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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-α, 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 He was 0.65 (95% CI: 
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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 He 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 



2 

 

(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 (PfEMP1), 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, 
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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-α, 

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 
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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, glurp 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 
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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 
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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-α) 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. 



8 

 

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? 
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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. 

2. To evaluate P. falciparum genetic diversity and multiplicity of infection across areas 

with low, medium, and high malaria transmission intensities in Uganda. 

3. To compare P. falciparum genetic diversity and multiplicity of infection between 

asymptomatic and symptomatic malaria cases in Uganda. 

4. 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.  

5. 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. 
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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 msp1 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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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 
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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 is 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 



16 

 

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 MOI. 
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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 Côte 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-α (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 Polyα, 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 msp1 

and msp1 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: 

• 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), 

• Malaria diagnosis and genotyping (malaria diagnosis method, name of genotyped 

markers, and PCR fragment analysis method),  

• 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 He) 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). 



28 

 

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 (I2) statistic (167). 

An I2 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).   

 

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  

• Children aged 6 months to < 10 years and adults aged ≥18 years  

• 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 

• A positive thick blood smear for P. falciparum 

• Availability of DBS filter paper  

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

• Participants with sufficient demographic and clinical data. 
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3.3.2.2 Exclusion  

• Mixed infections 

• 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 

p1=62% as the moderate estimate of the proportion of multiple infections and p2=80% as the 

higher estimate, based on studies from the East African region (14, 18). The critical value 

Zα/2 corresponded to a 5% level of significance, and Zβ was the critical value for a power of 

80%.  

n = [(Zα/2+Zβ)2 * (p1(1-p1) + p2(1-p2)) / (p1-p2)2] = 95.7. 

For three transmission settings, a total of 96×3=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 p1 as the proportion of 

individuals with multiple P. falciparum infections among asymptomatic malaria cases 

(63.3%) and p2 as the proportion of individuals with multiple P. falciparum infections among 

symptomatic malaria cases (80.6%) (173). 

n = [(Zα/2+Zβ)2 * (p1(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 p1 and p2 as the proportions of polyclonal infection at two time points: 50.5% and 

69.2%, respectively (174). 

n = [(Zα/2+Zβ)2 * (p1(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. 

• Genetic diversity indices: Number of alleles, allelic richness, number of effective 

alleles, and expected heterozygosity. 

• Multiplicity of infection (MOI) metrics: Mean MOI and proportion of polyclonal 

infections. 

• 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-α, 

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  

• A positive thick blood smear for P. falciparum 

• Availability of DBS filter paper  

• 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  

• Mixed infections 

• 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 100× 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 µL of blood was calculated by 
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multiplying the total parasite count by 40, assuming an average of 8,000 leukocytes per µL 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 5, 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 μL 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 µL 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 1× 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-α (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-α, 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 µL, containing 10.5 µL of molecular-grade PCR water, 1.5 µL of 10× reaction 

buffer, 0.3 µL of dNTPs (1.25 mM), 0.3 µL of Forward Primer (10 μM), 0.3 µL of Reverse 

Primer (10 μM), 0.25 µL of AmpliTaq Gold (5 U/µL), and 2 µL 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 µL of the labeled primer for each marker. A 2 µL 

aliquot of the primary reaction product was used in a final volume of 15 µL 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 µL 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 3730xl 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 3730xl, 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 µL (Appendix XI). DNA from P. 

falciparum reference strains (3D7, and HB3) was used in each run as positive control (180). 

A 3µL 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-1 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-1 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 (Na), allele richness (Ar), allele frequency, number of effective alleles (Ne) 

and expected heterozygosity (He) 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: 

He = [n/(n − 1)][1 −Σpi
2], 

where ‘n’ represents the number of isolates analyzed and ‘pi’ is the frequency of the ith allele 

in a given population. The He values range between 0 (no genetic diversity) and 1 (high 

genetic diversity) (15). The mean Na, Ne, 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 (FST) values using Arlequin 3.11 

(183). The FST 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 using analysis of molecular variance (AMOVA). Multilocus linkage 

disequilibrium (LD), measured as the standardized index of association (IA
S), was calculated 

using LIAN version 3.5 (185) for the whole dataset. This index was calculated using the 

formula:  

 I A
 S = (1/n−1((VD/(VE)−1) 

where VE is the expected variance of the nth number of loci for which two individuals differ, 

and VD is the observed variance. The significance of IA
S 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, 



47 

 

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 (Na), effective 

number of alleles (Ne), 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 (IA
S) 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, Ne, 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 IA
S, with Monte Carlo significance testing. Pairwise FST values were also calculated to 

assess genetic differentiation between infection profiles. 



