECLE
SMps T
LT AL ]
Llal L X Eod
R Ll Rl
Lo L
ANgIAN
Ll LUNT 3
ImEpNAS
Ll LR L
mpirey
P LN
e

AgnIn
e
L ST
LR LS R
L LN e )
IMEM Fm
R
L
LU LA B
Ll L XL
A RBAMN
smgseIw
il S b
S i
L LS N
ImaRen
Ry

sepBaAN
L LN L
LU LR L
mgw e
ImEnID
L
Amgarm

R LR
SRy
LT
ANERA™

L L

-
W

m

e
i

e
P

e
e
i

s
iws

m
™

m
w
am

i
=

n
-
i
s

s
v
L]
2
e
an
e

1

Iw
.
e

Page 140019

i & Furesl C8t Mepriy g T DOCRD SvevidersOr & G Eanur OO0 rfectonm seporied Gy 48 5uders SO suird MMecind Courtsed
0 55A, 30003 by regen Tach gray wane D it 3 Black dot Indicanes thw eremuned presatencr of P lafopane pofpcional indactions In one wudy
) B ey WrouGh e Juie e the corfdencs rfervid seoursd the estirrate The Sarvond sl repstsertt (he pockat (rovaieres
of P Ricpanure ycionad mlecriond

140



Marugea ¢ of Molaro Sourme’ o 255y

(VC3DT and FC27) allcies shawing dfferent Eroquencies
n different regions. The finding that high Maowodium
Swlciparsm genetic diversity was reparted in both high
{51] and low 165] malaria transmission areas in SSA s
interesting. Parasite genetic diversity resalts from genetic
recombination in the mosquito {6, 91], and &s more likely
n areas with high local malara transmission intensity.
‘The high parasite genetic diversity in somse areas i there-
Sare 4 cause for concern because @ may indicate ongoksg
transesibaion despite the istenaification of malaria con-
trol measures [53]. Nonethelows, there ane asvas with low
Flaswodiem feloparum genetic divority, indicating that
malarta control and surveillance efforts should be tai-
Sored accordingly.

Plaswodion falciparsms mean MOI aso exhibited
wide vanations across reglons, ranging from 1.09 to
5.51, with an overnall pooled mean MO of 2.09. Mean-
while, the prevalence of infection also varked
significantly, ranging from 163% to 98%, with an over-
all pooled prevalesce of 63% across studies. Previous
reports have docamented wide variations in Masmodium
Salciparaon mean MO) (rangieg from | to 6.1) and the
percentage prevakence of polyclonal infections (ranpeg
from O to 96%) [25]. High mean MOI and the presence
of polyclonal Infections serve as key Indicatoes of high
malaria transmission intensity [16, 70). These factors are
influenced by increased vector populations, promotisg
cither seperinfoction or the concurrent transmission of
wnrelated parssite genotypes [921 The varistions across
rogions suggest difforences in malaria transmission pat-
terns acrons SSA, emphasizing the need for modifications
n malara vector control and the implementation of cus-
tomized regional malaria control measures.

The review idemtified several factors associated with
Plasswodioeom falcparume genetic diversity and MOL
including parasite density, the clinical category of malaria
nfection, patiest age., malaria control interventions, and
malaria tramsmicdon intensity [16, 19, 24, 48, 70, 72, 89{
These findings extend those from previous stadies that
reported a positive correlation between parasite den-
sty and parasite genetic diversity/MOI |70, 75), Higher
parasite density increases the likehihood of carrying dis-
tinct parasite genotypes [70], while an Increase In age
enhances imenunity to malaria [93] Addizionally, PMlasmo.
dism falciparn genetic diversity and MOT were found
to be higher i rural settings {711 although other reports
indicated higher genctic dversity in arban  settings
[74]. Low parasite genetic diversity and MOI have been
reported i areax of Exhiopia, suggesting the effectiveness
of malania control interventions [19],

High PMaswedisw falcparum genetic diversity and
MO! were reported among both symptomatic |72, 74,
39] and asymptomatic malaria cases [16, 48, 90|, The

Page 156419

occutrence of mulliple Plasssedivm Solcipwranm infec-
toes could powe a challonge te parasite cdimination
effocts [ 16] due to s positive association with antimalar-
lal drug fadure [M]. Asympromatic infection Is typically
characterized by low parasitaemia [95] and high MOI
138]. Asymptomatic individuals with low parasitaemia
often remain undetected, thas a reservolr for
malaria transmission and s speead [96]. The variability
in parasite genetic diversity infection peofiles has impli-
cations for treatmont stratogies. as well as the efficacy of

and MOL Studies exclasively employing antigen-coding
loct (wesp- 1 and /o smusp- 2} reported a higher pooled necan
MO (2.14), while those miécrosatelfites showed a
lower pooled mean MOI (1.63). The abundance and high
polymscephion of microsatellites make them meore st
able for estimating MOT comspared to map-/, nuap-2, and
glurp, which are relatively fower and exhibit lower lev-
s of polymocphism [13]. Mogeoves, mup- 1, sup-2, aod
£luryr are sasceptibde to imsmune selection [97], Another

MWMN&MMH:&:M

of shoeter frageents, leading to the loss of
langer alledes [14, 151 This emphasizes the importance of
employing advanced tools soch as micresateilite analysix
and whole-genome sequencing for accurately sswessing

implications for future research and policy

The substantial variations in Masmodaon Aulciparnm
genetic diversity and MO1 in SSA secessitates continu-
ous genomic surveillasce in different mualaria trasanis.
sion settings. Currest rescarch predomisantly focuses
on sysplomatic mualana infoctions e children etilising
mup-1 and mup-2 geactic mackers for asursing penetic
diversaty and MOL Fulure stodies should broaden their
focws to nclude both adults and children across &d-
ferent malaria transmission contexts. Incorporation of
advanced tools like microsatellite and whole-genome
sequencing, & croclal foe accurate assessments of para-

site gesetic deversity.

Strength of the study

The review focused oo peer-reviewed asticles published
over an extended period of time to adegeately appreci-
ate the genetic diversity and MOI of Meswadiomw fal-
cparum parasites carculatson in SSA. an area which
contribetes over 95% of global malaria cases. The review

focased om genetic markers (msp- L, mep 2 glurp. sad
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microsatellitos) that are more common and readily avad-
able i resource-limited settings in SSA. The roview was
conducted following standard PRISMA-P review guide-
nes to enhance the rellabdity of the findings.

Limtations of the stwdy

The peesent stody has several limitations. Firstly, rellance
on pecr-reviewed publidhed articles may have introduced
potential publication biss. Secoadly, studies that did not
explicitly mention Flasmediam felcipversm gonetic diver-
sty and/oe MOI in the tatle mray have been mbsed. Adds-
tionally, the geographical coverage of articles was not

within the region. For instance. ondy two of the reviewed
stodies originated from Southern Africa [58, 65), focus.
ing solcly on microsatellites rather than wep-J, map-2.
and glurp, which limsts inferences abost marher distriba.
tion in this region. Furthermare, the exclusion of studies
Racking mwasures of diapersion (Cl and SD) affected the
meta-analyvis of mean eapected heterozygosity and mean
MOL

o surveillance,
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Genetic diversity and population structure ==
of Plasmodium falciparum across areas of varied
malaria transmission intensities in Uganda

Alex Mwesigwa'?", Stephen Tukwasibwe?, Bryan Cummings®, Hakiimu Kawalya®, Shahiid Kiyaga™'?,
Stephen Okoboi®, Barbara Castelnuova®, Everd Maniple Bikaitwoha', Joan N. Kalyanga', Samuel L Nsobya®,
Charles Karamagi', Pauline Byakika-Kibwika®® and Joaniter | Mankabirwa'-*

Abstract

Background Malaria remains a significant global health threat, with sub-Saharan Africa (55A) bearing the high-
est burden of the disease. Plasmodium falciparum is the predominant species in the region, leading to substantial
morbidity and mortality. Despite intensified control efforts over the last two decades, B falciparum genetic diversity
and multiplicity of infections (MOI) continue to pose significant challenges 1o malaria elimination in the region. This
stucly assessed £ falciparum genetic diversity and population structure in areas with low, medium, and high malaria
transmission intensities in Liganda.

Methods A total of 288 P falciparum-positive samples frorm children (6 months to 10 years) and adults (= 18 yearg)
livimg in Jinja (low transmission), Kanungu (medium transmission), and Tororo (high transmission) were genotyped
using seven neutral microsatellite markers. Genetic diversity was assessed based on the number of alleles (M), allelic
richness (Ar), and expected heterozygosity (H,). Population structure was assessed using the fixation index, analysis
of molecular variance (AMOVA), and clustering analysis,

Results High P falciparum genetic diversity was observed across all study sites, with Kanungu exhibiting the highest
mean H, (081 £0.14), while Jinja and Tororo had lower mean H, (0.78 £0.16). P falciparum MOH varied significantly,
with Tororo showing the highest mean MOI (2.5 £0.5) and 70% of samples exhibiting polyclonal infections, com-
pared to Jinja’s mean MO of 1.9+ 0.3 and 58% polyclonal infections. Significant multilocus linkage disequilibrium
(LD} was noted (p< 0001}, ranging from 0.07 in Tororo 1o 0.14 in Jinja. Parasite population structure showed minimal
genetic differentiation (Fg; ranged from 0011 1o 0.021) and a low AMOVA value (0.03), indicating high gene flow.

Conclusion This study demonstrates high £ falciparum genetic diversity and MOI but low population structure,
sugaesting significant parasite gene flow between study sites. This highlights the need for integrated malaria control
strategies across areas with varying malaria transmission intensities in Uganda.

Keywords Plasmadium falciparum, Genetic diversity, Multiplicity of infection, Population structure and microsatellite
markers
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Background

Despite the intensification of malaria control measures,
malaria remains a significant health challenge, especially
in sub-Saharan Africa (SSA). According to the World
Malaria Report 2024, there were 263 million recorded
malaria cases globally, with 246 million occurring in
SSA in 2023 alone. Uganda accounted for 4.8% of global
malaria cases and ranked as the third-highest contributor
to malaria cases globally [1]. Over 90% of these cases are
caused by Plasmodium falciparum, the species responsi-
ble for the highest levels of morbidity and mortality [2].
Furthermore, P falciparum infections exhibit consider-
able genetic diversity, which contributes to anti-malarial
drug resistance and complicates control and elimination
efforts [3].

Plasmodium falciparum genetic diversity, which refers
to variation within its populations, primarily arises from
genetic recombination during sexual reproduction in
the mosquito vector. This recombination leads to exten-
sive allelic polymorphisms, Additionally, recombination
events and epigenetic modifications contribute to anti-
genic variation during the asexual stages of the parasite
within the human host [4-7]. Increased genetic recombi-
nation results in low linkage disequilibrium (LD), which
refers to the non-random association of alleles at differ-
ent loci within a population [8]. In P. falciparum, low LD
is commonly observed due to frequent genetic recombi-
nation in the mosquito vector, allowing alleles at differ-
ent loci to assort independently. This low LD facilitates
the spread of beneficial traits, such as drug resistance,
across various loci [3, 8, 9]. Therefore, monitoring LD is
crucial for understanding the spread of drug resistance
and the overall genetic diversity of the parasite—both of
which are essential for developing effective malaria con-
trol strategies.

In malaria-endemic areas, individuals can experience
repeated mosquito bites with different parasite strains, or
a single mosquito bite may carry multiple strains, result-
ing in a condition known as multiplicity of infection
(MOI) (10, 11). Plasmodium falciparum MOI refers to
the presence of multiple parasite strains within an indi-
vidual [12]. This can occur through two mechanisms:
superinfection, where a person is bitten by mosquitoes
carrying different parasite strains, and co-transmission,
where a single mosquito carries multiple strains. Both
mechanisms lead to infection with more than one strain,
though the transmission processes differ [13-15]. While
genetic diversity can involve several distinct strains, it
does not necessarily indicate that multiple strains are
present within an individual at the same time.

The genetic diversity of P. falciparum strains compli-
cates malaria control by increasing parasite virulence,
disease severity, and contributing to drug resistance
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[16-18] Some strains may evolve greater resistance to
anti-malarial drugs, making treatment more difficult
[19-22]. Mutations in key genes, such as pfert (chloro-
quine resistance transporter), pfimdrl (multidrug resist-
ance 1), and pfki3 (kelch protein), drive anti-malarial
drug resistance, which remains a major obstacle to
malaria control and elimination in Uganda [23].

Malaria control strategies, including insecticide-
treated bed nets (ITNs), indoor residual spraying (IRS),
and chemotherapy, are essential components of malaria
prevention [24, 25]. However, their effectiveness can be
compromised by the development of insecticide resist-
ance in mosquito populations [26]. Additionally, para-
site genetic diversity and MOI, which are shaped by
evolutionary processes such as genetic drift, mutation,
natural selection, and migration, influence the effec-
tiveness of these control measures and the spread of P
Sfalciparum across different transmission settings [27,
28].

P. falciparum genetic diversity varies across individu-
als, transmission settings, and seasons, highlighting the
need for continuous monitoring [29]. In areas with high
malaria transmission, P falciparum exhibits high genetic
diversity and low genetic differentiation, while in low
transmission areas, the parasites are less diverse [30-32],
Monitoring parasite genetic diversity and population
structure is crucial for assessing malaria transmission
dynamics, understanding connectivity between parasite
populations, and evaluating the effectiveness of control
interventions (28, 31, 33, 34]. This monitoring also helps
in understanding malaria epidemiology and resistance
patterns, which are vital for global malaria elimination
strategies [12, 35, 36].

Although some studies have assessed the genetic
diversity of P. falciparum in Uganda, most have focused
on symptomatic children living in areas with moder-
ate to high malaria transmission intensities [16, 37, 38].
No studies have examined the genetic diversity of P
Jfalciparum across different malaria transmission set-
tings (low, medium, and high) in Uganda, nor have any
included asymptomatic individuals, who are also impor-
tant reservoirs of malaria transmission. This gap high-
lights the need for a better understanding of how P
Jfalciparum genetic diversity and population structure
vary across these settings. This study aimed to assess
the genetic diversity and population structure of P fal-
ciparum in individuals from low, medium, and high
malaria transmission areas. By comparing these set-
tings, the study sought to understand how transmis-
sion intensity influences parasite gene flow and genetic
diversity. These insights are crucial for implementing
effective malaria control strategies and provide valuable
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data to guide malaria elimination efforts in Uganda and
other regions with similar malaria transmission patterns.

Methods

Study settings

The study utilized dried blood spot (DBS) samples col-
lected between August 2011 and July 2017 from par-
ticipants enrolled in cohort studies conducted in three
sub-counties: Walukuba in Jinja District, Kihihi in
Kanungu District, and Nagongera in Tororo District,

Fig. 1 Map of Uganda

%3 The malaria endemicity of the study sites at the time of sampie collection, Adapred from Karmya &1 &
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under the Program for Resistance, Immunology, and
Modelling of Malaria (PRISM) study. Walukuba is a
relatively low-transmission, peri-urban area near Lake
Victoria in the south-central part of the country. Kihihi
is a rural area with moderate transmission intensity, bor-
dering Bwindi Impenetrable National Park in the south-
western part of the country. Nagongera is a rural area
with high transmission intensity in the south-eastern
part of the country, near the border with Kenya. Malaria
transmission intensity in these regions was characterized

2015 [40]
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by the estimated entomological inoculation rates (EIR):
3.8 for Jinja (Walukuba), 26.6 for Kanungu (Kihihi), and
125 for Tororo (Nagongera) (Fig. 1) [39).

Study population

Details of the study population have been previously
described [40]. Briefly, all households in each of the
three sub-counties were enumerated and mapped, and
100 households were randomly selected to participate
in the cohort. The selection of houscholds was done
irrespective of the presence of fever at the time of
selection, to ensure that both symptomatic and asymp-
tomatic individuals were included in the study. Within
each selected household, both male and female chil-
dren aged 0.5-10 years, as well as one primary adult
caregiver (with no specific gender requirement), were
enrolled in the study. The inclusion criteria were based
on the household enumeration and mapping process,
with no additional requirements beyond age for chil-
dren and the selection of one primary caregiver per
houschold. Study participants were encouraged to
visit a dedicated study clinic open 7 days a week for
all their medical care. Routine visits were conducted
every 3 months and included a standardized evaluation
and collection of blood by finger prick for thick blood
smear, haemoglobin measurement, and DBS filter paper
samples for molecular analysis. Study participants who
had a fever (tympanic temperature > 38.0 "C) or a his-
tory of fever in the previous 24 h at the time of any
clinic visit had a thick blood smear read immediately.
If the thick blood smear was positive by light micros-
copy, the patient was diagnosed with malaria and man-
aged according to national guidelines. The cohort was
dynamic, with newly eligible children from participat-
ing houscholds being enrolled, and participants who
reached 11 years of age being excluded from further
follow-up. Study subjects who missed their scheduled
routine visits were visited at home and requested to
come to the study clinic as soon as possible,

Sample size determination
To determine the required sample size, a formula for
comparing two proportions was used:

n = [Za/2+28)« (p(1-py)) + P21 -Pz)]
/(pr=pa)’) =957,

where Za/2 is the critical value of the normal distribu-
tion at the 95% confidence level, which is 1.96; Z is the
critical value of the normal distribution for a power of
80%, which is 0.84; p,=62% is the moderate estimate
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of the proportion of multiple infections; and p,=80% is
the higher estimate of the proportion of multiple infec-
tions as per the studies from the East African region (7,
41]. Since there are three transmission settings, a total of
96 % 3= 288 samples was required.

Laboratory methods

Determination of parasite density

Microscopy slides for parasite density and species detec-
tion were prepared using a 2% Giemsa solution and
stained for 30 min, with both thick and thin blood films
being prepared. Experienced microscopists examined the
slides under a light microscope at 100X oil immersion.
P. falciparum parasite density was determined by count-
ing asexual parasites against 200 leukocytes. The parasite
density per uL of blood was calculated by multiplying the
total parasite count by 40, assuming an average of 8000
leukocytes per pL of blood [42].

