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SUMMARY 

 
In the first section of the thesis, I aimed to assess available malaria diagnostic tools and 

improve the visualization and identification of target genes involved in rapid diagnostic tests 

(RDTs) using whole genome sequences (WGS). Part 1 is comprised of 2 manuscripts. 

 

Manuscript 1: Diagnostic performance and comparison of ultrasensitive and 

conventional rapid diagnostic test, thick blood smear and quantitative PCR for 

detection of low-density Plasmodium falciparum infections during a controlled human 

malaria infection study in Equatorial Guinea. 

 

A novel ultrasensitive RDT (uRDT) has been made available to identify low parasite density 

infections while maintaining conventional RDT’s versatility. This manuscript evaluates the 

efficacy of different diagnostic tools and their ability to detect low density Plasmodium 

falciparum infections. The research compares a uRDT, a conventional rapid diagnostic test 

(cRDT), thick blood smear (TBS), and quantitative PCR (qPCR) using samples from malaria-

exposed individuals participating in a controlled human malaria infection (CHMI) study. The 

study found that qPCR was the most sensitive method, detecting infections earlier and at 

lower parasite densities compared to TBS, uRDT, and cRDT. TBS and uRDT demonstrated 

similar sensitivities and were more effective than cRDT, but none matched the sensitivity of 

qPCR. The study concludes that while qPCR remains the most sensitive diagnostic tool, 

uRDT could serve as a viable alternative to TBS in specific applications due to its 

comparable sensitivity and operational simplicity. 

 

Manuscript 2: Gene Coverage Count and Classification (GC3): a locus sequence 

coverage assessment tool using short-read whole genome sequencing data, and its 

application to identify and classify histidine-rich protein 2 and 3 deletions in 

Plasmodium falciparum. 

 

A concerning trend among P. falciparum populations is the expansion of strains with non-

functional HRP2, the target antigen of RDTs, leading to evasion of RDT-based detection of 

ongoing P. falciparum infections. This manuscript describes the development and validation 

of a computational tool termed GC3. This tool is designed to analyze whole genome shotgun 

sequence (WGS) data to detect and classify deletions in the hrp2 and hrp3 (hrp2/3) genes of 

P. falciparum, which are critical for the efficacy of malaria RDTs. The study highlights the 

tool’s ability to accurately identify these deletions by comparing its results with those of a 
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hrp2/3-specific qPCR assay, demonstrating high agreement. GC3 was applied to various 

WGS datasets, identifying hrp2/3 deletions in samples from Cambodia, Brazil, and other 

regions using publicly available WGS data. The tool's application is crucial for monitoring the 

spread of hrp2/3 deletions among sequence data when access to a samples’ physical 

material is limited. GC3 facilitates the analysis of WGS data and aims to provide investigators 

the tools to detect gene deletions. 

 

The second part of the thesis aims to use epidemiology, population genetics and molecular 

monitoring methods to describe transmission dynamics of P. falciparum on Bioko Island, 

Equatorial Guinea. Using data from malaria indicator surveys (MIS) conducted annually on 

the island, regression models and WGS data was used to characterize human and parasite 

clusters that provide insight into transmission pathways. To ascertain the impact of 

importation on Bioko Island, population genetics was used to estimate the impact of 

suspected incoming P. falciparum strains to Bioko Island from neighboring regions on the 

African continent. The WGS data generated is the first whole genome description of the P. 

falciparum population on Bioko Island. Additionally, the molecular monitoring of P. falciparum 

using the Diaxxo PlasmoPod device is the first instance of using the machine with an entirely 

local staff at the Baney reference laboratory in Equatorial Guinea. This section is based on 

three manuscripts.  

 

Manuscript 3: Identifying individual, household and environmental risk factors for 

malaria infection on Bioko Island to inform interventions. 

 

The Bioko Island Malaria Elimination Project (BIMEP) has conducted annual MIS on Bioko 

Island, Equatorial Guinea since 2004. This manuscript investigates the various factors 

contributing to malaria infection risks on the island utilizing data from the 2015 and 2018 MIS, 

along with environmental data. Multilevel logistic regression models are applied to the data to 

analyze the odds of malaria infection according to human behavior. Findings suggest that 

travel to mainland Equatorial Guinea is the most significant risk factor, increasing infection 

odds by four times. Additionally, using long-lasting insecticidal nets (LLINs) significantly 

reduces infection risk by about 30%. Malaria prevalence was highest among children aged 

10-14 and was similar between genders. The study underscores the importance of tailored 

interventions based on local contexts to enhance malaria control efforts. 