48 

 

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 He 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. 

 

 



49 

 

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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Figure 3. PRISMA flow diagram for identification and screening of included articles 
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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 He was 0.09 (85), 

and the highest (0.93) was in the Democratic Republic of Congo (DRC) (189). The overall 

pooled mean He across all studies was 0.65 (95% CI: 0.51–0.78). Regionally, the pooled 

mean He 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).  

 

Figure 4 Forest plot representing the pooled mean He of P. falciparum infection across 17 

studies that reported measures of dispersion (CI and SD) for mean He 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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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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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.  



57 

 

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-1 and msp-2. Rural areas generally 

show higher MOI than urban areas, with Tadele et 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/µL. 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 

 

 

P.  falciparum genetic diversity  

The mean number of alleles (Na) 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-α, and TA1 

had the highest number of alleles, ranging from 13 to 21 across the three study sites. The 

mean number of effective alleles (Ne) was 6.13 (± 3.27) in Jinja, 6.85 (± 3.73) in Kanungu, 

and 6.59 (± 4.20) in Tororo. The mean expected heterozygosity (He) 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 

 

 

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 

 

Across the sites, the microsatellites C3M69–383 and TA1 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 

FST 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 (IA
S) values, 

ranged from 0.07 in Tororo to 0.14 in Jinja, with Kanungu showing an IA
S 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/µL. 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. 

 

 

P. falciparum genetic diversity among asymptomatic and symptomatic uncomplicated 

and complicated study participants  

The genetic diversity of P. falciparum, as indicated by the Na, allele frequencies, Ne, and He, 

was high across both symptomatic and asymptomatic malaria infections. The Kruskal-Wallis 

test showed no significant differences in the observed Na, 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-α, 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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Expected heterozygosity and number of effective alleles 

The mean expected heterozygosity (He) 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 (Ne) 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 

 

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 
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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 (IA
S) 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 FST 

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/µL in Jinja, 36,118 parasites/µL in Kanungu, and 68,240 parasites/µL in Tororo (Table 

7). By the 2015-2016 period, these counts had declined to 14,882.4 parasites/µL in Jinja, 20,694 

parasites/µL in Kanungu, and 23,586.2 parasites/µL 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 

 

 

 

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 He values consistently exceeding 0.7 (Figure 9). However, a slight decline in the 

mean values of Na, Ne, and He was observed across all study sites (Table 8). Importantly, no 

significant differences were observed in mean Na, 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 
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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). 

 

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 (IA
S), across the sites over time. During the 2011-2012 period, 

Kanungu recorded the lowest IA
S at 0.0085 (p = 0.31), while Jinja had the highest significant IA

S 

value at 0.0233 (p = 0.06). In the 2015-2016 study period, Kanungu's IA
S 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 

IA
S, 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, FST 

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-1 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 

He 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-α 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 (Ne) 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 msp1, msp2, glurp and microsatellite markers a cross Aduku, 

Arua and Masafu 

 

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-α 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 (Ne), 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-1 and the microsatellites PfPK2 and Poly-α exhibited the highest 

average MOIs, while microsatellite 313, the most diverse marker, generally showed lower MOIs. 