For quality control, each smear was independently read
by two microscopists. Though discrepancies—defined as
differences in species diagnosis, parasite density > 50%, or
presence of parasites—were rare, any identified discrep-
ancy prompted a review by a third trained and experi-
enced microscopist. Final parasitaemia was determined
by averaging the readings of the two microscopists or, in
cases of disagreement, by averaging the third microsco-
pist’s reading with that of the closest of the initial two,
In cases where the third microscopist's reading was sig-
nificantly different, it was used as the final for determina-
tion of both parasite density, and species. To minimize
discrepancies, all microscopists underwent thorough
training on standardized techniques and parasite identi-
fication prior to the study, and regular assessments were
conducted to ensure consistent performance. Slides were
not blinded to the microscopists, but each microscopist
independently read the slides without knowledge of the
other's results,

Selection of the samples for molecular analysis

During the study period, a total of 1466 samples were col-
lected from study participants: 495 from Walukuba (Jinja
District), 396 from Kihihi (Kanungu District), and 575
from Nagongera (Tororo District). A total of 288 DBS fil-
ter paper samples, collected from P. falciparum infected
individuals on the day of participant enrollment for par-
asite detection, were randomly selected for molecular
analysis. These samples included 92 from Walukuba, 81
from Kihihi, and 115 from Nagongera. The samples were
retrieved from the IDRC biorepository at the Central
Public Health Laboratory in Butabika, Kampala, Uganda,
where they had been stored at — 20 °C to maintain DNA
integrity over time. To ensure that the samples were
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representative of the broader study population, a strati-
fied random sampling approach was employed. Selection
criteria included P falciparum mono-infection positivity
and the availability of sufficient demographic and clinical
data for each participant.

DNA extraction

P falciparum genomic DNA was extracted from DBS
using Chelex 100 Resin (Sigma-Aldrich, USA), following
the method described by Musapa et al. [43]. The Chelex
extraction method was chosen for its simplicity, cost-
effectiveness, and efficiency in processing DBS samples.
It effectively isolates P falciparum DNA, reduces PCR
inhibitors, and requires fewer reagents, offering a prac-
tical and reliable alternative to silica-based or column-
based methods. Briefly, 6 mm discs were punched out
from the DBS into 1.5 mL microcentrifuge tubes con-
taining 1 mL of 1X phosphate-buffered saline (PBS) and
incubated overnight at 4 “C. The punching machine was
cleaned with DNase, and a clean blank piece of What-
man 3MM filter paper was pre-cut between samples to
prevent cross-contamination. The discs were washed
twice with 1 mL PBS and then boiled at 99 *C in 200 pL
of 20% Chelex (Sigma-Aldrich, USA) in DNase/RNase-
free water. After a final centrifugation step (14,000xg
for 1 min), the extracted DNA was transferred into a
labelled 0.6 ml. microcentrifuge tube with a 100 pl elu-
tion volume and then stored at — 20 °C until further use.
P. falciparum detection and confirmation was performed
through genotyping of P falciparum 185 rRNA using
nested PCR [44]. As an internal control, every eighth
sample consisted of a blank filter paper sample that was
cut, extracted, and processed alongside the field samples
to identify any contamination that could lead to false
positives.

Microsatellite genotyping
Microsatellite markers, including Poly-a, TA1, TA109,
and PfPK2, exhibit a high level of variability and have
been widely used to assess P falciparum genetic diver-
sity and population structure in malaria-endemic regions
[9, 45]. P falciparum genetic diversity and population
structure were evaluated using a panel of seven neutral
polymorphic microsatellites: TA1 (Chr6), Poly-a (Chr4),
PIPK2 (Chrl2), TA109 (Chré), 2490 (Chrl0), C2M34-
313 (Chr2), and C3M69-383 (Chr3). These microsatel-
lites were genotyped using primers labelled with HEX or
6-FAM (Additional file 1: Table S1). The microsatellites
Poly-a, TA1, TA109, PfPK2, and 2490 were nested, while
C2M34-313 and C3M69-383 were unnested.

For the nested PCR reactions, the primary reaction for
each marker was carried out in a total volume of 15 plL,
containing 10.5 pL of molecular-grade PCR water, 1.5 pL.
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of 10x reaction buffer, 0.3 pL of ANTPs (1.25 mM), 0.3
pL of Forward Primer (10 pM), 0.3 pL of Reverse Primer
(10 uM), 0.25 pL of AmpliTaq Gold (5 U/pL), and 2 pL
of DNA template. The Round 1 PCR conditions were as
follows: 94 °C for 2 min, followed by 25 cycles of (94 °C
for 30 5, 42 °C for 30 s, 40 °C for 30 s, 65 °C for 40 s), and
ending with 65 "C for 2 min. The secondary reaction
contained the same reagents as the primary reaction,
with the addition of 0.3 pL of the labeled primer for each
marker. A 2 pL aliquot of the primary reaction product
was used in a final volume of 15 pL for the nested PCR
reactions. The Round 2 PCR conditions were: 94 *C for
2 min, followed by 25 cycles of (94 °C for 20 s, 45 °C for
20, 65 *C for 30 s), and ending with 65 *C for 2 min.

PCR conditions for the C2M34-313 and C3M69-383
reactions were as follows: 94 *C for 2 min, followed by 5
cycles of (94 °C for 30 s, 50 °C for 30 s, 60 °C for 30 s),
then 40 cycles of (94 °C for 30 s, 45 °C for 30 s, 60 °C
for 30 s), and ending with 60 “C for 2 min. A 2 pL sam-
ple of the PCR product was then run on a 2% agarose
gel to confirm amplification before being analysed on
the sequencer. The amplified PCR products were trans-
ferred to safe-lock DNA amplicon storage tubes, securely
wrapped in aluminum foil, and sent to Ingaba Biotec in
South Africa for microsatellite fragment analysis using an
ABI capillary electrophoresis platform.

Microsatellite analysis

Microsatellite fluorescent-labelled PCR products were
analysed to determine their fragment lengths using the
ABI 3730xl (ThermoFisher/Hitachi) genetic analyzer.
Peak scoring was performed with GeneMarker HID
V295 software. For samples with multiple peaks, the
highest peak was defined as the dominant allele, while
peaks with a height greater than 200 relative fluorescence
units (RFU) and more than 20% of the dominant peak
height were considered minor alleles. To ensure the qual-
ity and reliability of the data, the raw electropherogram
data in.fsa files, generated by the ABI 3730x], were first
analyzed by the Inqaba Biotec team. A thorough review
and revalidation of the data were then conducted using
the.fsa files to ensure its accuracy before proceeding with
the final analysis.

Data analysis

Participants’ demographic and clinical data, including
age, gender, parasite density, and haemoglobin levels,
were extracted from the primary PRISM cohort database
and exported to STATA version 17 (Stata Corp., College
Station, TX, USA) for analysis. Microsatellite data were
retrieved from the ABI 3730x| Genetic Analyzer. Subse-
quent genetic analysis was conducted only on samples
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where at least five microsatellite markers were success-
fully amplified, using only the predominant alleles to
minimize bias associated with analysing samples with
multiple infections.

Plasmodium falciparum genetic diversity

P falciparum genetic diversity, defined as variation in
genetic composition [46] resulting from genetic recom-
bination or mutation [47], was assessed in cach parasite
population from each study site by calculating the mean
number of alleles (N,), allele richness (Ar), allele fre-
quency, the number of effective alleles (N,) and expected
heterozygosity (H,) across each locus. These metrics were
calculated from the predominant allele dataset using
GENALEX 6.5 software [48]. The H_, defined as the prob-
ability that two randomly selected clones from a popula-
tion will carry distinct alleles at each marker locus, was
calculated using ARLEQUIN software version 3.11 [49]
with the formula:

He = [n/(n - n][n = zpi’].

where 'n’ represents the number of isolates analysed and
‘pi’ is the frequency of the ith allele in a given population.
H, values range between 0 (no genetic diversity) and 1
(high genetic diversity) [9]. The average N,, N, and H,
values for each study site were computed as the mean of
the values from each locus. Significant differences in N,
Ar, N_, and H, across study sites were detected using the
Kruskal-Wallis test at p<0.05.

Plasmodium falciparum MOI across the study sites
Pfalciparum MOl defined as the number of distinct
parasite genotypes coexisting within a given infection
[12] was determined based on the maximum number of
alleles per locus. Isolates with only one allele were con-
sidered monoclonal infections, whereas those with more
than one allele were considered polyclonal [31]. The
results were summarized by counting the number of par-
ticipants exhibiting a certain number of clones and com-
pared across study sites.

Plasmodium falciparum parasite population structure
analysis

P. falciparum population structure across the three study
sites was assessed based on Wright's F-statistics (Fgy),
linkage disequilibrium, and cluster analysis. Fg; values
were calculated using Arlequin 3.11 [49]. The Fgy val-
ues were classified as follows: 0 to 0.05 for low genetic
variability, 0.05-0.15 for moderate genetic variability,
0.15-0.25 for high genetic differentiation, and >0.25 for
substantial genetic differentiation [50]. Inter- and intra-
population variance was determined using analysis of
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molecular variance (AMOVA). Multilocus LD, measured
as the standardized index of association (1,°), was calcu-
lated using LIAN version 3.5 [51] for the whole dataset.
This index was calculated as:

15 = (1/n — 1((VD/(VE) = 1),

where VE is the expected variance of the nth num-
ber of loci for which two individuals differ, and VD is
the observed variance. The significance of 1,° values
was tested using the Monte Carlo method. The distance
between isolates from the study sites was estimated
through Principal Component Analysis (PCoA) using
GENALEX 6.5 software [48] to assess parasite popula-
tion substructure. Additionally, cluster analysis was per-
formed using STRUCTURE v2.1 software [52].

Results

Characteristics of the study population

Of the 288 P. falciparum samples retrieved and geno-
typed using seven neutral microsatellites, 211 (73.3%)
samples successfully amplified on at least five microsatel-
lites and were included in the genetic analysis. Of these
211 samples, 109 (51.7%) were from male participants,
and the majority (54%) were from participants less than
five years of age. The parasite densities in the selected
samples ranged from 48 to 1,600,000 parasites/pL. Par-
ticipants from Kanungu had significantly higher mean
temperatures (38.3 “C) compared to those from Tororo
(37.9 °C) and Jinja (37.9 °C), while participants from Jinja
had significantly lower parasite densities compared to
those from other sites (Table 1).

Plasmodium falciparum genetic diversity

The mean number of alleles (N,) observed was
11294382 in Jinja, 13434458 in Kanungu, and
12.57 + 5.47 in Tororo. The markers C2M34-313 (Chr2),
Poly-a, and TA1 exhibited the highest number of alleles,
ranging from 13 to 21 across the three study sites. The
mean expected heterozygosity (H,) for £ falciparum was
0.78£0.16 in Jinja, 0.81 £0.14 in Kanungu, and 0.78 £ 0.16
in Tororo (Table 2).

The mean number of effective alleles (N, was
6.13+3.27 in Jinja, 6.85+3.73 in Kanungu, and 6.59 + 4.20
in Tororo. The mean allele richness (Ar) was 10.84+3.76
in Jinja, 12424424 in Kanungu, and 12.13£5.59 in
Tororo (Additional file 2: Table S2). A Kruskal-Wal-
lis test revealed no significant differences in the num-
ber of alleles (N,) or expected heterozygosity (H,)
values across the three study sites (p>0.05). Similarly,
no significant differences were observed for the effective
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Table 1 Demographic characteristics of the cohort participants whose samples are included in the analysis
Characteristic Owerall Jinja Kanungu Toraro P value
N=211 N=69 N=T1 HN=71

Age i years

< 5 ypars 3 4% 17

5=11 yesars 5 28 5

= 18 years 9 1] B
Gander (%)

Hale 536 507 50.7
Mean axllary termgeratune, “C (500 79£117 IEI=3 Er-EAN] Doo6
Geometric mean parasite densingul (G50) 41367947372 109,734 5 £ 48334 2FTAIMG 924510 <0001
Mean Hb gL (50) 1134+ 189 1036+233 11372184 <0001
Table 2 F falciparum genetic diversity based on numiber of alleles, and expected heterozygasity
Lacus Jinja Kanungu Torore

N, H, H, H, N, H,

2450 & 047 6 052 5 047
Faly-a 13 0EF 15 0 16 091
CIM34-313 18 092 20 093 21 093
TA1 13 08y 17 [T 16 086
TA109 10 0s 10 082 8 04
CING9-383 g 069 13 082 12 o7
i 10 01.84 13 078 10 04z
Mean 128 07e 1343 081 1257 078
5D 182 s 458 [IAE] 547 016

number of alleles (N} or allele richness (Ar) across the
sites (p = 0.05).

Plasmodium falciparum MOI

The highest rate of polyclonal infection was observed
in Tororo, with 50 out of 71 samples (70%). In Jinja,
40 out of 689 samples (58%) exhibited polyclonal infec-
tions, and in Kanungu, 40 out of 71 samples (56%)
showed palyclonal infections. The highest polvclonal
infection rates were recorded with marker C3MG9-
383, showing rates of 3% in Jinja, 80.3% in Kanungu,
and 88.2% in Tororo. Conversely, the lowest rates of
polyclonal infection were recorded with marker 2490,
with rates of 33.3% in Jinja, 24.9% in Kanungu, and
#6.5% in Toraro, The mean MOI varied slightly across
the study sites: ]inja had a mean of 1.9+ 0.3, Kanungu
had a mean of 2.0+ 0.05, and Tororo had a mean of
2.5+ 0.05 (Table 3). Across the sites, the microsatellites
C3MBE9-383 and TA1 identified more polyclonal infec-
tions (number of clones = 2), while 2490 identified the

most monoclonal infections. The Poly-a and PIPK2
markers recorded the maximum number of alleles |5]
(Fig. 2).

Plasmodium falciparum parasite population structure
between sites

Plasmodium falciparum genetic differentiation

The pairwise Fop values between the three study sites
revealed low genetic differentiation (<0.05), The low-
est genetic differentiation was observed between Jinja
and Tororoe (0.011), while the highest genetic differentia-
tion was observed between Kanungu and Tororo (0.021)
{Table 4).

Linkage disequilibrium [LD)

Multilocus Index of Association (1,%) analysis was per-
formed to assess the non-random association of all com-
plete haplotypes at the individual study sites. The LD
ranged from 0L07 in Torora to 0.14 in Jinja. Significant
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Table 3 2 faiciparum MOI in Jinja, Kanungu and Tororo
Locus Jinja (n = 69) Kanungu (n«=71) Tororo (n=71)
Percentage Mean MOI Percentage Mean MOI Percentage Mean MOI
polyclonal polycional polyclonal
2490 333 14 249 13 465 16
Foly-a 445 16 517 20 629 25
CIM34-313 732 21 319 14 545 2
TAl 9.1 22 817 24 80.7 2
TA109 476 19 418 18 746 27
CIM69-383 830 22 803 24 832 32
PIPK2 55.1 20 775 25 826 28
Mean 58 18 56 20 70 25
SO/*SE 6.7 03 *90 0s *59 05
" Standard error (SE)

multilocus LD was observed across all study sites
(p<0.01) (Table 5).

Principal Component Analysis (PCoA) revealed no
distinct clusters of parasites based on their geographic
origins (Additional file 4: Fig. S4). Subsequent cluster
analysis with STRUCTURE identified significant genetic
admixture within the population, Parasite samples from
all three regions displayed varying proportions of blue,
orange, and black clusters, reflecting the complex genetic
diversity among the isolates. The mixed genetic herit-
age of the parasites is evident from the overlapping and
diverse color proportions within the columns, underscor-
ing the intricate genetic landscape across the three study
sites (Fig. 3).

Discussion

The current study utilized seven neutral microsatellite
markers to characterize P falciparum genetic diversity
and population structure across three regions in Uganda
with varying malaria transmission intensities. The influ-
ence of transmission intensity on P falciparum genetic
diversity is well-documented. High transmission areas
typically exhibit greater genetic diversity and weaker
population structure, while low transmission areas often
show reduced genetic diversity, stronger LD, and more
defined population structure [9, 30-32, 53, 54]. How-
ever, the findings of this study revealed high P falciparum
genetic diversity and MOI, with limited population struc-
ture across the study sites.

The mean number of alleles (N,) observed in this study
ranged from 11.29 to 13.34, higher than values reported
in low malaria transmission areas such as Djibouti [55],
but comparable to findings in high transmission regions
of SSA, where N, ranges from 5.3 to 13.5 [55, 56]. The
high mean H, (ranging from 0.78 to 0.81) suggests a
large effective parasite population size, fostering genetic

recombination and diversity [4, 57). These values are con-
sistent with reports from other high malaria transmis-
sion regions in SSA, such as Madagascar, where mean H,
ranged from 0.82 to 0.89 across different malaria trans-
mission settings [58]. A study in Eswatini, a low transmis-
sion area, also observed a high mean H_ value (0.75) [59].
The persistence of higher genetic diversity in low malaria
transmission areas may be explained by the influx of P
Sfalciparum-infected individuals from high malaria-
endemic regions. This influx tend to sustain genetic
diversity even in areas with lower transmission rates. The
observed high genetic diversity in this study poses chal-
lenges for malaria control programs, as it complicates
immunity development, facilitates immune evasion, and
promotes the emergence of drug-resistant strains [3].
These dynamics are particularly critical in high transmis-
sion areas, such as Uganda, where repeated exposure to
diverse P, faiciparum strains may hinder the development
of immunity and reduce the effectiveness of vaccines and
treatment regimens.

This study found significant variations in P, falciparum
MOI across the study sites (p <0.001), with Tororo (mean
MOI=25) exhibiting the highest values, followed by
Kanungu (mean MOI=2.1), and Jinja (mean MOI=1.9).
These results reflect the higher prevalence of polyclonal
infections in the study areas, indicating high malaria
transmission, despite Jinja being classified as a low trans-
mission area. This pattern mirrors findings in other SSA
countries, For instance, in Rwanda, higher MOI values
were reported in high malaria transmission areas like
Ruhaha (mean MOI=2.13, polyclonal infection=62%)
compared to low transmission areas like Mubuga (mean
MOI=1.29, polyclonal infection=26.9%) [35]. Increased
MOI in high malaria transmission areas is typically due
to frequent exposure to multiple P falciparum strains
60, 61]. Conversely, low transmission areas often
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Fig. 2 Percentage of clones within each microsatefite marker with 1 clone (blue), 2 clones {green), 3 clones {red), 4 clones (yellow), and 5 clones

{purple) in Jinga, Kanungu and Tororo. The vertical axis represents the percentage of samples while the hotizontal axis represents the geneti
markess
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Table 4 Pairwise genetic differentiation {F;) among study sites

Jinja Kanungu Tororo
Jinja 0 0016 oon
Kanungu 0016 0 0021
Tocoro 0011 0.021 0

The AMOVA result (0.03) indicated that most of the genetic varlation (979% in
P. falcparum p e d within pop with only 3% of the
variation explained by differences between subpopulations across study sites
(Additional file 3: Table 53)

Table 5 Linkage disequilibrium analysis for P falciparum
populations obtained in each study site

Test factor Jinja Kanungu Tororo
Vo 2195 1928 1296
Ve 477 443 481
A 014 013 007
Var (V) 027 0.26 020
P value <001 <001 <001

Vo= \;;rwn:o; Vi = expected n)bn« #inkage oqu&mum
ensts; ', « Standardized Index of Assoclation

exhibit monoclonal infections, likely due to fewer mos-
quito bites and reduced genetic recombination [62, 63).
‘The observation of higher MOI in Tororo suggests that
malaria transmission rates are indeed high in this region,
consistent with neighboring high transmission areas
near Lake Victoria in Kenya, where polyclonal infections
are more common [30]. Increased MOI also increases
the likelihood of immune evasion and the emergence of
drug-resistant strains [64].