 

Manuscript 4: Whole genome sequences of Plasmodium falciparum on Bioko Island, 

Equatorial Guinea illustrate connectedness with geographical neighbors and island-

wide partial population structure. 
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The P. falciparum population on Bioko Island, Equatorial Guinea has not been previous 

described at a genomic level. This manuscripts provides estimates of the genetic diversity 

and population structure of P. falciparum on Bioko Island. Despite significant malaria control 

efforts, malaria prevalence remains high at 10-12%. This study utilized WGS data from 

samples collected during the 2019 malaria indicator survey to analyze genetic diversity, 

differentiation, and relatedness among P. falciparum isolates from Bioko Island. Results were 

compared to publicly available WGS data of continental sub-Saharan African parasites, like 

those from neighboring regions such as Cameroon and Gabon. Results showed high genetic 

diversity and a substantial proportion of polyclonal infections among Bioko parasites, 

indicating sustained transmission intensity and influence from imported malaria cases. Bioko 

parasites appeared most closely related to Gabonese parasites, suggesting a significant 

proportion go imported strains come from Gabon or nearby regions, such as Rio Muni, the 

continental region of Equatorial Guinea. These findings suggest that parasite migration from 

the mainland poses a significant challenge to malaria elimination on Bioko Island. 

Continuous molecular surveillance and targeted interventions at high traffic border crossings 

may be required to decrease imported malaria cases and to sustain effectiveness of malaria 

control activities implemented on Bioko Island. 

 

Manuscript 5: Integrating local malaria molecular monitoring into regular malaria 

indicator surveys on Bioko Island: high association between urban communities and 

low density infections. 

This manuscript evaluates the effectiveness of the Diaxxo PlasmoPod, a portable qPCR 

device, in detecting malaria infections evading diagnosis by conventional rapid diagnostic 

tests (RDTs), such as hrp2-deletion strains and low density infections. Conducted on Bioko 

Island, Equatorial Guinea, the research involved 1,500 dried blood spot (DBS) samples from 

the 2023 malaria indicator survey (MIS). An 18S rDNA/rRNA RT-qPCR-based assay was 

used with PlasmoPod, identifying Plasmodium spp. infection within 30 minutes. The study 

found 26.5% of RDT-negative individuals were qPCR positive, identifying false negatives by 

RDTs. Further, 74.7% of RDT-positive individuals were qPCR-positive, suggesting 25.3% 

were false positive RDT results. Among age groups, children under 5 years had higher 

parasite densities on average. Multivariate regression models revealed older age groups, 

males, and individuals from the Baney district had a higher probability of malaria infection. In 

terms of low density infections, MIS participants from urban communities, and individuals 

who recently reported fever, and households with higher density (people/room) had higher 

odds of having a low-density infection below an RDT’s limit of detection. The study highlights 

the importance of integrating molecular monitoring, like PlasmoPod, into malaria 

surveillance; such monitoring improves infection detection, particularly for cases missed by 
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RDTs, and thereby providing a sensitive and accurate assessment of malaria prevalence and 

aiding better-informed intervention strategies. 

 

The third section of this thesis applies population genetics and bioinformatics to NGS data to 

inform the next generation of malaria vaccines. Gene-specific long read sequence data from 

public repositories and WGS from clinical trials was used to assess diversity and review the 

potential of a single-locus, whole protein-based target. The application of a whole genome 

sieve analysis (wgSA) using WGS for P. falciparum was also reviewed. The subsequent 

work is the first instance of applying wgSA to P. falciparum to identify differential genomic 

characteristics between infected vaccinated and infected control groups in clinical trials 

conducted in Africa. 

 

Manuscript 6: Plasmodium falciparum merozoite surface protein 1 as asexual blood 

stage malaria vaccine candidate. 

 

Two malaria vaccines, RTS,S/AS01 and R21/Matrix-M have been approved by the WHO for 

use as preventative vaccines, but their reported efficacy remains below ideal standards. This 

manuscript reviews the potential of merozoite surface protein 1 (MSP1) as a vaccine target 

for malaria. MSP1 has been identified as a promising candidate due to its critical role in the 

asexual blood stage of the parasite. The review covers the biological functions of MSP1, its 

genetic diversity, and the outcomes of clinical trials that have tested various MSP1 constructs 

and formulations in both animal models and humans. Despite initial promise, human trials 

using MSP1 subunits or combinations with other antigens have shown limited efficacy. 

Recent advancements include testing a full-length MSP1 vaccine (MSP1FL) in malaria-naive 

volunteers, showing potential in generating multifunctional antibodies. The review 

emphasizes the need for further research to understand the relationship between antibody 

responses and protective immunity against asexual blood stages in malaria. 