In Aduku, the highest average MOIs for microsatellites were observed for PfPK2, TA1, and 

Poly-α, 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-α, 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-α 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 He 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-α, 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-α, 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-α and TA1 at the 0.7 cutoff, and Poly-α again at the 0.8 cutoff (Figure 

12). 
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Figure 12: Comparison of the number of recrudescences classified by ≥2/3, 3/3, and Bayesian 

algorithm. 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. 
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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-α, 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 (Na) 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 (Na = 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 FST values ranging from 

0.011 to 0.021, consistent with findings from other malaria-endemic regions, such as Kenya (FST 

= 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 (He = 

0.79 ± 0.17) and complicated malaria cases (He = 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 Côte 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-α, 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 
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Poly-α, 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 MOI. 
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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. 
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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-α 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. 
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• 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 FST 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-α 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 

III. 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/AS01 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-α) 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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APPENDIX IV. Publication from study objective 4.  
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APPENDIX X. Study standard operating procedures 

 

(a) P. falciparum DNA extraction 

Materials:  

• 1X PBS (Calcium and Magnesium Free pH7.4) 

• 0.5% Tween-20 in 1X PBS:  2mL 10% Tween-20 in PBS + 38mL 1X PBS  

• 2.5g/L Sodium azide in 1X PBS: 50mg sodium azide + 20mL 1X PBS  

• 20% chelex (stored at room temperature) 

• 1.5ml Eppendorf tubes 

• 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 ddH2O, punching clean filter paper 3X , and 

rinsing with ddH2O again. (Appendix 1, blood volumes based on size of punch). 

 

2. Combine the DBS filter paper punches with 1ml 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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4. Set up Matrix antibody storage tubes by adding 400uL of 2.5g/L sodium azide solution 

per Matrix tube. 

 

5. 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 -80⁰C. 

 

6. 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.  

 

7. Add 1 ml of PBS/tube (no Tween-20), vortex briefly, and incubate at 4⁰C for 15-30min. 

Turn on the heat block at this time to allow time for 95⁰C to be reached.  

 

8. 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. 

 

9. 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 95⁰C 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 -20⁰C.  

 

(b) P. falciparum genotyping  

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

 

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

Gene name Primer ID Primer sequence 

MSP-1 M1OF CTAGAAGCTTTAGAAGATGCAGTATT G 
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M1OR CTTAAATAGTATTCTAATTCAAGTGGA TCA 

MSP-2 

MSP2-1 ATGAAGGTAATTAAAACATTGTCTATT ATA 

MSP2-4 ATATGGCAAAAGATAAAACAAGTGTT GCTG 

GLURP 

GLURP E ATGAATTTGAAGATGTTCACACTGAAC 

GLURP F AAATATTACTATATCCTTTGCTATTCC 

 

(ii) Master mix components and preparation 

Component Stock concentration Final concentration Volume for one 

reaction (µL) 

PCR water …….. …… 16.8 

Forward primer 1010 µM 0.2 µM 0.5 

Reverse primer 10 µM 0.2 µM 0.5 

Buffer 10X 1X 2.5 

dNTPs (2 mM), 0.75 

MgCl2 (50mM), 

 200 µM 2.5 

Taq Polymerase 5 U/µL 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 

(0C) 

Time 

Cycles Temperature 

(0C) 

Time Cycles 

Initial denaturation  95 5 min 1 95 2 min 1 

2. PCR 

1. Denaturation 94 1 min  

 

 

25 

94    

 

30  

2. Annealing 61 45 sec 61 30 sec 

3. Extension 72 1.5 min 

72 1 min 

3. Final elongation 

& Hold 

1. Final 

elongation 

72 5 min 

1 72 5 min  

2. Hold 4 ∞  4 ∞  

 

Msp-2 

Stages Steps Primary round Nested round 

  

Temperature 

(0C) 

Time 

Cycles Temperature 

(0C) 

Time Cycles 
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Initial denaturation  94 5 min 1 94 2 min 1 

2. PCR 

1. Denaturation 94 1.5 min  

 

 

40 

94 1.5   

 

 

30  

2. Annealing 55 45 sec 55 45 sec 

3. Extension 72 1.5 min 

72 1.5 min 

3. Final elongation 

& Hold 

Final elongation 72 10 min 1 72 10 min  

2. Hold 4 ∞  4 ∞  

 

Glurp 

Stages Steps Primary round Nested round 

  

Temperature 

(0C) 

Time 

Cycles Temperature 

(0C) 

Time Cycles 

Initial denaturation  95 5 min 1 95 2 min 1 

2. PCR 

1. Denaturation 94 1 min  

 

25 

94 1 min   

30  2. Annealing 58 2 min 58 2 min 

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 ∞  4 ∞  

 