Allele frequencies and genetic differentiation analy-
sis revealed minimal genetic differentiation (Fgy ranging
from 0,011 to 0.021), consistent with previous studies
from other SSA malaria-endemic regions. For instance, £
Jfalciparum populations in Kenya have shown low genetic
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differentiation (Fg;=0.072) between high and low
malaria transmission areas [65]. Principal Component
Analysis (PCoA) in this study further supported the low
Fgp values, indicating minimal geographic structuring of
P. falciparum populations. These findings suggest high
levels of gene flow among parasite populations across
the study sites, a pattern that mirrors previous research
in SSA regions where high gene flow across subpopula-
tions has been attributed to factors like human migration
and movement (30, 66, 67]. In Uganda, such gene flow
may be facilitated by high rates of internal migration, as
observed in other SSA countries, contributing to genetic
similarities across £ falciparum populations in different
malaria transmission settings.

LD is inversely correlated with malaria transmission
intensity, with high transmission areas typically show-
ing low LD values due to frequent genetic recombina-
tion [8, 9]. In this study, LD values ranged from 0.07 to
0.14, which are considered low, indicating that alleles at
different loci are largely independent within the popula-
tions. This finding is consistent with studies from other
high malaria transmission areas in SSA, such as Mali and
Nigeria, where low LD values have been reported, sug-
gesting high rates of recombination and genetic mixing
[66, 67]. Similarly, a study in Kenya found a low genetic
differentiation index (Fg;=0.072, p=0.01) between low
and high malaria transmission areas [65]. The low LD and
observed admixture pattern in this study suggest limited
population structure, likely due to high levels of gene
flow and recombination across P, falciparum populations
[68]. Human movement across regions may also contrib-
ute to this genetic mixing, as P falciparum strains spread
between urban, rural, and border areas [30, 68, 69].
This interconnectedness of parasite populations under-
scores the need for malaria control strategies that take
into account the genetic connectivity between parasite
strains, advocating for regional rather than strictly local
interventions.

1 00
080
0 60
O a0
020
0. 00
' 2 2
. .. R4
Key: 1-Jinja 2- Kanungu 3- Tororo

Fig. 3 The Bayesian bar plot illustrates the population structure of R fokcipavum parasite isolates collected from three different regions with varying
levelds of malaria transmission: Jinja (low malana transmission), Kanungu (medium malaria transmission), and Tororo (high malaria transmission)
Each vertical bar in the plot represents an individual parasite isolate. Each bar is divided into colored segments, with colowrs (green, red,

and blue) represanting different genetic clusters of £ falciparum. The size of each coloured segment within a bar corresponds to the peoportion

of that genetic cluster in the sample
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Parasite density varied significantly between study
sites, with higher parasite densities in high transmission
areas, consistent with malaria transmission dynamics. In
high transmission regions, more frequent cycles of trans-
mission lead to higher parasite burdens in infected indi-
viduals. Studies from Uganda, including those near Lake
Victoria, have similarly reported higher parasite densities
in high transmission areas, correlating with increased
disease severity and inflammatory responses (70, 71]. In
contrast, low transmission areas such as parts of central
Uganda typically show lower parasite densities due to
fewer opportunities for infection, This further reinforces
the relationship between parasite density and transmis-
sion intensity.

This study provides valuable insights into the genetic
diversity and population structure of P falciparum
in Uganda across different malaria transmission set-
tings. While the findings share similarities with studies
from other African countries, such as Kenya, Rwanda,
and Tanzania, the regional differences in transmission
intensity observed in Uganda offer a unique perspec-
tive on the diversity and transmission dynamics of P
Salciparum. However, this study has some limitations.
It was conducted in only three regions, which limits the
generalizability of the findings to other parts of Uganda
with different ecological and epidemiological condi-
tions. Additionally, the relatively small number of adults
included in the study may have impacted the analysis for
this group.

Implication for future research and policy

The study findings highlight the dynamic nature of P, fal-
ciparum genetic diversity and population structure across
varying malaria transmission settings. High genetic
diversity and MOI in high transmission areas pose chal-
lenges for immunity development, vaccine efficacy, treat-
ment effectiveness, and the emergence of drug-resistant
strains. It is crucial for malaria control strategies to
consider genetic connectivity between parasite popula-
tions to optimize interventions and move toward malaria
elimination, Future studies should employ longitudinal
designs to examine temporal and seasonal changes in P
Sfalciparum genetic diversity and population structure to
better understand malaria transmission dynamics. Addi-
tionally, further investigations are needed to clarify the
underlying causes of low LD, which could be influenced
by factors such as population dynamics, genetic drift, or
natural selection,

Conclusion

This study reveals high P falciparum genetic diversity
and MOI, with low population structure, across various
malaria transmission settings in Uganda. These findings
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present significant challenges for malaria control in
regions with differing transmission intensities. The high
genetic diversity and prevalence of polyclonal infections
complicate immunity development and hinder efforts to
manage drug resistance. These challenges emphasize the
need for region-specific malaria control strategies that
account for the genetic connectivity of 2 falciparum pop-
ulations. Additionally, the study underscores the impor-
tance of continuous surveillance and the adaptation of
control measures based on genetic data to ensure the
sustainable elimination of malaria in Uganda.
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Abstract

Background Plasmodium faiciparum (P, falciparum) remains a significant public health challenge globally, especially
in sub-Saharan Africa (SSA), where it accounts for 9% of all malaria infections. The outcomes of R falciparum infection
vary, ranging from asymptomatic to severe, and are associated with factors such as host immunity, parasite genetic
diversity, and multiplicity of infection (MOI). Using seven neutral microsatellite markers, the current study investigated
P, falciparum genetic diversity and MOl in both asymptomatic and symptomatic malaria individuals in Uganda.

Methods This cross-sectional study analyzed 225 P faiciparum isolates from both asymptomatic and symptomatic
malaria patients, ranging in age from 6 months 102 18 years, P. falciparum genetic diversity, MOI, and multi-locus linkage
disequilibrium (LD) were assessed through genotyping of seven neutral microsatellite markers: Poly-a, TA1, TA109, PIPK2,
2490, C2M34-313, and C3IM69-383. Genetic data analysis was performed using appropriate genetic analysis software.

Results P falciparum infections exhibited high genetic diversity in both asymptomatic and symptomatic individu-
als. The mean expected heterozygosity (He) ranged from 0.79 in symptomatic uncomplicated malaria cases to 0.81
in asympromatic individuals. There was no significant difference (p=0.33) in MOl between individuals with asympto-
matic and symptomatic infections, with the mean MOI ranging from 1.92 in symptomatic complicated cases 10 2.10
in asymptomatic individuals. Polyclonal infections were prevalent, varying from 58,5% in symptomatic complicated
malaria to 63% in symptomatic uncomplicated malaria cases. A significant linkage disequilibrium (LD) was observed
between asymptomatic and symptomatic uncomplicated/complicated infections {p < 0.01). Genetic differentiation
was low, with Fe; values ranging from 0.0034 to 0.0105 among P, falciparum parasite populations in asymptomatic
and symptomatic uncomplicated/complicated infections.

Conclusion There is a high level of P falciparum genetic diversity and MOl among both symptomatic and asymp-
tomatic individuals in Uganda. Asymptomatic carriers harbor a diverse range of parasites, which poses challenges
for malaria control and necessitates targeted interventions to develop effective strategies.

| Keywords P falciparum, Genetic diversity, Multiplicity of infection, Malaria, Uganda
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Background

Plasmodium falciparum (P. falciparum) malaria poses
a significant global health challenge. Among the five
parasite species causing human malaria, P falcipa-
rum is responsible for the greatest burden of morbidity
and mortality, particularly in sub-Saharan Africa (SSA),
where it accounts for 99% of the cases [1). P falciparum
infection manifests in a range of clinical outcomes, from
asymptomatic parasitemia to symptomatic uncompli-
cated (mild) and complicated (severe) disease [2, 3).
These manifestations are influenced by various factors,
including host factors such as age and immunity, trans-
mission intensity, and parasite-related factors such as
genetic diversity, multiplicity of infection (MOI), and
parasite density [4-6].

P falciparum possesses a haploid genome spread
across 14 chromosomes, totaling 23 megabases (Mb).
The genome encodes multigene families, such as var,
rif, and stevor genes, which are crucial for invading host
red blood cells [7, 8]. These genes encode hypervariable
antigens and virulence factors that are exported to the
surface of the infected erythrocyte and are targeted by
naturally acquired immunity (8, 9]. They are expressed
haplotypically, with only one copy per infection, allowing
parasites to maintain fitness through gene switching.

Novel P falciparum genotypes arise from genetic
recombination or haplotype switching during the para-
site lifecycle in the female Anopheles mosquito vector
[10, 11]. In humans, genetically complex infections may
occur due to exposure to multiple parasite strains from
different mosquito bites (superinfection) or from a sin-
gle mosquito bite carrying multiple strains (co-transmis-
sion) [12, 13]. Multiple P, falciparum genotypes result in
a higher MOI [14] and may lead to an increased release
of proinflammatory cytokines such as IL-6 and IL-8,
contributing to the development of severe malaria [15,
16]. Conversely, immunity to a specific parasite clone
can protect against clinical malaria caused by that clone
[17]. For example, immunity to P. falciparum var gene-
encoded P. falciparum erythrocyte membrane protein 1
(PIEMP1) is thought to protect individuals against severe
malaria infections [18, 19). Increased host immunity to
infections genetically similar to previous infections may
protect against symptomatic malaria [20]. Conversely,
P. falciparum infection following recovery from previ-
ous polygenic infections is less likely to progress to clini-
cal disease [21, 22], whereas infection with new parasite
strains increases the risk of symptomatic infections [23]
and may favor gametocyte development [24, 25], enhanc-
ing parasite transmissibility [26].

The evaluation of P falciparum genetic diversity
and MOI in resource-limited settings typically relies
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on targeted genotyping of antigen-coding loci such
as msp-1, msp-2, and glurp (27, 28]. Although geno-
typing these antigen-coding loci is readily available,
these markers are subject to immune selection [29].
Advanced approaches, such as targeted deep sequenc-
ing, are sensitive methods for assessing parasite diver-
sity but remain inaccessible for most laboratories in
SSA due to their high development and maintenance
costs [30]. Microsatellite markers, considered selec-
tion-neutral and not targets for immune evasion, pro-
vide an unbiased view of parasite genetic diversity [31].
Neutral polymorphic microsatellites, including Poly-a,
TA1, TA109, and PfPK2, offer valuable and cost-effec-
tive tools for evaluating P. falciparum genetic diversity
[32-34]. In the P falciparum genome, these micros-
atellite loci are abundant, existing as [TAln, [T]n, and
[TAA]n repeats [35). Their high variability allows them
to distinguish between different parasite strains, which
is crucial for assessing MOI, an indicator of the number
of distinct strains infecting a host. Additionally, their
broad genomic distribution provides a comprehen-
sive understanding of genetic diversity across different
regions of the genome.

In areas with low malaria transmission, parasite
strains exhibit strong linkage disequilibrium (LD), low
genetic diversity, and significant population differen-
tiation. Conversely, in high transmission areas, para-
site strains show weak LD, high genetic diversity, and
minimal population differentiation [33]. Analyzing the
P falciparum genetic profile associated with malaria
infection enhances understanding of infection severity,
risk for antimalarial resistance, and potential effects on
treatment outcomes [36, 37]. The genetic diversity and
MOI of £ falciparum are correlated with malaria sever-
ity and are greater in symptomatic infections [38-40]
than in asymptomatic infections [41]. However, other
studies have reported high genetic diversity and MOI
in both asymptomatic and symptomatic malaria infec-
tions [23, 42-44], although some have found no sig-
nificant differences [45]. The diversity of P. falciparum
in asymptomatic malaria poses challenges for para-
site elimination, as asymptomatic infections are often
untreated and serve as reservoirs of transmission [46,
47].

In Uganda, studies on P. falciparum genetic diversity
and MOI have primarily focused on symptomatic chil-
dren, who often experience high clinical disease rates
[34, 48, 49], with little attention given to asymptomatic
and adults individuals. This study aimed to evaluate the
genetic diversity and MOI of P. falciparum infections
among both asymptomatic and symptomatic individu-
als by genotyping seven neutral microsatellite markers.
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Methods

Study design and population

This was a cross-sectional study. P falciparum geno-
typing was conducted using dried blood spot (DBS) fil-
ter paper samples collected from participants enrolled
in cohort studies under the Program for Resistance,
Immunology, and Modeling of Malaria (PRISM) pro-
ject. Details of these cohort studies are described else-
where [50]. Briefly, each cohort included participants
aged 6 months to> 18 years from 100 randomly selected
households in three sub-counties: Walukuba (Jinja dis-
trict), Kihihi (Kanungu district), and Nagongera (Tororo
district) from 2011 to 2016. Although malaria trans-
mission may have changed recently, at the time of the
study, Walukuba was a relatively low-transmission peri-
urban area near Lake Victoria in the south-central part
of the country. Kihihi, on the other hand, is a rural area
with moderate transmission intensity, bordering Bwindi
Impenetrable National Park in the southwestern part of
the country. Nagongera is a rural area with high trans-
mission intensity in the southeastern part of the coun-
try, near the border with Kenya (Additional file 1, Figure
S1). The DBS samples analyzed in the current study were
collected from participants on the day of enrollment for
parasite detection.

Participants’ demographics and clinical data

Demographic and clinical data, including age, sex, axil-
lary temperature, hemoglobin levels, and parasite den-
sity, were extracted from the PRISM cohort database and
managed in an Excel spreadsheet. Participants’ hemo-
globin levels were systematically measured using a port-
able spectrophotometer (Hemocue).

Laboratory methods

Laboratory assays, including malaria microscopy and
parasite genotyping, were conducted at the Molecular
Research Laboratory at the Infectious Disease Research
Collaboration in Kampala-Uganda.

P. falciparum parasite density determination

Microscopy slides for parasite density and species
detection were prepared using a 10% Giemsa solution
and stained for 30 min, with thick and thin blood films
used, respectively. Experienced microscopists examined
the stained slides under a light microscope at 100 x oil
immersion. Parasite density of 2 falciparun was assessed
by counting asexual parasites against 200 leukocytes. The
parasite density per pL of blood was calculated by multi-
plying the total parasite count by 40, assuming an average
of 8000 leukocytes per uL of blood [51]. For quality con-
trol, each smear was independently read by two micros-
copists, Discrepancies, defined as differences in species
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diagnosis, parasite density > 50%, or presence of parasites,
prompted a review by a third microscopist. Final para-
sitemia was determined by averaging the readings of the
two microscopists or, in cases of disagreement, by aver-
aging the third microscopist’s reading with the closest of
the initial two. The third microscopist’s reading was used
as the final determination for parasite species.

P. falciparum DNA extraction and detection

The genomic DNA of P. falciparum was extracted from
DBS filter paper samples using Chelex 100 Resin (Sigma—
Aldrich, USA) following the method described by Berec-
zky et al. [52]. Briefly, each filter paper punch (6 mm disc)
was incubated overnight at 4 °C in 1 mL of 0.5% sapo-
nin in phosphate-buffered saline (PBS). The discs were
washed for 30 min in PBS at 4 *C, transferred to new
tubes containing 25 uL of stock solution (20% Chelex-100
and 75 pL of distilled water), and vortexed for 30 s. The
tubes were then heated at 99 °C for 15 min to elute the
DNA, vortexed again, and centrifuged at 10,000 xg for
2 min. The extracted DNA was stored at—20 °C until
further use. Detection and confirmation of P. falciparun:
were performed through genotyping of P. falciparum 185
rRNA using nested PCR [53].

Microsatellite genotyping

Parasite genotyping utilized seven neutral polymorphic
microsatellites distributed across six chromosomes of P.
Sfalciparunr: Poly-a on chromosome 4, TA1 and TA109
on chromosome 6, PfPK2 on chromosome 12, 2490 on
chromosome 10, C2M34-313 on chromosome 2, and
C3M69-383 on chromosome 3, following established
methods. The PCR reactions for each marker were con-
ducted in a total volume of 15 pL. Poly-a, TAI, TA109,
PIPK2, and 2490 microsatellites were nested, whereas
C2M34-313 and C3M69-383 microsatellites were
unnested [54, 55]. For the nested PCR reactions, the pri-
mary reaction for each marker was carried out in a 15 pL.
solution containing 10.5 pl. of molecular-grade PCR
water, 1.5 pL. of 10xreaction buffer, 0.3 pl. of ANTPs
(1.25 mM), 0.3 pl. of Forward Primer (10 pM), 0.3 pL
of Reverse Primer (10 uM), 0.25 pL. of AmpliTaq Gold
(5 U/pL), and 2 pL. of DNA template. The Round 1 PCR
conditions were: 94 °C for 2 min, followed by 25 cycles
of (94 °C for 30 s, 42 °C for 30 s, 40 °C for 30 s, 65 °C
for 40 s), and ending with 65 *C for 2 min. The second-
ary reaction contained the same reagents as the primary
reaction, with the addition of 0.3 pL of the labeled primer
for each marker. A 2 pL sample of the primary reaction
product was used in a final volume of 15 L for the nested
PCR reactions. The Round 2 PCR conditions were: 94 °C
for 2 min, followed by 25 cycles of (94 °C for 20 s, 45 °C
for 20 s, 65 °C for 30 s), and ending with 65 °C for 2 min.
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PCR conditions for the C2M34-313 and C3M69-383
microsatellites were as follows: 94 °C for 2 min, followed
by 5 cycles of (94 °C for 30 s, 50 °C for 30 s, 60 *C for
30 s), 40 cycles of (94 °C for 30 s, 45 “C for 30 s, 60 “C for
30 s), and ending with 60 *C for 2 min (Additional file 2,
Table S2). A 2 uL sample of the PCR product was then
electrophoresed on a 2% agarose gel to confirm amplifi-
cation. The amplified PCR products were transferred to
safe-lock DNA amplicon storage tubes, securely wrapped
in aluminum foil, and sent to Inqaba Biotec in South
Africa for microsatellite fragment analysis using an ABI
capillary electrophoresis platform.

Microsatellite analysis

An ABI 3730xI (Thermo Fisher/Hitachi) genetic analyzer
was used to determine the lengths of the microsatellite
fluorescence-labeled PCR products. GeneMarker HID
V2.9.5 software was used to score the peaks. For sam-
ples producing more than one peak, the highest peak was
defined as the dominant allele, while other peaks were
defined as minor alleles if their peak heights were >200
relative fluorescence units (RFU) and > 20% of the highest

peak.