 

Manuscript 7: Whole-genome sieve analysis: identification of protective malaria 

antigens by leveraging allele-specific vaccine efficacy. 

 

This manuscript explores the application of whole-genome sieve analysis (wgSA) in malaria 

research to identify protective antigens against P. falciparum. Traditional sieve analysis 

demonstrated the allele-specific vaccine efficacy for RTS,S/AS01. Higher protection was 

observed against P. falciparum strains with closer genetic variation in the target protein, 

circumsporozoite protein (CSP), to the vaccines’. The wgSA scans the entire genome to 

pinpoint differences between the infections of vaccinated and individuals who received 

placebo, and thus identifying the genetic variations associated with vaccine-induced 
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protection. This manuscript underscores wgSA's efficacy in high-recombination pathogens, 

reducing genetic linkage and noise, and offering a comprehensive approach to discovering 

protective loci. This novel approach holds significant promise for advancing malaria vaccine 

development and efficacy assessment. 

 

Manuscript 8: Protective targets of PfSPZ-based whole organism vaccines identified 

from genome-wide sieve analyses of isolates from field efficacy trials. 

This manuscript describes to study investigating the identification of protective antigens in 

malaria vaccines. Utilizing whole-genome sieve analysis (wgSA), the study analyzes parasite 

genomic data from two field trials of PfSPZ vaccines in malaria-exposed adults in Mali and 

Burkina Faso. In Burkina Faso, a radiation-attenuated whole sporozoite vaccine (PfSPZ 

Vaccine) was administer and compared to a saline placebo control group. In Mali, a chemo-

attenuated version of the vaccine was used (PfSPZ-CVac), also compared to a control 

group. These trials, conducted in high-transmission areas, reveal that certain genomic sites 

and protein-coding loci are significantly underrepresented among breakthrough infections in 

vaccinated individuals compared to placebo recipients. Specifically, the study identifies 165 

and 93 target loci in the Burkina Faso and Mali trials, respectively. Of which, there were 18 

loci common to both, including the well-known pre-erythrocytic antigen PfSSP2/TRAP. The 

research demonstrates that wgSA can be an effective tool for identifying protective vaccine 

antigens, supporting the development of multivalent or multi-strain vaccines to combat the 

genetic diversity of Plasmodium falciparum.   
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1 INTRODUCTION 

1.1 Malaria 

1.1.1 Life Cycle of causative agent 

Malaria is caused by a single-cell, eukaryotic parasite that belongs to the Apicomplexa phylum 

and the Plasmodium genus. Malaria parasites exist in various continents from South America 

to Africa, the Indian subcontinent and Southeast Asia (WHO, 2023). There are seven  

Plasmodium species infecting humans: Plasmodium falciparum, Plasmodium vivax, 

Plasmodium simium, Plasmodium malariae, Plasmodium brasilianum, Plasmodium ovale, and 

Plasmodium knowlesi (Sato, 2021, WHO, 2023). The P. ovale species is further divided into 

two sympatric subspecies: P. ovale curtisi and P. ovale wallikeri, only dissimilar genetically and 

these lineages split an estimated 1 - 3.5 million years ago (Sutherland et al., 2010). P. knowlesi, 

P. brasilianum, P. simium are regarded as a zoonotic malaria parasites. P. knowlesi is more 

commonly observed in macaques (Lee et al., 2011), and P. brasilianum and P. simium in South 

American primates (Fuehrer et al., 2022, Rougeron et al., 2022). P. knowlesi infections in 

humans have been steadily increasing in Southeast Asia causing clinical disease (Sato, 2021, 

Chin et al., 1968). P. brasilianum is genetically similar to P. malariae, to the point of being 

nearly indistinguishable (Tazi and Ayala, 2011, Fuentes-Ramírez et al., 2017, Fuehrer et al., 

2022). Concurrently, P. simium is very similar genetically to P. vivax, believed to have 

undergone a host switch from human P. vivax into non-human primates (Mourier et al., 2021). 

Globally, there were an estimated 249 million clinical malaria cases and 608,000 deaths in the 

year 2022, primarily driven by P. falciparum infections in sub-Saharan Africa (WHO, 2023).  

Malaria is an insect-borne infectious disease; the causative parasites, with a complex life cycle 

(Figure 1), are transmitted via female Anopheles mosquitos during blood feeding on a human 

host. At the time of feeding, sporozoites located in the mosquito’s salivary glands are expelled 

into the human dermal layer. From there, within a matter of minutes, they migrate to nearby 

capillaries, entering the bloodstream and then reach the liver, where they invade hepatocytes 

(Ryan et al., 2019). Following an incubation period of 1-2 weeks, thousands of liver stage 

merozoites are asexually produced and released into the blood stream to invade erythrocytes. 