 

(c) Microsatellite genotyping 

(i) Primer sequences used to amplify Plasmodium falciparum isolates 

Primer 

Name 

Sequence Tag Length of 

product in 

3d7 

Chromo

some 

Strand Tandem 

repeats 

Neu1_TA1-

F_HEX  

CCGTCATAAGTGCAGAGC 5HE

X 

 

186bp 

 

6 

Minus   

3 

Neu1_TAI_R TTTTATCTTCATCCCCAC None Plus 

Neu1_TA1_F CTACATGCCTAATGAGCA None Minus  

NEU3_POLY

A_F           

AAAATATAGACGAACAGA None   

151bp 

 

4 

Minus   

3 

NEU3_POLY

A_R          

ATCAGATAATTGTTGGTA None  Plus  

NEU3_POLY

A_R_FAM     

GAAATTATAACTCTACCA 5 

FAM 

Plus  

NEU7_PFPK2

-F 

CTTTCATCGATACTACGA 

 

None   

 

 

 

Minus   
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NEU_PFPK2-

R   

CCTCAGACTGAAATGCAT 

 

None  171bp 12 plus 3 

NEU_PFPK2-

R-HEX 

AAAGAAGGAACAAGCAGA 

 

5HE

X 

Plus  

NEU9_TA109

_F 

TAGGGAACATCATAAGGA

T 

None 174bp  

 

6 

Plus  

 

3 NEU9_TA109

_R 

CCTATACCAAACATGCTAA

A 

None  Minus 

NEU9_TA109

_F_FAM 

GGTTAAATCAGGACAACA

T 

FAM Plus 

NEU12_2490-

F 

TTCTAAATAGATCCAAAG 

 

None   

 

83bp 

 

 

10 

Plus   

 

3 NEU12_2490-

R 

ATGATGTGCAGATGACGA 

 

None  Minus  

NEU12_2490

_R_FAM 

AGAATTATTGAATGCAC 5FA

M 

Minus  

313_F_FAM TCCCTTTTAAAATAGAAGA

AA 

5FA

M 

 

 260bp 

 

2 

Plus  

2 

313_R GATTATATGAAAGGATAC

ATG 

None  Minus 

383_F_HEX AATAGGAACAAATCATATT

G 

5HE

X 

 

173bp 

 

3 

Plus   

2 
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383_R AGATATCCAGGTAATAAA

AAG 

NON

E 

minus 

 

 

(ii) Master mix components and preparation 

Component Stock concentration Final concentration Volume for one 

reaction (µL) 

PCR water …….. …… 10.5 

Forward primer 1010 µM 0.2 µM 0.3 

Reverse primer 10 µM 0.2 µM 0.3 

Buffer 10X 1X 1.5 

dNTPs (2 mM), 0.75 

MgCl2 (50mM), 

 200 µM 0.3 

Taq Polymerase 5 U/µL 1.5 mM 0.1 

Template DNA   2 

Final Volume   15 µL 

 

 

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

 

Stages Steps Primary round Nested round 

  

Temperature 

(0C) 

Time 

Cycles Temperature 

(0C) 

Time Cycles 

Initial denaturation  94 2 min 1 94 2 min 1 

2. PCR 

1. Denaturation 94 30 sec  

 

25 

94 20 sec  

 

25 

2. Annealing 

42 

40 

30 sec 

30 sec 

45 20 sec 

3. Extension 65 40 sec 
65 30 sec 

3. Final elongation 

& Hold 

1. Final 

elongation 

65 2 min 

1 65 2 min  

2. Hold 4 ∞  4 ∞  

 

Microsatellites: C2M34–313, and C3M69–383 

Stages Steps Temperature (0C) Time Cycles 

Initial denaturation  94 2 min 1 
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1 step. PCR 

1. Denaturation 94 30 sec  

  5 

 

 

2. Annealing 50 30 sec 

3. Extension 60 30 sec 

 2nd step PCR 

Denaturation 94 30 sec 
 

 

 40 

Annealing 45 30 sec 

Extension 60 30 sec 

3. Final elongation & Hold 

1. Final elongation 60 2 min 1 

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

 