Data analysis

The participants’ demographic and clinical data, includ-
ing age, gender, parasite density, and hemoglobin levels,
were managed in Excel and exported to STATA version
17.0 (Stata Corp., College Station, TX, USA) for analysis.
Statistical comparisons of axillary temperature, hemo-
globin levels, and parasite density among asymptomatic,
symptomatic uncomplicated, and symptomatic com-
plicated cases were performed using the Kruskal-Wal-
lis test. The statistical significance threshold was set at
p<0.05. Microsatellite data were retrieved from the ABI
3730x1 genetic analyzer (Thermo Fisher/Hitachi). Sub-
sequent genetic analysis was conducted on a total of
211 samples, where at least five microsatellite markers
were successfully amplified. Among these 211 success-
fully amplified samples, the majority (129, 61%) were
polyclonal infections. Therefore, all genetic analyses were
conducted using only the predominant alleles to mini-
mize bias associated with analyzing samples with multi-
ple infections.

P. falciparum genetic diversity

Genetic diversity of £ falciparum, reflecting variation
due to recombination or mutation [56], was assessed by
calculating the mean number of alleles (A), the number
of effective alleles (Ne), and the mean expected heterozy-
gosity across each locus using GENALEX 6.5 software
[57]. Expected heterozygosity (He), defined as the prob-
ability that two randomly selected individuals carry
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distinct alleles at a marker locus, was calculated using the
following formula:

He = [n/(n—~ D][1- Y pi*2],

where ‘0’ is the number of isolates analyzed and ‘pi’ is the
frequency of the ith allele in the population [33].

P. falciparum multiplicity of infection

P. falciparum MOI was defined as the number of distinct
parasite genotypes coexisting within a given infection
[58]). Isolates with one allele were considered monoclonal
infections, whereas those with more than one allele were
considered polyclonal [59].

Analysis of multi-locus linkage disequilibrium and genetic
differentiation

Multi-locus linkage disequilibrium (LD) measured as the
standardized index of association (I,°) was calculated
using the program LIAN version 3.5 [60] for the whole
dataset. This index was calculated using the formula:

I3 = = (1/n = 1((VD/(VE) - 1),

where VE is the expected variance of the nth number of
loci for which two individuals differ. VD is the observed
variance. The significance of the 1, values was tested
using the Monte Carlo method. Genetic differentiation
was assessed using Wrights fixation index (Fgp) calcu-
lated using Arlequin 3.11 [61]. The Fg values ranging
from 0 to 0.05 indicates low genetic variability, 0.05-0.15
indicates moderate genetic variability, 0.15-0.25 indi-
cated high great genetic differentiation and>0.25 indi-
cates substantial genetic differentiation [62].

Results

Study population

A total of 225 isolates were genotyped, of which 211
(93.8%) were successfully genotyped on at least five neu-
tral microsatellites and included in the final analysis.
Among the successfully genotyped samples, 109 were
from males. The age of the participants ranged from
6 months to 53 years, with the majority being less than
11 years old. Parasite density ranged from 16 to 1,600,000
parasites/pL. Significant differences in axillary tem-
perature, parasite density, and hemoglobin levels were
detected among asymptomatic, symptomatic uncompli-
cated, and symptomatic complicated malaria individuals
(p <0.05, Kruskal-Wallis test). Symptomatic complicated
individuals had the highest parasite density and the low-
est hemoglobin levels (Table 1).
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Table 1 Demographic and clinical characteristics of the study participants

Characteristic

Asymptomatic malaria
infection (n = 70)

Age lyearsk <5 19

511 42

>18 9

Gender ratio (male/fermale) 34/36

Axillary temperature, °c (mean £ 5D) 368403

Mean parasite density/ul (mean £ 50) 5862545084
1516

Mean Hb g/dL (mean £ 5D)

P. falciparum genetic diversity among asymptomatic

and symptomatic uncomplicated and complicated study
participants

The genetic diversity of P falciparum, as indicated by
the number of alleles, allele frequencies, number of
effective alleles, and expected heterozygosity, was high
across both symptomatic and asymptomatic malaria
infections. The Kruskal-Wallis test showed no signifi-
cant differences in the observed number of alleles, allele
frequencies, number of effective alleles, and expected
heterozygosity between symptomatic and asympto-
matic malaria infections (p>0.05). The most polymor-
phic microsatellite loci were C2M34-313, TAl, and
Poly-a, with 17-23, 15-16, and 14-19 distinct alleles,
respectively. The least polymorphic microsatellite locus
was 2490, with 5 to 6 distinct alleles (Fig. 1 and Table 2).

Expected heterozygosity and number of effective alleles
The mean expected heterozygosity (He) ranged from
0.79 (£0.17) in individuals with symptomatic uncompli-
cated malaria to 0.81 (£ 0.15) in those with asymptomatic
malaria. The number of effective alleles (Ne) ranged from
6.07 (+3.65) among individuals with complicated malaria
to 7.42 (£ 5.15) in asymptomatic individuals (Table 2).

P. falciparum MOl among asymptomatic, symptomatic
uncomplicated and complicated malaria-infected
individuals

The mean MOI was not significantly different (p=0.33)
across the various P, falciparum infection categories. The
mean MOI ranged from 1.92 (+0.42) in individuals with
symptomatic complicated malaria to 2.10 (£ 0.36) among
asymptomatic malaria individuals (Table 3). The percent-
ages of polyclonal infections were generally consistent
across the different P falciparum infection types, rang-
ing from 58.5% (95% CI 44.60~72.39) among individuals
with symptomatic uncomplicated malaria to 63% (95% Cl
51.22~74.78) among those with complicated malaria.
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Uncomplicated malaria Complicated malaria P.value
infection (n = 86) infection (n = 55)
39 6
40 18
7 I
48/38 27/28
386409 383+1.1 <0001
61036446719 446303691365 <0.00)
114119 98+£24 <0001

Linkage disequilibrium (LD) and genetic differentiation

A multi-locus index of association analysis was per-
formed to assess the non-random association of all
microsatellite loci in the dataset. The statistical sig-
nificance of linkage disequilibria (LD) was tested using
10,000 Monte Carlo simulations. Significant multi-locus
LD was observed in both symptomatic and asymptomatic
malaria infections (p<0.01) (Table 4). The LD ranged
from 0.09 in symptomatic uncomplicated malaria to 0.12
in symptomatic complicated malaria infections,

Discussion

Genetically diverse and multiple P falciparum malaria
infections occur in both symptomatic and asymptomatic
individuals within a population [42, 44]. The presence of
diverse P falciparum strains in asymptomatic individuals
presents a major challenge to malaria elimination [46].
This is because asymptomatic infections often go unde-
tected by conventional screening programs and remain
untreated, persisting for over a year in an individual and
thus serving as reservoirs for malaria parasites [47, 63].
Analyzing the genetic profiles of P falciparum provides
valuable information on malaria infection outcomes
[64], helping to elucidate why some patients develop
severe disease while others experience a milder form. It
also offers essential parasite characteristics required for
designing effective intervention strategies to control or
prevent the disease [65].

Compared with other microsatellites, C2M34-313,
Poly-a, and TAl were found to be genetically more
diverse, supporting the findings of a previous study by
Ishengoma et al. [55] in Tanzania. This suggests that in
malaria-endemic countries, C2M34-313, Poly-a, and
TA1 may circulate at higher frequencies. The high poly-
morphism of these microsatellites reflects the high
genetic diversity of P falciparum parasites in the popula-
tion [54, 55).

In this study, P falciparum genetic diversity was high
in both asymptomatic and symptomatic malaria-infected
individuals, although it was slightly greater in asymp-
tomatic individuals (He=0.81£0.15; Ne=7.42+5.15)

163



Mwesigwa et al. Tropical Medicine and Health

" L L "

Ll
"
e

;..

TAL Ové

(2024) 52:86

L2
om
on
o

[ w

RER

« Il B lhl‘]i:lam.

lllll’ﬂlwmmﬂl‘l’l‘lﬂ“lﬂﬂ--.l’

(3M69-383, (he 3

.-Jl.l.lﬂ. LBue. oo ::.

1 18 T NI N e O M e e e e

016
o

o

k:

o

C2M34-313,Chr 2

 Hd, 1i| Iulhllwu.uu....u

200 200 203 207 209 220 225 225 227 229 251 233 235 237 235 241 243 245 247 249 255 259 281 217
Alleles (Up)

Poly a, Chr &

TA109, O 6

Page6of13

wollli

mmmmmmmmmxummmmmmmmmm

il

Illlllll'lﬂlllhl'---l’

IIm...,..

W W Wt

Fig. 1 The allele frequencies of the genctyped markers assessed among individuals with asymptomatic (biue), symptomatic uncomplicated
fgreen) and complicated (red) malaria infections. The vertical ads repeesents the frequencies of individual alleles, whereas the horizontal axis
represents the base pairs of each allele. Chr chvomosome, bp base pair



Mwesigwa et al. Tropical Medicine and Health [2024) 5.2:86 Page 7of 13
Table 2 The genetic diversity of P falciparurn isolates based on seven neutral microsatellites markers
Locus Asymptomatic malaria (n=70) Symptomatic uncomplicated malaria Symptomatic complicated
(= BE) malaria [n=55]

Na MNe He Ma Ne He Na Me He
2450 [ 215 054 ] 174 043 5 014 050
Polya 1F 11.15% 09z 19 1087 092 14 1019 0492
CIM34-313 23 17,00 036 23 1435 094 17 ([} 092
TA1 15 752 088 16 £.96 087 16 104 089
Ta109 1 547 0483 1 551 0E3 8 541 083
CIMG9-363 12 3.20 069 14 il orr 12 139 072
PiFE2 o 544 0483 (1] 359 DE3 12 532 083
Mean 1343 742 oAl 14,14 703 nre 12329 607 080
a0 5.50 515 015 576 428 A 4.8 365 015

Wa=number of different allebes: Ne =number of effective alleles = 1/} pi® 2} He = unbiased divensity/expected heteroaygasity = [ntm = 1)) [1 = Jpsn 21, amd
S0 = standard doviation. Na, Me, and He were calculated from the predominant allele dataset, The 95% corfidence interval (1) was caboulated as Cl =+ 1,96{50v),
whene & is the sample mean, S0 is the standard desiation of the sample, and n s the sample size

compared to  those with symptomatic uncompli-
cated malaria (He=07920.17; MNe=7.03+4.28) and
symptomatic complicated malaria  (He=080+0.15;
Ne =607 £ 3.65). This finding suggests that asymptomatic
malaria patients are likely to present a broader range of
parasite genotypes than symptomatic malaria patients.
Similar observations of high P falciparim genetic diver-
sity, characterized by high allele frequencies, have been
reported in asymptomatic compared with symptomatic
malaria individuals in Cote d'Ivoire [66]. Addition-
ally, high P falciparum genetic diversity, as indicated
by a mean expected heterozygosity (He) of 081 (range:
0.57-0.95), has previously been noted among children
with asymptomatic malaria infections in Kenya [43).
Other studies have indicated that symptomatic malaria
infections can also harbor highly diverse P falciparum
infections [48, 67, 68). Conversely, some studies have not
reported a difference in P faleiparum genetic diversity
between symptomatic and asymptomatic malaria infiec-
tions [69, 70).

In symptomatic uncomplicated malaria infections, the
high genetic diversity of P faleiparum may significantly
affect disease severity and contribute to within-host com-
petition among diverse strains [71]. These competitive
interactions can lead to the selection of resistant geno-
types [72). The occurrence of high P falciparum genetic
diversity in asymptomatic infections may stem from two
causes, First, in areas with moderate to high malaria
transmission, the development of strain-specific immu-
nity may favor asymptomatic carriers as reservoirs for
parasite transmission, allowing the continuous introduc-
tion of new strains into the host population and thereby
promoting genetic diversity and increased parasite fit-
ness [3]. Second, asymptomatic infections often persist as

low-density chronic infections, which can sustain diverse
parasite strains within the host [73, 74].

The B falciparum mean MOI did not significantly
differ between asymptomatic and symptomatic infec-
tions, although it was slightly higher among asymp-
tomatic individuals. This finding aligns with several
previous studies reporting no significant differences in
mean MOI between symptomatic and asymptomatic
malaria individuals [45, 66] or between uncomplicated
and complicated malaria cases [64]. Conversely, other
studies have reported higher MOIs in asymptomatic
malaria individuals [75]. For example, a recent study
by Sarah-Matio, Elangwe et al [42], conducted in a
high malaria transmission area in Cameroon, revealed
a greater MO in asymptomatic individuals compared
to symptomatic individuals (MOI=3 in asympto-
matic individuals versus median MOI=2 in sympto-
matie individuals; p<0.001). However, Simpson et al
[40] reported a contrasting result, with a higher MOI
in symptomatic individuals than in asymptomatic
malaria-infected individuals (2.24 versus 1.69; 95% CI
0.01-0.72; p=0.046). The high mean MOIL in sympto-
matic P falciparum individuals may be partly due to the
fact that symptomatic malaria infections often involve
higher parasite densities [76], which can facilitate the
presence of multiple strains, Infection with multiple
strains in symptomatic individuals can lead to increased
severity, complicating clinical management and treat-
ment strategies [49], Asymptomatic malaria cases often
occur in areas with relatively high transmission inten-
sities [77, 78], where multigenotype infections result
from exposure to multiple parasite strains from differ-
ent mosquito bites (superinfection) or from a single
mosquite carrying multiple strains (co-transmission)
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Table 4 Linkage disequilibrium analysis for 2 falciparum
populations obtained in each infection category

Testfactor  Asymptomatic  Symptomatic  Symptomatic
complicated uncomplicated
Vo 1905 1938 1728
Vv, 495 A A6 a4
% on 012 009
Var (V) 025 027 018
<001 <00

P value <001

The pairwise Wright's focation index (Fyq) between the asymptomatic,
symptomatic complicated and uncomplicated malaria infections revealed low
genetic differentiation with Fgy values ranging between 0.0034 and 00105
(Table 5)

Vi variance, V, expected variance If linkage equilibeium exists, 'y standardized
index of association

[12, 13]). Additionally, asymptomatic malaria infec-
tions may be associated with partial immunity [63,
79], allowing a wider range of parasite strains to estab-
lish infection simultaneously. The presence of multiple
parasite strains in asymptomatic malaria infections
is thought to pose a risk for developing symptomatic
malaria {75, 80], in addition to providing a reservoir of
genetically diverse parasites [42, 70].

Our study revealed low linkage disequilibrium (LD)
values (0.09 to 0.12), suggesting that alleles at differ-
ent loci within the populations are largely independ-
ent. High malaria transmission areas favor high genetic
recombination rates, which leads to low LD [81]. Addi-
tionally, the study observed similar allele frequen-
cies in both asymptomatic and symptomatic malaria
infections, as evidenced by low Fgp values ranging
from 0.0034 to 0.0105. The low Fgy observed in our
study is consistent with findings of low P. falciparum
population genetic differentiation reported in other
malaria-endemic countries [82, 83]. This indicates low
genetic differentiation and, hence, relatively low over-
all genetic variation between the parasite populations.
These results suggest relatively free gene flow across
the study areas. In addition to reducing the occurrence
of clinical disease, increased genetic diversity within a
parasite population raises the risk of antimalarial drug

Page90f 13

resistance and could lower the efficacy of malaria vac-
cines [28, 84, 85).

Significant differences were observed in parasite den-
sity and hemoglobin (Hb) levels across individuals with
asymptomatic and symptomatic malaria (p<0.001).
Symptomatic uncomplicated and complicated malaria
patients had higher parasite densities and lower Hb levels
compared to asymptomatic malaria patients. Increased 2
falciparum parasite density has been reported in compli-
cated malaria cases in previous studies [86, 87], whereas
low parasitemia has been observed in asymptomatic indi-
viduals [88]. However, some studies have not reported
significant differences in parasite density between
asymptomatic and symptomatic malaria infections [89].
Asymptomatic individuals tend to have partial immu-
nity through repeated exposure, allowing them to control
parasite levels without experiencing symptoms [17]. The
reduced parasite density among asymptomatic individu-
als enables them to maintain higher Hb levels compared
to symptomatic malaria-infected individuals, where high
parasite density leads to increased hemolysis [90]. High
parasite density associated with inadequate dosing poses
a risk for the development and emergence of antimalarial
resistance [91]. Additionally, individuals with asympto-
matic malaria often do not seek antimalarial treatment,
allowing their infections to persist for extended periods
and serve as reservoirs for malaria transmission [92-94].
Thus, malaria control programs should design strategies
to eliminate asymptomatic malaria infections.

This current study provides new insights into the
genetic diversity of £ falciparum among asymptomatic
and symptomatic individuals, shedding light on aspects
that had not been previously described, The findings
highlight the complexity of malaria infections and their
implications for disease management and control strat-
egies, including the risk of antimalarial drug resist-
ance. The high genetic diversity and MOI observed may
challenge malaria vaccine development by potentially
reducing vaccine efficacy, emphasizing the need for
region-specific considerations.

However, there are some limitations to this study. Gen-
otyping based on a limited set of microsatellite mark-
ers may have led to an overestimation of P falciparum
genetic diversity and MO/, as these markers may not fully

Table S Pairwise genetic differentiation (F;) among malaria infection categories

Asymptomatic
Asymplomatic 0
Symptomatic complicated 00034
Sympromatic uncomplicated 00059

Symptomatic complicated Symptomatic
uncomplicated

0.0034 00059

0 00034

00105 0
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represent the genome-wide genetic diversity. Employ-
ing a broader array of genetic markers or whole-genome
sequencing could offer a more comprehensive evaluation
of genetic diversity. Additionally, the study included rela-
tively few complicated malaria cases, and the majority of
participants were children (<11 years), which may have
influenced the accuracy of the assessments of genetic
diversity and MOI in this group.

Conclusion

This study found significant genetic diversity among P
falciparum parasites associated with different infection
categories with asymptomatic individuals exhibiting
greater genetic diversity. The high genetic diversity and
evolving parasite populations highlight the need for strat-
egies to maximize the effectiveness of malaria vaccines.
Future studies should employ a longitudinal study to
assess temporal and seasonality changes in P falciparum
genetic diversity and MOL.
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Abstract

Background Malaria is a significant public health challenge in Uganda, with Plasmodium falciparum (P, falciparum)
responsible for most of malaria infections. The high genetic diversity and multiplicity of infection (MOI) associated
with P falciparum complicate treatment and prevention efforts. This study investigated temporal changes in £ falci-
parum genetic diversity and MOI across three sites with varying malaria transmission intensities. Understanding these
changes is essential for informing effective malaria control strategies for the different malaria transmission settings.