The duration of the liver-stage incubation period, which is clinically silent, varies according to 

Plasmodium species (Ashley et al., 2018). During the liver stages of P. vivax and P. ovale, 

hypnozoites are also produced, thought to be lying dormant in hepatocytes and reactivate 

days, months or even years after the initial infection took place (Jong and Stevens, 2021). 

Once parasites invade erythrocytes, they go through repeated asexual blood stage cycles, 

occurring every 48 hours for P. falciparum, P. vivax, P. simium, and P. ovale, 72 hours for P. 
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malariae and P. brasilianum, and 24 hours for P. knowlesi (White et al., 2014, Ryan et al., 

2019, Fuehrer et al., 2022, Rougeron et al., 2022). After each asexual blood-stage cycle, 

merozoites are released into the blood stream from ruptured schizonts, invade healthy 

erythrocytes and repeat the asexual reproduction cycle (Ryan et al., 2019). It is during this 

blood stage of repeated invasion and lysing of erythrocytes that human hosts may experience 

symptoms due to erythrocyte destruction and accompanying immune responses, whereby the 

type and outcome of the immunological defense depends on the virulence of the infecting 

Plasmodium species/strain and level of previous malaria exposures (i.e. naïve vs. semi-

immune individuals) (Stanisic et al., 2009, Walker and Rogerson, 2023). When there are 

diminished signals from a lack of essential host nutrients required for continued asexual 

progress (Brancucci et al., 2017) a subset of merozoites undergo sexual differentiation into 

male and female gametocytes. After gametocytes mature and migrate to host capillaries (stage 

V), some are eventually taken up by feeding mosquitos, where male gametocytes undergo 

mitosis into microgametes and fertilize female gametocytes in the mosquito’s midgut (Josling 

and Llinás, 2015). The resulting zygote, the only diploid stage of the Plasmodium lifecycle, 

develops into haploid ookinetes that invade the mosquito midgut wall, develop further into 

oocysts, and after another incubation period (1-2 weeks), finally reach the sporozoite stage 

that migrates to the mosquito salivary gland to repeat the life cycle (Bennink et al., 2016).  
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Figure 1. Complete life cycle of the Plasmodium parasite. (1) The pre-erythrocytic stage starts when 

sporozoites are injected into a human host by a female, infected Anopheles mosquito during a feeding 

event. Sporozoites migrate to the liver and infect hepatocytes, then asexually replicate and mature into 

merozoites after an incubation period. Once parasites are released from the liver, (2) the erythrocytic 

stage begins as merozoites escaping the liver to invade erythrocytes. The majority of parasites infecting 

erythrocytes undergo asexual reproduction, replicating at an exponential rate, destroying erythrocytes 

by lysing at the end of each asexual cycle, and eliciting the initial symptoms experienced by the human 

host. A small subset of infecting merozoites enter sexual development into male or female gametocytes. 

When a mosquito takes up gametocytes during a feeding event, (3) the male and female gametocyte 

fuse and undergo several steps in the midgut to eventually become sporozoites that migrate to the 

salivary glands. Image extracted from Rajneesh et al., 2023, and lists malaria vaccine candidates based 

on their vaccine strategy: pre-erythrocytic, erythrocytic, transmission-blocking (Rajneesh et al., 2023).  

1.1.2 Epidemiology 

Malaria is still one of the leading causes of mortality among children under 5 years of age and 

pregnant women (primarily primigravidae) in malaria endemic countries (Liu et al., 2021, 

Kogan, 2020). The majority of malaria-related morbidity and mortality cases occur in the sub-

Saharan African region, accounting for 94% of global malaria cases (WHO, 2023). Nigeria, the 
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Democratic Republic of Congo (DRC), Uganda and Mozambique account for 27%, 12%, 5% 

and 4%, respectively, of all African malaria cases in 2022 (WHO, 2023). The majority of cases 

in Africa are due to P. falciparum infections, although non-falciparum species, such as P. 

malariae and P. ovale, are often observed as co-infections in some regions (WHO, 2023). Of 

concern are recent trends of increasing malaria prevalence, in part due to the interruptions in 

malaria control interventions due to the COVID-19 pandemic, growing from 231 million cases 

in 2015 to 249 million cases in 2022 (WHO, 2023). This global pattern illustrates the challenge 

of malaria elimination where delays or interruptions of control strategies can result in a rapid 

loss of progress gained over many years.  