Methods A total of 220 P falciparum-positive dried blood spot (DBS) filter paper samples from participants in a study
conducted during 2011-2012 and 2015~2016 were analyzed. Genotyping utilized seven polymorphic markers: Poly-q,
TA1, TAT09, PIPK2, 2490, C2M34-313, and C3M69-383. Genetic diversity metrics, including the number of alleles

and expected heterozygosity, were calculated using GENALEX and ARLEQUIN software. MOl was assessed by count-
ing distinct genotypes. Multi-locus linkage disequilibrium (LD) and genetic differentiation were evaluated using

the standardized index of association (1,°) and Wright's fixation index (F<;), respectively, Statistical comparisons were
made using the Kruskal-Wallis test, and temporal trends were analyzed using the Jonckheere-Terpstra test, with sta-
tistical significance set at p<0.05.

Results Of the 220 samples, 180 were successfully amplified. The majority of participants were males (50.6%)

and children aged 5-11 years {46.79%). Genetic diversity remained high, with mean expected heterozygosity (H,)
showing a slight decrease over time (range: 0.73-0.82), Polyclonal infections exceeded 50% at all sites, and mean MOI
ranged from 1.7 10 2.2, with a significant reduction in Tororo (from 2.2 to 2.0, p=0.03). Linkage disequilibrium showed
a slight increase, with Kanungu exhibiting the lowest 1, in 2011-2012 (0.0085) and Jinja the highest (0.0239) in 2015-
2016. Overall genetic differentiation remained low, with slight increases in pairwise F¢y values over time, notably
between Jinja and Tororo (from 0.0145 10 0.0353).
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| Conclusions This study highlights the genetic diversity and MOI of P falciparum in Uganda's malaria transmission
settings, noting a slight decrease in both genetic diversity and MOI overtime. Continued surveillance and targeted
control strategies are essential for monitoring the impact of malaria control efforts in Uganda.

Keywords P falciparum, Genetic diversity, Multiplicity of infection, Transmission intensity

Background

Although the malaria burden in Uganda steadily declined
in the last two decades [1], malaria remains a significant
public health concern [2]. According to the World Health
Organization (WHO) Malaria Report 2023, there were
249 million malaria cases recorded globally, with 233 mil-
lion occurring in sub-Saharan Africa (SSA), contributing
to an estimated 580,000 out of 608,000 malaria-related
deaths worldwide in 2022 alone. Uganda accounted for
5% of global malaria cases and ranked as the third-high-
est contributor to malaria cases [3). More than 90% of
these malaria cases are caused by Plasmodium falcipa-
rum [4], which poses high morbidity and mortality com-
pared to other species [5].

Malaria control is hindered by several factors, includ-
ing the high genetic diversity of P falciparum parasites,
the frequent occurrence of multiplicity of infection
(MOI). MOI, which is the presence of muitiple genetic
variants or genotypes within a single infection [6], com-
plicates efforts to control the disease. It usually occurs
in two ways: when an individual is bitten by different
mosquitoes carrying unique parasite strains (superinfec-
tion), or when a single mosquito transmits multiple dis-
tinct genotypes in a single bite (co-transmission) (7, 8].
The genetic diversity of P falciparum arises primarily
from genetic recombination during the parasite’s lifecy-
cle in the mosquito [9]. Increased genetic recombination
leads to low linkage disequilibrium (LD) within parasite
populations, meaning that alleles at different loci become
more randomly associated. As a result, it becomes less
likely for specific genetic variants to be inherited together
[10-12].

The presence of diverse and multiple P. falciparum
strains within an individual enhances parasite viru-
lence and contributes to the pathology of malaria [13,
14]. Parasite diversity also plays a significant role in the
development of drug resistance [15], posing major chal-
lenges to malaria control and elimination efforts, such
as the use of artemisinin-based combination therapies
(ACTs) and long-lasting insecticide-treated bed nets
(LLINs) [16]. Furthermore, the extensive genetic vari-
ability of P. falciparum vaccine targets complicates the
development of an effective vaccine [17, 18]. There-
fore, understanding P. falciparum genetic diversity and
MOI at the population level, as well as the dynamics of
this diversity, is crucial for informing malaria control

strategies [19]. In addition, longitudinal analysis of LD
offers valuable insights into the temporal changes in
the genetic structure of P falciparum parasite popula-
tions [20]. Advanced techniques such as whole genome
sequencing (WGS) and targeted deep sequencing are
sensitive methods for assessing parasite genetic diver-
sity. However, these methods remain costly and
inaccessible in many SSA regions [21]. In contrast,
microsatellite markers, including Poly-a, TA1, TA109,
and PfPK2, offer cost-effective and unbiased alterna-
tives for evaluating P. falciparum genetic diversity [10,
11, 22]. These markers, which are neutral polymorphic
loci abundant in the P. falciparum genome, consist of
repeat motifs like [TA]n, [T]n, and [TAA]n [23]. Due
to their high variability, they allow for differentiation of
parasite strains and the assessment of MOI across vari-
ous genomic regions,

Previous studies have shown that the genetic diver-
sity of P. falciparum varies across individuals, popula-
tions, transmission settings, as well as with fluctuations
in parasite prevalence [24-27]. This variability makes
P. falciparum genetic diversity and MOI effective tools
for tracking changes in malaria transmission intensity
[28-30], and assessing the impact of interventions on
malaria transmission patterns [31-33]. In areas with
intense malaria transmission, such as Kenya [34] and
Senegal [35], high genetic diversity and the presence of
multiple parasite genotypes are consistently observed.
In these regions, P falciparum parasites are character-
ized by weak LD, high genetic diversity, and minimal
population differentiation, which are key indicators of
high malaria transmission intensity [10]. Conversely,
parasites circulating in low malaria transmission areas,
such as Sdo Tomé, exhibit reduced genetic diversity,
strong LD, and significant population differentiation
[36]. While these trends reflect the influence of malaria
transmission intensity on the genetic structure of P. fal-
ciparum populations, similar patterns have not always
been observed in other low transmission regions [37].
In addition, P falciparum MOI tends to decrease as
malaria transmission intensity declines over time [38].
These patterns are particularly relevant for Uganda,
where malaria transmission intensity varies consider-
ably across regions with some areas experiencing high
transmission, while others have low transmission [39].
Understanding the dynamics of P. falciparum genetic
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diversity and MOI within Uganda is critical for effective
malaria control and elimination strategies.

Despite the importance of genetic diversity and MOI
as essential tools for monitoring malaria transmission,
there is limited data on the temporal changes in P falci-
parum genetic diversity and MOI in Uganda, particularly
in relation to fluctuating transmission intensities, Most
studies have primarily focused on malaria case numbers
from high transmission areas [40-42], which may not
offer a comprehensive understanding of malaria trans-
mission dynamics over time. In addition, research on
P, falciparum genetic diversity and MOI in Uganda has
mostly been cross-sectional, examining single timepoints
[14, 22, 43]. Consequently, there is a gap in knowledge
regarding how these factors evolve over time within the
country. This study addressed these gaps by investigating
the dynamics of P falciparum genetic diversity and MOI
using isolates from participants enrolled at three sites
with varying transmission intensities, over two distinct
time periods: 20112012 and 2015-2016. The aim was to
better understand how transmission intensity influences
parasite genetic diversity and MOI in Uganda.

Methods

Study settings

This study utilized dried blood spot (DBS) samples col-
lected from participants enrolled in the Program for
Resistance, Immunology, Surveillance, and Modeling
of Malaria (PRISM) study at two distinct timepoints:
2011-2012 and 2015-2016. Participants were recruited
from three sub-counties with varying malaria transmis-
sion intensities, determined by the number of malaria
cases: Walukuba in Jinja District, Kihihi in Kanungu
District, and Nagongera in Tororo District, Walukuba is
a relatively low-transmission, peri-urban area near Lake
Victoria in the south-central region of Uganda. Kihihi, a
rural area near Bwindi Impenetrable National Park in the
southwest, has moderate transmission intensity. In con-
trast, Nagongera, a rural area near the border with Kenya
in the southeast, experiences high transmission inten-
sity (Fig. 1). A total of 220 DBS samples were retrieved,
with the distribution across study sites and time periods
as follows: 40 samples from Walukuba (Jinja District), 35
from Kihihi (Kanungu District), and 33 from Nagongera
(Tororo District) during the 2011-2012 study period. In
the 2015-2016 period, 35 samples were collected from
Walukuba, 39 from Kihihi, and 38 from Nagongera.

Study population

Participants were enrolled in the PRISM study at two dis-
tinct timepoints: from August 2011 to December 2012
and from July 2015 to December 2016. Detailed infor-
mation about the study population has been described
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previously [39]. Briefly, all households in the three sub-
counties were enumerated and mapped, and 100 house-
holds were randomly selected for participation. Children
aged 0.5~-10 years, along with one primary adult caregiver
from each household, were enrolled. This participant
recruitment approach was designed to provide a com-
prehensive understanding of factors influencing malaria
infection and transmission patterns across different age
groups within households. Participants were encouraged
to visit a clinic open 7 days a week for medical care. Rou-
tine visits were conducted every 3 months, during which
standardized evaluations were performed. Blood samples
were collected by finger prick for thick blood smears,
hemoglobin measurements, and DBS filter paper samples
for future molecular studies. At each visit, participants
with a fever (tympanic temperature > 38.0 °C) or a history
of fever within the previous 24 h had a thick blood smear
read immediately. If the smear was positive, the patient
was diagnosed with malaria and treated according to
national guidelines.

Laboratory methods

Laboratory assays, including malaria microscopy and par-
asite genotyping, were conducted at the Molecular Biol-
ogy Research Laboratory at the Infectious Disecases
Research Collaboration (IDRC) in Kamapala-Uganda.

Determination of parasite density

Microscopy slides for parasite density and species detec-
tion were prepared using a 10% Giemsa solution and
stained for 30 minutes, with both thick and thin blood
films being prepared. Experienced microscopists exam-
ined the slides under a light microscope at 100xoil
immersion. P falciparum parasite density was deter-
mined by counting asexual parasites against 200 leuko-
cytes. The parasite density per uL of blood was calculated
by multiplying the total parasite count by 40, assuming
an average of 8,000 leukocytes per pL of blood [44]. For
quality control, each smear was independently read by
two microscopists. Though discrepancies—defined as
differences in species diagnosis, parasite density>50%,
or presence of parasites—were rare, any identified dis-
crepancy prompted a review by a third microscopist. To
minimize discrepancies, all microscopists underwent
thorough training on standardized techniques and para-
site identification prior to the study, and regular assess-
ments were conducted to ensure consistent performance.
Final parasitemia was determined by averaging the read-
ings of the two microscopists or, in cases of disagree-
ment, by averaging the third microscopist’s reading with
that of the closest of the initial two. In cases where the
third microscopist’s reading was significantly different,
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Fig. 1 Map of Uganda showing the malasia endemicity of the study sites at the time of sample collection. Adapted from Kamya et al. {39)

it was used as the final determination for parasite density
and or species.

Selection of the samples for molecular analysis

A stratified random sampling approach was employed
to ensure that the molecular analysis included partici-
pants from diverse demographic and clinical groups,
reflecting the broader study population, A total of 220
DBS filter paper samples were selected from two study

periods: 2011-2012 and 2015-2016. The selection cri-
teria included availability of DBS filter paper sample,
P. falciparum mono-infection positivity, and sufficient
demographic and clinical data for each participant. To
achieve a representative sample, the selection was strat-
ified based on key factors, including age, gender, geo-
graphical location, and study period. The selected DBS
filter paper samples were then linked to participants’
demographic and clinical information via cohort 1D, as
well as the date and year of sample collection.
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DNA extraction

Genomic DNA of P falciparum was extracted from
dried blood spots (DBS) using Chelex 100 Resin (Sigma-
Aldrich, USA), following the method described by
Musapa et al.[45]. The Chelex extraction method was
chosen for its simplicity, cost-effectiveness, and efficiency
in processing DBS samples. It effectively isolates P. falci-
parum DNA, reduces PCR inhibitors, and requires fewer
reagents, offering a practical and reliable alternative to
silica-based or column-based methods. Briefly, 6 mm
discs were punched out from the DBS into 1.5 mL micro-
centrifuge tubes containing 1 mL of 1X phosphate-buff-
ered saline (PBS) and incubated overnight at 4 °C. The
punching machine was cleaned with DNase, and a clean
blank piece of Whatman 3MM filter paper was pre-cut
between samples to prevent cross-contamination. The
discs were washed twice with 1 mL PBS and then boiled
at 99 °C in 200 pL of 20% Chelex (Sigma-Aldrich, USA)
in DNase/RNase-free water. After a final centrifugation
step (14,000 x g for 1 min), the extracted DNA was trans-
ferred into a labelled 0.6 mL microcentrifuge tube with
a 100 uL elution volume and then stored at — 20 “C until
further use. Detection and confirmation of P. falciparum
was performed through genotyping of P falciparum 185
rRNA using nested PCR [46]. As an internal control,
every eighth sample consisted of a blank filter paper sam-
ple that was cut, extracted, and processed alongside the
field samples to identify any contamination that could
lead to false positives.

Microsatellite genotyping
A panel of seven neutral polymorphic microsatellites

of P. falciparum was genotyped, including TA1 (Chré),
Poly-a (Chr4), PfPK2 (Chrl2), TA109 (Chr6), 2490
(Chr10), C2M34-313 (Chr2), and C3M69-383 (Chr3).
Primers labeled with HEX or 6-FAM were used for geno-
typing at the Infectious Diseases Research Collabora-
tion (IDRC) Molecular Biology Laboratory in Kampala,
Uganda (Additional file 1, Table S1). The microsatellites
Poly-a, TA1, TA109, PfPK2, and 2490 were nested, while
C2M34-313 and C3M69-383 were unnested.

For the nested PCR reactions, the primary reaction for
each marker was carried out in a total volume of 15 pL,
containing 10.5 puL of molecular-grade PCR water, 1.5 pL
of 10 X reaction buffer, 0.3 pL of ANTPs (1.25 mM), 0.3 pL.
of Forward Primer (10 pM), 0.3 pL of Reverse Primer
(10 pM), 0.25 pl. of AmpliTag Gold (5 U/uL), and 2 pL
of DNA template. The Round 1 PCR conditions were as
follows: 94 *C for 2 min, followed by 25 cycles of (94 °C
for 30 s, 42 °C for 30 s, 40 °C for 30 s, and 65 *C for 40 s5),
and ending with 65 “C for 2 min. The secondary reaction
contained the same reagents as the primary reaction,
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with the addition of 0.3 puL of the labeled primer for each
marker. A 2 uL aliquot of the primary reaction product
was used in a final volume of 15 pL for the nested PCR
reactions. The Round 2 PCR conditions were: 94 *C for
2 min, followed by 25 cycles of (94 *C for 20 s, 45 °C for
20 s, and 65 "C for 30 5), and ending with 65 “C for 2 min.

PCR conditions for the C2M34-313 and C3M69-383
reactions were as follows: 94 "C for 2 min, followed by
5 cycles of (94 °C for 30 s, 50 "C for 30 s, and 60 *C for
30 s), then 40 cycles of (94 °C for 30 s, 45 °C for 30 s, and
60 “C for 30 s), and ending with 60 “C for 2 min. A 2 pL.
sample of the PCR product was then run on a 2% agarose
gel to confirm amplification before being analyzed on
the sequencer. The amplified PCR products were trans-
ferred to safe-lock DNA amplicon storage tubes, securely
wrapped in aluminum foil, and sent to Inqaba Biotec in
South Africa for microsatellite fragment analysis using an
ABI capillary electrophoresis platform.

Microsatellite analysis

Microsatellite fluorescent-labeled PCR products were
analyzed using an Applied Biosystems ABI 3730xl
Genetic Analyzer (Thermo Fisher Scientific, Waltham,
MA, USA) to determine their length. The peaks were
scored using GeneMarker HID V2.9.5 software. For sam-
ples that produced more than one peak, the highest peak
was defined as the dominant allele. Additional peaks were
classified as minor alleles if their peak heights exceeded
200 relative fluorescence units (RFU) and were >20% of
the height of the dominant peak. This threshold was used
to identify minor alleles, which may represent clones
present at lower frequencies but still contribute to the
genetic diversity of the infection. The identification of
these additional minor alleles, including third and fourth
alleles, was based on the relative peak heights at each
microsatellite locus. Peaks that met these criteria were
recorded as distinct alleles.

P. falciparum genetic diversity

The genetic diversity of P falciparum, usually result-
ing from genetic recombination [47], was assessed in
each parasite population from each study site by calcu-
lating the mean number of alleles (N,), and the number
of effective alleles (N_) across each locus. These metrics
were calculated from the predominant allele data set
using GENALEX 6.5 software [48]. Expected heterozy-
gosity (H,), defined as the probability that two randomly
selected clones from a population will carry distinct
alleles at each marker locus, was calculated using ARLE-
QUIN software version 3.11 [49] with the formula:

He = [n/(n —1)] [1 - 2p,’].
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where ‘n’ represents the number of isolates analvzed and
‘pi’ is the frequency of the i™ allele in a given population.
H, values range between U (no genetic diversity) and 1
(high genetic diversity) [10]. The mean N, N, and H,
values for each study site were computed as the mean of
the values from each locus,

P falciparum MOI

P falciparum MO was defined as the number of distinct
parasite genotvpes co-existing within a given infection
[50]. Isolates with only one allele were considered mono-
clonal infections, while those with more than one allele
were classified as polyclonal infections [51]. The MO for
each infection was determined by identifying the highest
number of alleles observed across any of the microsatel-
lite markers wsed in the analysis. This maximum allele
count was considered the MO for that particular infec-
tion. To assess the parentage of polyclonal infections, we
counted the number of isolates with more than one allele
for each microsatellite marker that successfully amplified.
The results were then summarized across the different
study sites and time periods.

Analysis of multi-locus linkage disequilibrium and genetic
differentiation

Multi-locus linkage disequilibrium (LD) measured as the
standardized index of association {If} was calculated
using the program LIAN version 3.5 [52] for the whole
data set. This index was caleulated using the formula:

|i_ = {1/n— LIVD/(VE) — 1}}

where VE is the expected variance of the n'™ number of
loect for which two individuals differ. VD is the observed
variance. The significance of the 1,* values was tested
using the Monte Carlo method. Genetie diferentiation
was assessed using Wrights fixation index (Fgp) caleu-
lated using ARLEQUIN software version 3.11 [49]. The
For values ranging from 0 to 0.05 indicates low genetic
variability, 0.05-0.15 indicates moderate genetic variabil-
ity, 0.15-0.25 indicated high great genetic differentiation
and =025 indicates substantial genetic differentiation
[33].

Data analysis

Participants’ demographic and clinical data, includ-
ing age, gender, parasite density, and hemoglobin levels,
were extracted from the primary PRISM cohort data-
base and exported to STATA version 17 (Stata Corp.,
College Station, TX, USA) for analysis. These data were
summarized using descriptive statistics, such as means
and proportions. Microsatellite data were retrieved from
the ABI 3730x] Genetic Analyzer. Genetic analysis was
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performed only on samples, where at least five microsat-
ellite markers were successfully amplified. To minimize
bias associated with multiple infections, only the pre-
dominant alleles were included in the analvsis. Samples
with incomplete or poor-quality amplification, or failure
to amplify on at least 3 markers, were excluded from
further analysis to ensure the accuracy and reliability of
the data. Statistical comparisons of B falciparum genetic
diversity (including the mean N, N, and H_) and MO, as
measured by mean MOI and the percentage of polyclonal
infections, were performed using Kruskal-Wallis test.
Tempaoral trends in these indices were assessed using the
Jonckheere—Terpstra test. Statistical significance was set
at p<0.05,

Results

Characteristics of the study population

Of the 220 P jalciparum positive samples sclected, 180
(81.8%) successfully amplified on at least five microsatel-
lites and were included in the final analysis. Of the 180
samples, 91 (30.6%) were from male participants, and
many (46.7%) were from participants aged 5-11 years
of age. Overall, the mean parasite densities in the study
areas decreased over time. In the 2011-2012 study
period, the mean parasite counts were 17,034 para-
sites/pL in Walukuba Subcounty (Jinja District), 36,118
parasites/pl. in Kihihi Subcounty (Kanungu District),
and 68240 parasites/pl. in Nongongera Subcounty
(Tororo District) (Tahle 1). By the 2015-2016 period,
these counts had declined to 14,8824 parasites/pL in
Walukuba, 20,694 parasites/pl. in Kihihi, and 23.586.2
parasites/pL in Nongongera (Table 1). Regarding hemo-
globin (Hb) levels among study participants, Walukuba
Subcounty experienced an increase from 11.3 to 11.7 g/
dL, and Nongongera Subcounty rose from 11.1 to 11.3 gf
dL. In contrast, Kihihi Subcounty noted a decrease in
mean Hb levels from 109 to 10.7 g/dL during the same
period (Table 1)

Tempaoral changes in P. falciparum genetic diversity
between 2011-2012 and 2015-2016 study periods

across sites

Overall, P faleiparum genetic diversity remained con-
sistently high across all study sites over time, with mean
H, values consistently exceeding 0.7 (Fig. 2). However, a
slight decline in the mean values of N, N, and H, was
observed across all study sites. Importantly, no signifi-
cant differences were observed in mean N, N, or H,
between the study periods, nor were there any significant
temporal trends in these indices across the two study
periods. These findings were supported by the non-
significant results from both the Kruskal-Wallis and
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Table 1 Demographic characteristics of the study participants whose samples are included in the analysis

Characteristic Isolates collected 2011-2012 Isolates collected 2015-2016 Overall
Jinja(n=38) Kanungu(n=27) Tororo(n=24) Jinja(n=26) Kanungu (n=34) Tororo(n=31)

Age in years

<5 years 21 14 14 8 12 n 80

5-11 years n 13 9 15 22 14 B4

= 18 years 6 0 | 3 0 6 16
Gender (%)

Male 526 556 583 50 471 419 509
Mean Axllary tempera-  386(09) 384(18) 385(08) 368(05) 383(12) 373009 37012
ture, °c (50)

Mean Hb ¢/dL5D) 113019 1092) 11.1(1.5) 1.701.7) 10.7(24) 11.3(2.3) 1120
Mean parasite density/  17034(27361) 36118(4,1579)  68.240(8491) 148824(1,181) 20694 (2.197.1)  23.586.2(1,927) 30,092 (2,750)
uL (SD)
09
08
07
06
5 0s
i 04 | ©2011-2012
03 | ©2015-2016
02
01
0
Jinja Kanungu Tororo
Sites

Fig.2 Changes in £ falciparum mean H, values between 2011-2012 and 2015-2016 study perlods across sites

Jonckheere~Terpstra tests (p>0.05) (Fig. 2; Additional
file 2, Table S2).

Temporal changes in P. falciparum MOI between the 2011~

2012 and 2015-2016 study periods across sites

Overall, the percentage of P. falciparum polyclonal infec-
tions in the three study areas remained consistently high,
exceeding 50%, which indicates a robust polyclonal para-
site population over time. During the study periods, there
was a significant temporal decrease in the percentage of
polyclonal infections in Kanungu, declining from 56.1 to
52.8% overtime (p= 0.01). In contrast, Jinja and Tororo
showed no significant temporal differences in the per-
centage of polyclonal infections (p>0.05). Regarding P
Salciparum mean MOJ, there was a significant temporal
reduction in Tororo, where it decreased from 2.2 to 2.0
overtime (p=0.03) (Fig. 3; Additional file 3, Table $3).

However, Jinja and Kanungu did not exhibit significant
changes in mean MOI over time (p >0.05) (Fig. 3).

Temporal changes in P. falciparum population multi-locus
linkage disequilibrium and genetic differentiation
between the 2011-2012 and 2015-2016 study periods
across study sites

Temporal changes in linkage disequilibrium (LD) among P.
falciparum populations

A multilocus index of association analysis was performed
to assess the non-random associations of all microsatel-
lite loci in the data set. The statistical significance of LD
was tested using 10,000 Monte Carlo simulations. Over-
all, there was a slight increase in LD (based on the stand-
ardized index of association (1,%) across the study sites
over time. During the 2011-2012 period, Kanungu
recorded the lowest 1,> at 0.0085, while Jinja had the
highest significant 1,> value at 0.0233 (p=0.01). In the
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Table 2 Changes in F falciparum parasites linkage
disequilibrium between the 2011-2012 and 2015-2016 study
periods across study sites

Site/population 2011-2012 2015-2016

[ Palue 1,¥ Pvalue
Jinja 00233 00& 00239 am
Kanmuangu 00085 031 Qo4 014
Toran 00087 Q26 ULeL Q18

2015-2016 study period, Kanungu's 1, rose to 0.0114,
and in Tororo it increased to 00168, Jinja also expe-
rienced a slight increase in 1,% from 0.0233 to 0.0239
(Table 2).

Temporal changes in genetic differentiation of P. falciparum
populations

Owerall, the genetic differentiation of the B falciparum
population among the study sites was low, with a slight

increase between the study periods, In the 2011-2012
period, the Fop values were low: 0.0275 between Jinja
and Kanungu, and 0.0145 between Jinja and Torore, with
the highest differentiation at 0.0503 between Kanungu
and Torero. In the 20015-2016 study period, Fop val-
ues showed modest increases: 0.0384 between Jinja and
Kanungu, and 00353 between Jinja and Tororo. The
highest differentiation remained between Kanungu and
Tororo, increasing to (L0585 (Table 3).

Discussion

P falciparum genetic diversity and MOI are influenced
by several factors, including malaria transmission inten-
sity and the effectiveness of control interventions [31,
54]. To our knowledge, no studies have assessed tempo-
ral changes in P falciparum genetic diversity and MOI
across different malaria transmission areas in Uganda.
This study examined temporal changes in B falcipa-
rum genetic diversity and MOI of malaria parasites in
regions with varying transmission intensities. The find-
ings revealed slight decreases in both genetic diversity

Table 3 Changes in pairwise genetic differentiation (Fop) between the 2011-2012 and 2015-2016 study periods among study sites

2011-2012 2015-2016
Jinja Kanungu Torora Jinja Kanungu Toraro
Jinja 0.0000 0.0275 00145 Jinja 0.0000 00384 0.0353
Kanungu 00275 0,0000 00503 Kanungu 00384 0.0000 00585
00145 0.0503 0,0000 Tawore 00353 00585

Towoies

00000
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and MOI between 20112012 and 2015-2016. This sug-
gests a relatively stable maintenance of high parasite
genetic diversity and MOI across the three study areas,
underscoring the importance of continued surveillance
and monitoring of malaria control efforts.

Overall, the genetic diversity of 2 falciparum remained
generally high, with mean expected heterozygosity (H,)
values exceeding 0.7 across all study areas over time.
This likely reflects significant malaria transmission inten-
sity, even in regions like Jinja, which is classified as hav-
ing low transmission. These findings align with reports
from other regions, including Eswatini, where malaria
transmission has decreased due to intensive control
measures (e.g., insecticide-treated nets, indoor resid-
ual spraying, and access to diagnostics and treatment),
yet P falciparum genetic diversity remains high due to
the importation of malaria parasites from neighboring
areas with high transmission [55, 56]. This highlights
that even in areas with reduced malaria transmission,
regional transmission dynamics and ongoing malaria
parasites importation continue to maintain high levels of
genetic diversity. Similarly, in Kenya, regions with high
malaria transmission intensity still exhibit high P falci-
parum genetic diversity (mean H_~0.78), despite sub-
stantial control interventions, such as insecticide-treated
nets, indoor residual spraying [34], and the use of arte-
misinin-based combination therapies [57], which have
been implemented. The persistence of high genetic diver-
sity in both low- and high-malaria transmission settings
suggests that gene flow, driven by human migration and
cross-border transmission, plays a key role in sustain-
ing genetic diversity. This further supports the idea that
malaria transmission intensity is not the sole determinant
of P falciparum genetic diversity.

Our findings suggest that P falciparum populations
possess substantial capacity to adapt to environmental
pressures, such as antimalarial drugs and insecticides
[21, 58, 59]. The high genetic diversity, along with low
genetic differentiation between study sites, implies that
these populations form interconnected reproductive
units, likely shaped by ongoing gene flow [60]. This is
consistent with a recent study by Arinaitwe et al. [61]
which suggested that human mobility is a driver of
malaria transmission and the maintenance of large
parasite reservoirs in Uganda. Our study also under-
scores the complexity of inferring malaria transmission
intensity from genetic data alone. External factors like
human migration and malaria importation from neigh-
boring high-transmission areas complicate the relation-
ship between genetic diversity and local transmission.
This is evident in regions like Eswatini and Kenya,
where local transmission and regional dynamics influ-
ence genetic diversity, demonstrating the importance of
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considering broader transmission networks when eval-
uating malaria transmission intensity.

Previous studies have indicated that high P falcipa-
rum MOI values are commonly found in regions with
intense malaria transmission [62, 63] and are directly
linked to transmission intensity [64]. Our study also
observed a slight temporal decrease in MOI, with
values in Jinja and Tororo dropping from 2.0 to 1.9
and from 2.2 to 2.0, respectively, in line with a grad-
ual decline in transmission intensity in these areas
(Table 1). These decreases align with findings from
Tororo [65), which indicated reduced transmission fol-
lowing the implementation of vector control measures.
Research from Grande Comore Island also demon-
strated a decrease in P falciparum mean MOI values—
declining from 3.11 to 1.63 for msp-1 and from 2.75 to
1.35 for msp-2—after the introduction of artemisinin-
based combination therapy (ACT) [66]. These trends
contrast with studies from the Democratic Republic of
the Congo (DRC), where MOI increased from 3.78 in
to 4.64 [67], and in Kenya, where MOI increased from
1.7 to 3.0 [68] despite ongoing interventions. This sug-
gests that the relationship between transmission inten-
sity and MOI is not uniform and can vary by region and
intervention effectiveness. Moreover, our study found
that polyclonal infections, constituting more than 50%
of infections across the three study areas, were com-
mon, in line with observations from mesoendemic and
holoendemic regions [68, 69]. However, some studies
have reported a decrease in polyclonal infections fol-
lowing control interventions, suggesting that control
measures may also influence the genetic structure of
the parasite population [66).

The longitudinal analysis of LD provided additional
insights into the genetic structure of . falciparum pop-
ulations. In regions with high transmission intensity,
where multiple genetically diverse 2 falciparum strains
circulate, low LD typically reflects ongoing genetic
recombination between these diverse strains during the
sexual phase of the parasite's lifecycle [70]. Conversely,
in areas with lower transmission intensity, lower LD can
sometimes reflect the persistence of clonal populations
of P. falciparum, especially in cases of clonal expansion
following a bottleneck [71]. Our study revealed a slight
increase in LD between 2011-2012 and 2015-2016,
which may reflect reduced genetic recombination, poten-
tially due to a decrease in malaria transmission inten-
sity. This finding aligns with previous studies that noted
increased LD in areas with reduced malaria transmission
[51). The significantly high LD values observed in Jinja
during 2011-2012 are suggestive of a clonal population
structure, which is typical of low-transmission areas [26,
72]. In contrast, study sites like Kanungu and Tororo

180



Mwesigwa et al. Tropical Medicine and Health ~ (2024) 52:103

exhibited lower LD levels, reflecting the high transmis-
sion intensity in these regions,

As malaria transmission dynamics evolve, continu-
ous monitoring of parasite genetic diversity and MOI is
crucial for adapting control strategies. Our study offers
several strengths. It includes diverse sampling locations
with varying malaria transmission intensities, providing
a comprehensive comparison of genetic diversity and
MOI across different transmission settings. The longi-
tudinal design, spanning 2011-2016, tracks changes in
parasite genetics over time, offering valuable insights into
the impact of malaria control interventions. In addition,
the use of microsatellite genotyping provides detailed
insights into P falciparum genetic diversity and popula-
tion dynamics.

However, there are some limitations to our study. The
reliance on neutral microsatellite markers may not fully
capture the complexity of P falciparum populations,
particularly in the context of evolving control strategies.
While microsatellites remain a cost-effective and acces-
sible tool for assessing genetic diversity and MOI, espe-
cially in regions like Uganda, where advanced genomic
technologies are less accessible, they have certain limi-
tations. Furthermore, challenges such as sample ampli-
fication issues, unequal sample sizes across sites and
timepoints, and potential selection bias due to partici-
pant mobility may have influenced our results. To address
these limitations, we recommend future studies to
incorporate newer technologies, such as whole-genome
sequencing (WGS) or deep amplicon sequencing, and
expand recruitment across multiple locations to better
capture transmission dynamics and minimize potential
biases.

Conclusion

This study provides valuable insights into P falcipa-
rum genetic diversity and MOI across Uganda's diverse
malaria transmission settings. Despite slight decreases
in both genetic diversity and MOI between the 2011-
2012 and 2015-2016 study periods, overall genetic
diversity remained high, reflecting the parasite’s robust
transmission dynamics and ability to adapt to environ-
mental pressures. The findings highlight the need for
continued surveillance and adaptive malaria control
strategies, ensuring that interventions remain effective
across regions with varying transmission intensities. By
considering regional transmission dynamics, human
mobility, and the impact of control measures, future
strategies can better target malaria control efforts and
address the evolving challenges of malaria management
in Uganda.
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OPEN Assessment of different genotyping
markers and algorithms for
distinguishing Plasmodium
falciparum recrudescence from
reinfection in Uganda

Alex Mwesigwa®? , Monica Golumbeanu®*, Sam Jones®, Sara L. Cantoreggi**,
Benson Musinguzi®, Joaniter I. Nankabirwa’, Everd Maniple Bikaitwoha®,
Joan N Kalyango?, Charles Karamagi®, Mateusz Plucinski®, Samuel L. Nsobya’,
Christian Nsanzabana®* & Pauline Byakika-Kibwika'?

Antimalarial therapeutic efficacy studies are vital for monitoring drug efficacy in malaria-endemic
regions. The WHO recommends genotyping polymorphic markers including msp-1, msp-2, and

glurp for distinguishing recrudescences from reinfections. Recently, WHO proposed replacing glurp
with microsatellites (Poly-a, PfPK2, TA1). However, suitable combinations with msp-1 and msp-

2, as well as the performance of different algorithms for classifying recrudescence, have not been
systematically assessed. This study investigated various microsatellites alongside msp-1 and msp-2
for molecular correction and compared different genotyping algorithms across three sites in Uganda.
Microsatellites 313, Poly-a, and 383 exhibited the highest diversity, while PfPK2 and Poly-a revealed
elevated multiplicity of infection (MOI) across all sites. The 3/3 match-counting algorithm classified
significantly fewer recrudescences than both the = 2/3 and Bayesian algorithms at probability cutoffs
of 20.7 and 0.8 (P <0.05). The msp-1/msp-2/2490 combination identified more recrudescences using
the = 2/3 and 3/3 algorithms in the artemether-lumefantrine (AL) treatment arm, while msp-1/msp-
2/glurp combination classified more cases of recrudescence using the z 2/3 in the dihydroartemisinin-
piperaquine (DP) arm. Microsatellites PfPK2 and Poly-a, potentially sensitive to detecting minority
clones, are promising replacements for glurp. Discrepancies in recrudescence classification between
match-counting and Bayesian algorithms highlight the need for standardized PCR correction practices.

Keywords Plasmodium falciparum, Recrudescence, Reinfection, Microsatellites, msp-1, msp-2, Antimalarial
drug

Malaria remains a major global health challenge, with Plasmodium falciparum (P. falciparum) responsible for the
majority of malaria-related deaths worldwide'~, Antimalarial drug resistance, especially in £ falciparum, posesa
significant threat to malaria control efforts, making rigorous monitoring of drug efficacy crucial through clinical
trials*!, Consequently, malaria-endemic countries are advised to conduct therapeutic efficacy studies (TES) at
least every two years™*.

A key challenge in TES is distinguishing recrudescence (the recurrence of asexual parasitemia caused by the
same genotype(s) that caused the original infection) from reinfection (a new infection after the primary one) in

IClinical Epidemiology Unit, School of Medicine, College of Health Sciences, Makerere University, P. O. Box 7072,
Kampala, Uganda. ‘Department of Microbiology and Immunology, Schoo! of Medicine, Kabale University, P. O
Box 314, Kabale, Uganda. 'Swiss Tropical and Public Health Institute, Allschwil, Switzerland. *University of Basel,
Basel, Switzerland, MMV Medicines for Malaria Venture, Geneva, Switzerland. *Departent of Medical Laboratory
Science, Faculty of Health Sciences, Muni University, P.O Box 725, Arua, Uganda. “Infectious Diseases Research
Collaboration, College of Health Sciences, Makerere University, P.O. Box 7072, Kampala, Uganda. *Department of
Community Health, School of Medicine, Kabale University, P. O Box 314, Kabale, Uganda. 9U.S. President’s Malaria
Initiative, Centers for Disease Control and Prevention, Atlanta, GA 30345, USA. “Mbarara University of Science and
Technology, Mbarara, Uganda, - email: mwesigwaalex@gmail.com
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patients with recurrent malaria® ", The WHO recommends using genotyping to distinguish recrudescence from
reinfection through molecular correction, and suggests changing first-line antimalarial therapy if the molecular-
corrected failure rate exceeds 10%”, The ability to accurately distinguish recrudescence from reinfection depends
on the sensitivity of the genotyping methods, the genetic diversity of the markers used, and the classification
algorithms applied'’, High-throughput methods like amplicon sequencing can overcome the limitations of
length-polymorphic markers, such as glutamate-rich protein (glurp), which may fail to detect minority clones,
resulting in more accurate differentiation between recrudescence and reinfection'’.

The WHO 2008 guidelines recommended the use of three polymorphic genetic markers for molecular
correction: merozoite surface protein 1 (msp-1), merozoite surface protein 2 (msp-2), and glurp'®. However,
glurp has been found to have limitations in detecting minority clones in polyclonal infections'’. Recently, the
WHO recommended replacing glurp with polymorphic microsatellites, including Poly-a, PIPK2, and TAI, to
address these limitations'®. These highly polymorphic markers are identified as cost-effective and unbiased
tools for use in TES in malaria-endemic areas'’. The WHO also recommended the use of a 3/3 match-counting
algorithm, which classifies a recurrent malaria infection as recrudescence if one or more alleles are present
at all three genotyped markers on both day 0 (the day of the primary infection) and the day of the recurrent
infection'”, Nevertheless, the WHO has emphasized the importance of evaluating additional algorithms, such
as the =2/3 match-counting algorithm, which classifies a recurrent infection as recrudescence if one or more
alleles are found in at least two of the three genotyped markers on both day 0 and the recurrent infection day’’,
Another approach is a probabilistic method using Bayesian statistics to quantify the probability that an infection
is either a recrudescence or a reinfection'®'%,

The choice of genotyping methods for molecular correction is influenced by malaria transmission intensity. In
high-transmission areas, robust microsatellite markers, including Poly-a, TA1, TA109, and PfPK2, are preferred
due to their cost-effective sensitivity and ability to detect greater genetic diversity within parasite populations.
‘These markers can provide more accurate results and reduce the need for follow-up studies or interventions'*.
In contrast, regions with lower transmission intensities may benefit from simpler markers like msp-1, msp-2,
and glurp'®. According to the 2018-2019 malaria indicator survey, Uganda experiences perennial, high-intensity
malaria transmission, with the highest parasite prevalence rates observed in the Karamoja, West Nile, and
Busoga subregions, which have prevalence rates of 34%, 22%, 21%, and 13%, respectively, among children aged
0-59 months'®. This high transmission intensity significantly influences the selection of genotyping markers,
with complex markers such as microsatellites being more suitable for high-transmission settings, where greater
parasite genetic diversity is observed.

To our knowledge, microsatellites suitable for molecular correction in combination with msp-1 and msp-2
have not been systematically evaluated across Uganda's malaria-endemic regions. Additionally, limited evidence
exists regarding the performance of match-counting and Bayesian algorithms in distinguishing recrudescence
from reinfection in regions with high P falciparum transmission intensity. Therefore, this study focused
specifically on high-transmission settings in Uganda, aiming to identify microsatellite markers that could replace
glurp and, using various alternative marker combinations, assessed the performance of three algorithms (the 3/3
match-counting, = 2/3 match-counting, and Bayesian approaches) in distinguishing P. falciparum recrudescence
from reinfection.

Results
Diversity of the genotyped markers across three malaria-endemic sites in Uganda
The genotyping results revealed that 174 (98.7%) of the 179 paired samples were successfully processed
(Supplementary Table S1). The genetic markers K1, MAD20, RO33, along with the 3D7 and FC27 allelic variants,
correspond to the msp-1 and msp-2 genes, respectively. The overall mean expected heterozygosity (H) for
P falciparum was 0.84£0.12 in Aduku, 0.8520.12 in Arua, and 0.87 £0.09 in Masafu. For msp-1, the K1 allelic
family exhibited the highest H_values, with 0.88 in Aduku, 0.93 in Arua, and 0.92 in Masafu. For msp-2, the
3D7 allelic family displayed the highest H_ values, with 0.94 in both Aduku and Arua, and 0.95 in Masafu. The
microsatellite marker 313 showed consistent H_ values of 0.95 across all sites. The Poly-a marker demonstrated
mean expected H_values of 0.92 in Aduku, 0.91 in Arua, and 0.94 in Masafu, Additionally, the overall mean
effective number of alleles (N ) was 7.61 + 3.66 in Aduku, 8.77 £4.04 in Arua, and 9.24 + 4.62 in Masafu (Table 1).
These findings indicate a relatively high level of genetic diversity across the study sites.

The mean allele richness (Ar) across the study sites was 10.6£ 3.9 in Aduku, 1252 4.4 in Arua,and 11.9£4.5
in Masafu (Supplementary Table S2). The number of genotypes for the K1 allelic family ranged from 14 to 18
in Aduku and Arua, respectively, while for I/C 3D7, it ranged from 19 to 25 in Aduku and Masafu. The most
polymorphic microsatellite, 313, exhibited 22 to 28 genotypes in Aduku and Arua. Poly-a genotypes ranged
from 15 to 24 in Aduku and Masafu, Microsatellite 383 showed 14 1o 20 genotypes in Aduku and Arua. The less
polymorphic microsatellite 2490 had 5 genotypes in Aduku and 6 genotypes in Arua and Masafu. Markers such
as TA1, TA109, PfPK2, 2490, and glurp exhibited 3 genotypes with allele frequencies greater than 10%, with 2490
showing a single genotype with a frequency exceeding 50% (Supplementary Figure S1). The Kruskal-Wallis test
revealed no significant differences in the observed number of genotypes, allele richness (Ar), allele frequencies,
number of effective alleles (N ), or expected heterozygosity (H_) across the sites (p>0.05). These results suggest
that there is no significant variation in genetic diversity across the three sites, despite the observed differences in
allele richness and genotype distribution,

P. falciparum multiplicity of infection (MOI) across three malaria-endemic sites in Uganda

Across all study sites, msp-I and the microsatellites PPK2 and Poly-a exhibited the highest average MOIs, while
microsatellite 313, the most diverse marker, generally showed lower MOL In Aduku, the highest average MOls
for microsatellites were observed for PIPK2, TAL, and Poly-a, with values of 1.77, 1.68, and 1.59, respectively.
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Table 1. Mean expected heterozygosity (H ) and number of effective alleles (N ) of the genotyped markers.

In Arua, PIPK2 had the highest average MOI of 1.71, followed by TA1 and 383, each with an MOI of 1.59.
In Masafu, Poly-a, TAl, and TA109 showed the highest MOls, with average values of 1.79, 1.68, and 1.58,
respectively (Fig. 2). Across all three sites, glurp consistently exhibited one of the lowest MOIs. The Kruskal-
Wallis test revealed significant differences in MOls: Poly-a had significantly higher MOIs in Masafu, PIPK2
exhibited significantly higher MOIs in Arua and Aduku, and msp-1 showed significantly higher MOIs in Arua
and Masafu (P<0.05).

Spearman’s rank correlation analysis showed no significant correlation between mean H_ and mean MOI
(p>0.05).

Companrsson of three algorithms to classify recrudescence across three malaria-endemic sites
in Uganda

To classify P falciparum malaria recrudescences, we generated all possible genetic marker combinations by
pairing glurp and each microsatellite with msp-1 and msp-2, resulting in eight distinct marker combinations,
These datasets were then analyzed using three classification algorithms: two match-counting algorithms
(22/3 and 3/3) and a Bayesian algorithm. The goal was to classify each infection as either a recrudescence
or a reinfection. Table 2 details the number of recrudescences classified by each marker combination across
the different treatment arms, The Wilcoxon signed-rank test revealed that the 2 2/3 match-counting algorithm
classified significantly more recrudescences than the 3/3 algorithm across both treatment arms (AL and DP)
(P=0.05).

‘The Bayesian algorithm was applied to estimate the probability of recrudescence for all samples across cight
marker combinations (Supplementary Table $3). Upon visual inspection of the probability distributions, we
observed that while there was no clear, definitive cutoff to distinguish recrudescence from reinfection, certain
marker combinations exhibited relatively distinct thresholds. Specifically, in the AL arm, combinations of msp-!
and msp-2 with glurp, msp-1 and msp-2 with microsatellite 313, msp-1 and msp-2 with microsatellite 383, and
msp-1 and msp-2 with microsatellite 2490 showed a relatively clear separation in probability distributions. For
the DP arm, combinations of msp-1 and msp-2 with glurp, msp-1 and msp-2 with microsatellite Poly-a, msp-1
and msp-2 with microsatellite TA109, msp-1 and msp-2 with microsatellite PPK2, and msp-1 and msp-2 with
microsatellite 2490 also exhibited more discernible probability distributions.

Based on visual inspection of these distributions, we identified a threshold range between 0.7 and 0.8
as a potential cutoff for classifying recrudescence. These observations suggest that while a clear, universally
applicable cutoff was not evident across all combinations, certain marker combinations provided a relatively
good distinction, particularly in the AL and DP drug arms (Fig. 2).

A probability cutoff was applied to classify infections as either recrudescence or reinfection. Infections with
a probability above the cutoff were classified as recrudescences, The Wilcoxon signed-rank test revealed that the
number of recrudescences classified using a 0.7 cutoff was significantly higher than those classified using 1 0.8
cutoff (P<0.05) (Table 3).

We compared the total number of recrudescences classified by each algorithm and marker combination,
Results varied widely (Fig. 2), with no clear pattern where a specific marker combination consistently yvielded the
lowest or highest number of recrudescences.

In general, the 3/3 algorithm was the most conservative, identifying the fewest recrudescences across all
marker combinations. For the AL arm, this ranged from two recrudescences with msp-1, msp-2 paired with
microsatellites 383 and Poly-a, to seven recrudescences using microsatellite 2490 as third marker. Similarly, for
the DP arm, the 3/3 algorithm identified two recrudescences when using microsatellites TAL or TA104 as the
third marker, compared to four recrudescences when using glurp, 383, Poly-a, or PfPK2. In contrast, the 22/3
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Fig. 1. Distribution of the P. falciparum MOI across the three study sites. Each violin plot shows, for a given
site, the distribution of the observed MOIs in the samples collected at Day 0. The diamond from each violin
plot represents the average MOI whose corresponding value is displayed above.

algorithm identified significantly more recrudescences. For the AL arm, the number ranged from minimum ten
recrudescences with microsatellite TA1 to fourteen with PEPK2 and 2490. For the DP arm, it ranged from seven
recrudescences with microsatellite 313 to ten with glurp (Fig. 3).

The number of recrudescences classified by the Bayesian algorithm varied significantly depending on the
probability cutoff used. For the AL arm, on average, nearly twice as many recrudescences were identified with a
0.7 cutoff compared to 0.8, while for the DP arm, the 0.7 cutoff resulted in over 62% more recrudescences than
with the 0.8 cutoff. The marker combinations yielding the highest and lowest numbers of recrudescences also
varied with the cutoff and drug arm. Specifically, microsatellites 313 and 2490 produced the highest number
of recrudescences for both thresholds in the AL arm, while microsatellites TA109 and 383 resulted in the
lowest number at the 0.7 and 0.8 thresholds, respectively. In the DP arm, microsatellite 383 led to the most
recrudescences at the 0.7 cutoff, while TA109 produced the highest number at 0.8 cutoff. For the same drug
arm, the fewest recrudescences were identified using Poly-a and TA1 at the 0.7 cutoff, and Poly-a again at the
0.8 cutoff (Fig. 3).

Discussion

Accurately distinguishing P. falciparum recrudescence from reinfection is critical for evaluating antimalarial
drug efficacy. The WHO recommends genotyping markers such as misp-1, msp-2, and highly polymorphic
microsatellites like Poly-a, PIPK2, and TA1 for this purpose'”. However, studies comparing these markers for
recrudescence classification, especially in high-transmission areas, are limited. Our study aimed to address
this gap by evaluating eight marker combinations and three classification algorithms in recurrent P. falciparum
malaria infections from a TES assessing AL and DP.
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Fig. 2. Distribution of the probability of recrudescence estimated with the Bayesian algorithm. Results are
presented for the infections in all three study sites in the AL drug arm (A) and the DP drug arm (B). Each sub-
panel displays, for each marker combination, the distribution of probabilities of recrudescence estimated using
the algorithm. The heights of the bars correspond to the number of samples with the respective probability.

Our study, conducted in arcas with high malaria transmission, revealed considerable genetic diversity (mean
H_> 0.8) and a mean MOI ranging from 1.23 to 1.86 among P. falciparum isolates, consistent with findings from
other malaria-endemic regions'”. This high diversity, shaped by host immunity, ecological factors, and malaria
control efforts, complicates malaria control and facilitates the emergence of drug-resistant strains'*,

Microsatellite markers, particularly those with high diversity and MO, are sensitive in detecting minority
clones, making them valuable for distinguishing recrudescence from reinfection'%. Our results showed that
while glurp exhibited high diversity (H =0.86-0.92), its lower MOI (1.23-1.38) resulted in fewer cases of
recrudescence being classified. This aligns with previous studies that noted glurp’s moderate diversity but lower
sensitivity for detecting minority clones™. The low MOI of glurp suggests reduced sensitivity in identifying
minority clones compared to other markers, potentially underestimating recrudescence consequently
overestimating drug efficacy'”. However, some studies have found no significant differences when glurp was
used instead of microsatellites™, though its reduced sensitivity remains a limitation.

Interestingly, markers like PfPK2 exhibited higher MOIls than expected, contradicting earlier reports of
low diversity for this marker'*. Conversely, markers like 313 and glurp, which are more diverse, showed lower
MOIs, indicating that high genetic diversity in microsatellites can hinder their ability to detect minority clones,
complicating recrudescence classification. While MOI often serves as a proxy for diversity, it does not fully capture
a marker’s sensitivity, highlighting the need for further studies to evaluate the utility of diverse microsatellites.

Regarding classification algorithms, the WHO recommends the 3/3 match-counting approach for classifying
recrudescence, with the alternative 2 2/3 approach suggested for specific settings'”, Our findings indicate that
the 3/3 approach classified significantly fewer recrudescences compared to other algorithms. While this stricter
approach increases specificity, it may misclassify true recrudescences as reinfections, particularly in high-
transmission areas where genetic diversity and multiple clones are common. In contrast, the = 2/3 approach
classified significantly more recrudescences, especially when using microsatellite markers such as 383 or PfPK2
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Table 2. Number of recrudescences classified by the match-counting algorithms. Each row represents one of
the cight possible combinations defined by the third marker indicated in the leftmost column. The columns
report the number of recrudescences classified by the =2/3 and 3/3 algorithms across all three sites for each
drug arm. AL = Artemether-Lumefantrine. DP = Dihydroartemisinin-piperaquine.
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Table 3. Number of recrudescences identified by the Bayesian algorithm. Each row represents one of the eight
possible marker combinations defined by the third marker indicated in the leftmost column, The remaining
columns report the number of recrudescences identified per site using a 0.7 and a 0.8 cutoff for the probability
of recrudescence, as well as the total number of recrudescences across all three sites for each drug arm.

AL = Artemether-Lumefantrine. DP = Dihydroartemisinin-piperaquine,

in the AL treatment arm. This suggests that the =2/3 approach may be more suitable for low- to moderate-
transmission areas, although it risks overestimating recrudescence and inflating drug efficacy estimates in high-
transmission regions'’,

We observed variability in the number of recrudescences classified by different marker combinations and
algorithms. Combinations of msp-1, msp-2, and glurp, or msp-1, msp-2, and 2490, identified more recrudescences
with both the 3/3 and = 2/3 match-counting algorithms. The low diversity and MOI of 2490 likely account for its
higher recrudescence count, while the increased count for msp-1, msp-2, and glurp may be due to the 50 bp bin
size used for genotyping, which could group similar genotypes together, leading to overestimation. Additionally,
the higher recrudescence count for glurp may result from PCR amggiflcation bias, where shorter fragments are
preferentially amplified, limiting the detection of minority clones' %,

The Bayesian algorithm performed poorly in our study, with a flat distribution of likelihoods for
recrudescence classification. Unlike previous studies from Angola, which reported a bimodal distribution
between recrudescences and reinfections'®, our analysis found that the Bayesian algorithm did not provide
useful thresholds for distinguishing between recrudescence and reinfection. This suggests that the genotyped
markers lacked sufficient discriminatory power in this context,

In high-transmission areas, microsatellites like Poly-a and 313 have been suggested as useful for distinguishing
recrudescence from reinfection'!. Our study found that markers like PfPK2 and Poly-a, which exhibited higher
MOls, performed better in classifying recrudescence compared to glurp. These markers may therefore offer more
reliable results in high-transmission areas, supporting their use in such settings. In contrast, markers like glurp
may still perform adequately in low-transmission regions, where a more lenient algorithm like 2 2/3 match-
counting could help reduce misclassification of recrudescences as reinfections.

While a standardized approach for PCR correction could improve consistency across studies'’, a more
flexible, adaptive framework that considers local transmission intensity and genetic diversity would enhance
recrudescence detection accuracy. Our study suggests that a one-size-fits-all approach is not feasible across
diverse malaria transmission environments, Future research should explore adapting PCR correction techniques
to different regional settings to improve recrudescence classification and drug efficacy assessments.

Scientific Reports |

(2025) 15:4375 | https:f/doi.org/10.1038/s41598-025-88892-7 nature portfolio

ER



1
-1 1 14 1
a 12 Y- i 2 = 1212 ks
104 10 10
) 2 ) : 1
{ ] .
51w 4 : 4 5 4
H l ] Algorithm
01 : 3

;
§
§ = .
;
:

||IJ||| |||.|||||.|I.I|

313 383 Polya PIPK2  TAL09 2490

Fig. 3. Comparison of the number of recrudescences identified by each algorithm and marker combination.
Results are presented for the =2/3, 3/3, and Bayesian algorithm using cutoffs of 0.7 and 0.8 for the probability
of recrudescence, across each marker combination (x-axis). The number of recrudescences identified by each
algorithm (y-axis) is illustrated with the colored bars

Despite these crucial findings, we acknowledge the limitations of our study, particularly regarding the lower
discriminatory power of the QIAxcel system, which may have influenced allele calling and recrudescence
classification. Higher-resolution techniques, such as deep amplicon sequencing or Applied Biosystems (ABI)
capillary electrophoresis, could improve the accuracy of our results. Additionally, the absence of a gold-standard
reference method for comparing our computational approaches may have impacted the interpretation of our
findings.

In conclusion, our study suggests that PfPK2 and Poly-a are more effective at classifying recrudescence in
high-transmission areas and could replace or complement glurp in these settings. The findings also highlight the
limitations of the Bayesian algorithm in this context. Further validation of these markers in different malaria-
endemic regions is necessary to optimize recrudescence classification methods and improve the reliability of
TES. Our study underscores the need for flexible, adaptive approaches to PCR correction, taking into account
regional transmission intensity and genetic diversity, to enhance recrudescence detection across diverse malaria
transmission settings.

Methods

Study sites and sample collection

Dried blood spot (DBS) filter paper samples were collected from children aged 6 months to 10 years with
recurrent uncomplicated P falciparum malaria, confirmed by positive malaria microscopy. These children
were enrolled in a TES assessing the efficacy of AL and DP. The study was conducted from September 2018 to
February 2019 at three health centers in Uganda: Aduku Health Centre IV in Kwania district, Northern Uganda;
Arua Regional Referral Hospital in Arua district, northwestern Uganda; and, Masafu District Hospital in Busia
district, Eastern Uganda. All sites experience perennial malaria transmission with high transmission intensity.
A 2018- 2019 malaria indicator survey showed 13% parasite prevalence among children aged 0-59 months in
Kwania district, 22% in Arua district, and 21% in Busia district'®. A total of 179 paired samples were genotyped,
comprising 123 paired samples from the AL arm and 56 paired samples from the DP arm (Supplementary Table
S1). Further details about the drug efficacy and safety study, are publicly available and described elsewhere™,

Laboratory methods

DNA extraction

Genomic DNA was extracted from DBS filter paper samples using Chelex 100 Resin (Sigma-Aldrich, USA)
as previously described®. Briefly, 6 mm discs were punched out from the DBS filter paper into 1.5 mL
microcentrifuge tubes containing 1 mL of 1X phosphate-buffered saline (PBS) and incubated at 4 °C overnight,
The discs were washed twice in | mL PBS and then boiled at 99 °C in 200 pL of 20% Chelex (Sigma-Aldrich,
USA) in DNase/RNase-free water. After a final centrifugation step (14,000 x g for 1 min), the extracted DNA
was transferred into a labeled 0.6 mL microcentrifuge tube with a 100 uL elution volume and stored at - 20 °C
until further use.
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P. falciparum msp-1, msp-2 and glurp genotyping
Parasite genotyping was conducted at the Infectious Diseases Research Collaboration (IDRC) molecular biology
research laboratory in Uganda using nested PCR as previously described™ adjusting the PCR reaction mixture
to 25 pl.. DNA from P, falciparum reference strains (3D7, and HB3) was used in cach run as positive control®™,
Genotyping was done using nested PCR (Supplementary Table S4). A 3ul. sample of the PCR product was then
analysed on a 2% agarose gel to confirm the amplification.

The PCR products for the msp-1 and msp-2 allele families were analysed by capillary electrophoresis using a
Qiaxcel DNA High-Resolution Kit (Qiagen) in the Qiaxcel Advanced system (Qiagen, Hilden, Germany). The
analysis followed the AM420 protocol utilising the QX-DNA size marker 50-800 bp (Qiagen, Hilden, Germany)
and the QX alignment marker 15 bp/1 kb (Qiagen, Hilden, Germany). The nested PCR products for glurp were
analysed using the AM420 protocol with the QX DNA size marker 100 bp - 2.5 kb (Qiagen, Hilden, Germany)
and the QX alignment marker 15 bp/3 kb (Qiagen, Hilden, Germany). The band sizes were determined with the
Qiaxcel Screen Gel software (Version 1,5.0.16, Qiagen, Hilden, Germany) and the height cut off for minority
clones was set at 10% for msp-1 and msp-2 and 20% for glurp of the dominant peak'”,

Microsatellite genotyping
Samples were genotyped for the microsatellites TA1, Poly-a, PAPK2, TA109, 2490, 313, 383 at the Centers for
Disease Control and Prevention (CDC) Malaria Laboratory in Atlanta, USA, Fragment sizes were then measured
using capillary electrophoresis on Applied Biosystems (ABI) 3033 and scored using GeneMarker V2.6.3, as
previously described™. For samples that produced more than one peak, the highest peak was defined as the
dominant allele. Additional peaks were classified as minor alleles if their peak heights exceeded 200 relative
fluorescence units (RFU) and were > 30% of the height of the dominant peak. This threshold was used to identify
minor alleles, which may represent clones present at lower frequencies but still contribute to the genetic diversity
of the infection. The identification of these additional minor alleles, including third and fourth alleles, was based
on the relative peak heights at each microsatellite locus, Peaks that met these criteria were recorded as distinct
alleles,

Genotyped samples were considered successful if they amplified on all markers (msp-1, msp-2, glurp, and
microsatellites) on both day 0 and the day of failure. Sampks that did not amplify on all markers were excluded
from the final analysis.

Data analysis

To further refine the identified fragment sizes and determine the final alleles for each marker, we grouped the
fragments based on predefined bin sizes. For the msp-1 and misp-2 allelic families, we used a bin size of 10; for
glurp, a bin size of 50; for the double repeat microsatellites 313 and 383, a bin size of I; and for the triple repeats
microsatellites TAL, Poly-a, PIPK2, TA109, and 2490, a bin size of 2. Fragments with length differences within
the specified bin sizes were grouped together. The grouping operation started with an offset identified to achieve
the highest overlap between the final (theoretical) alleles and observed fragment sizes.

Genelic diversity. For each site, we determined the genetic diversity of the genotyped markers by calculating
both the mean number of genotypes, allele richness (Ar), allele frequency and the number of effective alleles (N )
at each locus using GENALEX 6.5 software™. Expected heterozygosity (H) which is the probability that two
randomly sclected individuals from a po’pu]ahon will carry distinct alleles at cach marker locus, was calculated
using ARLEQUIN software version 3.11* with the following formula:

He=n/(n =111 =) pil.

where ‘n’ and ‘p " represent the number of isolates analysed and the frequency of the allele in a given population,
respectively, H_ 'values range between 0 and 1 from no genetic diversity to high genetic diversity, respectively
as previously described by Anderson et al.'®, Parasite isolates with higher values of H_and N_are indicative of
greater genetic diversity within the population™**,

P, falciparum MOI, defined as the number of distinct parasite clones simultaneously infecting an individual ™,
was estimated for each sample at day 0 (day of the primary infection) under the different drug arms and across
the three sites, For each site and marker, we then determined the mean MOI by identifying the highest number
of alleles observed across any of the microsatellite markers used in the analysis. This maximum allele count was
considered the MOI for that particular infection.

Recrudescence and reinfection classification. Three algorithms were applied to the identified alleles from all the
samples, namely the 3/3 match counting algorithm, = 2/3 match counting algorithm, and a Bayesian approach '™,
These algorithms were applied to several datasets, each combining different genotyped microsatellites as well as
glurp with msp-1 and msp-2. The 3/3 method classified an infection as recrudescence if one or more alleles
occurred at all three genotyped markers on both day 0 and the day of the recurrent malaria infection. In contrast,
a2 2/3 match counting algorithm classified an infection as a recrudescence if one or more alleles were present in
at least two of the three genotyped markers on both day 0 and the recurrence day. The Bayesian algorithm utilized
allele information from all samples to estimate the probability of recrudescence for each case. A low probability
indicated a greater likelihood of reinfection, whereas a probability closer to 1 suggested a high likelihood of
recrudescence'. This approach highlights how different probability thresholds can influence the sensitivity (true
positive rate) and specificity (true negative rate) of the algorithm. Specifically, a lower threshold may lead to
the identification of more recrudescences, thereby enhancing sensitivity, while a higher threshold can improve
specificity by reducing false positives. To classify recrudescence versus reinfection, probability thresholds of 0.7
and 0.8 were applied sequentially.
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Statistical analysis

Genetic diversity and MOI across sites were compared using the Kruskal-Wallis test, while correlation
between mean H_and mean MOI was assessed using Spearman’s rank correlation. ‘The results of all three
algorithms (3/3 match- -counting, = 2/3 match-counting, and Bayesian) were then compared using the Wilcoxon
signed-rank test to assess their effectiveness in identifying recrudescences based on the hypothesis that there
would be no difference in the number of recrudescences classified by the =2/3 and 3/3 algorithms for each
treatment arm (both AL and DP). All the analyses were conducted using STATA version 17 (Stata Corporation,
College Station, TX), with a statistical significance set at P < 005,

Data availability

The datasets generated and/or analysed in this study are available from the corresponding author upon reason-
able request. All the analysis code used in the study and for generating all the figures is available at: https://githu
b.com/Swiss TPH/genotyping_comparison_Uganda/tree/main.
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APPENDIX VI. Data abstraction tool
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APPENDIX X. Study standard operating procedures

(a) P. falciparum DNA extraction

Materials:
e 1X PBS (Calcium and Magnesium Free pH7.4)
e 0.5% Tween-20 in 1X PBS: 2mL 10% Tween-20 in PBS + 38mL 1X PBS
e 2.5g/L Sodium azide in 1X PBS: 50mg sodium azide + 20mL 1X PBS
e 20% chelex (stored at room temperature)
e 1.5ml Eppendorf tubes
e O.5m DNA storage Eppendorf tubes
Procedure

1. Cut the DBS filter paper to 6mm using a scissors or hole puncher. The same blade or hole
puncher can be used after rinsing with ddH»O, punching clean filter paper 3X , and

rinsing with ddH>O again. (Appendix 1, blood volumes based on size of punch).

2. Combine the DBS filter paper punches with Iml of 0.5% Tween-20 in PBS in a 1.5mL

microfuge tube. This will elute your serum 1:120.

3. Arrange tubes in racks of 30 (depending on centrifuge). Shake rack overnight at room

temperature, low speed.
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Set up Matrix antibody storage tubes by adding 400uL of 2.5g/L sodium azide solution

per Matrix tube.

. Centrifuge DBS tubes for 5 seconds. Transfer 600uL of the now reddish PBS/Tween-20
to the antibody storage tubes, using a clean barrier tip for each tube. Store eluted serum

(now at 1:200) at -80°C.

. Aspirate all remaining PBS/Tween-20 from the DBS tubes with a clean non-barrier tip

attached to a Pasteur pipette at the end of a vacuum assembly. Change tips between tubes.

. Add 1 ml of PBS/tube (no Tween-20), vortex briefly, and incubate at 4°C for 15-30min.

Turn on the heat block at this time to allow time for 95°C to be reached.

. Centrifuge and aspirate (as above) as much fluid as possible and afterwards use the tip to
press the filter paper down into the lower third of the tube without packing it excessively.

Change tips between tubes.

. Vortex 20% chelex solution. Create a 2:1 solution of chelex to sterile water (1.75mL
20% chelex + 3.5mL PCR H20 = enough for 35+ tubes). Transfer 150ul of 2:1 chelex,
inverting the tube every 2-3 transfers. (NOTE: chelex quickly settles out of suspension,

make sure you are not just transferring water).
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10. Extract the parasite DNA by incubating the tubes for 10 min in a 95°C heat-block,
vigorously vortexing each sample every 2 minutes or so throughout the incubation. It is
best to briefly uncap each tube before the first two vortexes to release pressure, or else

the tubes will "pop".

11. After incubation, centrifuge the tubes for 5 minutes at high speed. Meanwhile, label

0.6mL tubes for transfer.

12. Transfer as much solution as possible from the spun tubes to labeled transfer tubes with a

200uL barrier-tip, not worrying if chelex is carried over as well.

13. Spin tubes for 10 minutes at high speed and then transfer the final, white-to-yellowish

supernatant (avoiding the pelleted chelex) to the final Matrix tubes. Store at -20°C.

(b) P. falciparum genotyping

(1) msp-1, msp-2 and glurp genotyping

Primer sequences for msp-1, msp-2 and glurp

Gene name Primer ID Primer sequence

MSP-1 MI1OF CTAGAAGCTTTAGAAGATGCAGTATT G
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MIOR CTTAAATAGTATTCTAATTCAAGTGGA TCA

MSP2-1 ATGAAGGTAATTAAAACATTGTCTATT ATA
MSP-2 MSP2-4 ATATGGCAAAAGATAAAACAAGTGTT GCTG

GLURPE ATGAATTTGAAGATGTTCACACTGAAC
GLURP GLURP F AAATATTACTATATCCTTTGCTATTCC

(ii) Master mix components and preparation

Component Stock concentration Final concentration Volume for one
reaction (uL)

PCRwater | ... | 16.8

Forward primer 1010 uM 0.2 uM 0.5

Reverse primer 10 uM 0.2 uM 0.5

Buffer 10X 1X 2.5

dNTPs (2 mM), 0.75 200 uM 2.5

MgCl, (50mM),

Taq Polymerase 5U/uL 1.5 mM 0.2

Template DNA 2

Final Volume

25
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(iii) PCR conditions

Msp-1
Stages Steps Primary round Nested round
Temperature Cycles Temperature [Time [Cycles
Time
(°C) (°C)

Initial denaturation 95 Smin |1 95 2 min |1

1. Denaturation |94 1 min 04

2. Annealing |61 45 sec 61 30 sec
2. PCR

72 1 min 30
3. Extension |72 1.5 min
25

1. Final 1 72 S min
3. Final elongation . 72 5 min

elongation
& Hold

2. Hold 4 0 4 00
Msp-2
Stages Steps Primary round Nested round

Temperature Cycles Temperature [Time [Cycles
Time
(°C) (°C)
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Initial denaturation 94 Smin |1 04 2 min |1

1. Denaturation |94 1.5 min 04 1.5

2. Annealing 55 45 sec 55 45 sec
2. PCR

72 1.5 min
3. Extension 72 1.5 min
40 30
3. Final elongation Final elongation |72 10 min |1 72 10 min
& Hold 2. Hold 4 o 4 =
Glurp
Stages Steps Primary round Nested round
Temperature Cycles [Temperature [Time [Cycles
Time
(°C) (°C)

Initial denaturation 95 Smin |1 95 2 min |l

1. Denaturation |94 1 min 04 1 min
2 PCR 2. Annealing 58 2 min 58 2 min (30

25 i

3. Extension 72 2 min 72 2 min

3. Final elongation|1. Final |72 10 min |1 72 10 min
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& Hold elongation

2. Hold 4 0 41 o

(c) Microsatellite genotyping

(i) Primer sequences used to amplify Plasmodium falciparum isolates
Primer Sequence Tag | Length of | Chromo | Strand | Tandem
Name product  in | some repeats
3d7
Neul TAl- CCGTCATAAGTGCAGAGC | 5SHE Minus
F HEX X 186bp 6 3
Neul TAI R | TTTTATCTTCATCCCCAC None Plus
Neul TAl F | CTACATGCCTAATGAGCA | None Minus
NEU3 POLY | AAAATATAGACGAACAGA | None Minus
A F 151bp 4 3
NEU3 POLY | ATCAGATAATTGTTGGTA None Plus
A R
NEU3 POLY | GAAATTATAACTCTACCA 5 Plus
A R FAM FAM
NEU7 PFPK2 | CTTTCATCGATACTACGA None Minus
-F
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NEU PFPK2- | CCTCAGACTGAAATGCAT | None | 171bp 12 plus

R

NEU PFPK2- | AAAGAAGGAACAAGCAGA | SHE Plus

R-HEX X

NEU9 TA109 | TAGGGAACATCATAAGGA | None | 174bp Plus

F T

NEU9 TA109 | CCTATACCAAACATGCTAA | None 6 Minus

R A

NEU9 TA109 | GGTTAAATCAGGACAACA | FAM Plus

F FAM T

NEUI2 2490- | TTCTAAATAGATCCAAAG | None Plus

F

NEUI2 2490- | ATGATGTGCAGATGACGA | None | 83bp 10 Minus

R

NEUI2 2490 | AGAATTATTGAATGCAC SFA Minus

"R FAM M

313 F FAM | TCCCTTTTAAAATAGAAGA | 5FA Plus
AA M 260bp 2

313 R GATTATATGAAAGGATAC | None Minus
ATG

383 F HEX | AATAGGAACAAATCATATT | SHE Plus
G X 173bp 3
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383 R

AAG

AGATATCCAGGTAATAAA

NON

minus

(ii) Master mix components and preparation

Stock concentration

Component Final concentration Volume for one
reaction (uL)

PCRwater | ... | 10.5

Forward primer 1010 uM 0.2 uM 0.3

Reverse primer 10 uM 0.2 uM 0.3

Buffer 10X 1X 1.5

dNTPs (2 mM), 0.75 200 uM 0.3

MgCl, (50mM),

Taq Polymerase 5U/uL 1.5 mM 0.1

Template DNA 2

Final Volume 15 uL

(iii) PCR conditions
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Microsatellites: Poly-a, TA1, TA109, PfPK2 and 2490

Stages Steps Primary round Nested round
Temperature Cycles| Temperature | Time |Cycles
Time
(°C) (‘°C)
Initial denaturation 94 2 min 1 94 2 min 1
1. Denaturation 94 30 sec 94 20 sec
42 30 sec 45 20 sec
2 PCR 2. Annealing
40 30sec | 25 25
3. Extension 65 40 sec 65 30 sec
1. Final 1 65 2 min
3. Final elongation _ 65 2 min
elongation
& Hold
2. Hold 4 00 4 0
Microsatellites: C2M34-313, and C3M69-383
Stages Steps Temperature ("C) |Time Cycles
Initial denaturation 94 2 min 1
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1. Denaturation 94 30 sec

2. Annealing 50 30 sec 5
1 step. PCR

3. Extension 60 30 sec

Denaturation 94 30 sec
2" step PCR Annealing 45 30 sec

40

Extension 60 30 sec

1. Final elongation |60 2 min 1
3. Final elongation & Hold

2. Hold 4 0
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APPENDIX XI: Examiner’s letter confirming compliance with corrections

MAKERERE

CAFLALEGE AW HEALTH SCEESCES
Schowd ol Bicmedical Scoiesces

Deportmeai of bedical Bicroheelogy

UNIVERSITY

P HBox TOT2 Keistipala, Diaainda
Tedl: +25%E 204 = 1LEIN
Fasx +255 414 533033

¥ o red:
Chur red: i 257" June 2000

Thex Drzpury Principal
Caollege of Health Sciences

TEau: The= Llean
plerend o Medicine

[Tear Frof [deo,

He: Heview of Myweshges Alex™s Phid Thesis, Beg. Do 2009H D72 38451 0

| was requesied o oversee the oomecions i Mwesigwa Adex"s Phld thesis CAssessment
al Plasmieaium felodparam genctie diversity, mualtiplicity of mfectbsn and genotyping
alporithms fer distimguishing recrudescence from reinfectbsn in ancimalarial dosg
effiency studies bn Uganda™

1 com comfiem dhest BAr. Sdwcsigwa modes ithe changes s owas recommendsd By the
expminsions commifies, and merms the oward of &8 Docior of FRalosophy of Mokorene
University. His thesis fhows well and 1 secommeend thar he con now proceed weith dhe neso
sieps in compdeting his Phi® work.

I cake this oppomunily @ comgroiulete Alkex and wish him the best of luck in his nexs
endeavours.

Please comtact me at ofce, should you require any funber details.

¥ ours simcerely

Hakim Sendagire MBOCRE, 5Sc. Py
Semlor Lociurer

+2%n THZ dnn 154

b kimese ndngine i mnail com
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