1.1.3 Vector Control and Prevention 

There are several malaria control and prevention interventions that are implemented globally, 

designed mainly to reduce the probability of malaria transmission by its vectors. Distribution of 

insecticide-treated bed nets (ITNs) or long-lasting insecticide-treated bed nets (LLINs), and 

indoor residual spraying (IRS) are the more traditional interventions, which target feeding 

mosquitos within a household. ITNs have become a significant intervention strategy over the 

last decade, with almost 2.9 billion ITNs/LLINs distributed from 2004 - 2022 (WHO, 2023). 

Among malaria cases estimated to be averted between 2000 - 2015, ITNs/LLINs contributed 

68% (Bhatt et al., 2015), and individuals who used ITNs had a 44% decrease in malaria 

incidence compared to non-ITN using individuals (Pryce et al., 2018). Although IRS is a more 

labor-intensive control intervention, requiring sprayers to cover the walls with insecticide in 

every room of a household, it has been estimated to reduce malaria prevalence by 68% 

(Gimnig et al., 2024, WHO, 2023). Another mosquito-targeting intervention, larvaciding, 

consists in the treatment of Anopheles spp. breeding sites with chemical or microbial 

insecticides to curtail mosquito hatching, decreasing malaria prevalence by 74% in treated 

communities vs. non-treated communities (Choi et al., 2019). Although initially beneficial, 

larvaciding effects appear to be short-lived and do not sufficiently reduce disease transmission 

by mosquitos (Dambach et al., 2021). Although effective so far, recent expansion of 

insecticide-resistant mosquitos has been observed, threatening the longer-term effectiveness 

of mosquito-targeting control interventions (Suh et al., 2023).   

1.1.4 Drug Treatment 

Malaria is a treatable disease, with artemisinin-based combination therapies (ACTs) being the 

current frontline drug treatment approach, globally. Symptomatic malaria typically manifests 

as flu-like symptoms such as fever, chills, headache, cough, diarrhea, malaise and achy joints 

(Warrell, 2017). Complicated malaria in children can manifest as severe anemia, respiratory 

distress and eventual coma, whereas in adults similar symptoms are present (except anemia), 
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and many cases also include renal injury and jaundice (White, 2022). If not treated rapidly and 

effectively, cases can progress to more severe malaria presentations where second-line 

treatments, such as Artesunate (a water soluble artemisinin-derivative) or Quinine combined 

with tetracycline or doxycycline, need to be administered intravenously for up to 7 days to 

effectively clear parasites (WHO, 2015). Cerebral malaria, the most severe malaria 

complication, is 100% fatal without treatment, but even with treatment mortality remains high, 

at 15-20%, accompanied with long-term health sequelae (Dvorin, 2017). 

Unfortunately, as with increasing insecticide resistance, an expansion of drug-resistant 

Plasmodium strains has been observed historically. Initial treatment with chloroquine in the 

early 1900s eventually became ineffective after chloroquine-resistant strains emerged in South 

America and Southeast Asia independently, eventually spreading worldwide (Payne, 1987). 

Several single nucleotide polymorphisms (SNPs), or base-pair mutations, were observed on 

the P. falciparum chloroquine resistance transporter (PfCRT) gene that differentiated 

susceptible from resistant strains to chloroquine treatment, including those leading to amino 

acid residue changes: M74I, N75E, K76T, A220S, Q271E, N326S, I356T, and R371I (Wellems 

and Plowe, 2001). The PfCRT product is a membrane-bound protein associated with 

drug/metabolite transport and mediates the removal of chloroquine from the digestive vacuole 

(Bray et al., 2005). Due to chloroquine resistance, national malaria programs (NMPs) adopted 

a new frontline antimalarial drug combination: sulfadoxine and pyrimethamine (SP). SP was 

effective until multiple resistant mutations expanded out of Cambodia in the 1970s and reduced 

the antimalarial’s effectiveness (Gatton et al., 2004, Vinayak et al., 2010). SP inhibits folate 

digestion targeting the protein products of dihydropteroate synthase (dhps) and dihydrofolate 

reductase (dhfr); however, the number and frequency of drug resistance-inducing SNPs in 

these genes increased in field isolates, with concomitant reduction of SP effectiveness (Sibley 

et al., 2001). SP wasn’t adopted in Africa until the early 1990s, but rapid spread of resistance 

quickly occurred where, by the end of the decade, most countries had to adapt by switching to 

different frontline antimalarials (Conrad and Rosenthal, 2019). 

ACTs currently remain effective frontline treatments, where artemisinin derivatives rapidly clear 

parasites in the blood. Due to the short half-lives of artemisinin derivatives, they need to be 

combined with a longer lasting partner drug to clear lingering parasites and prevent the 

development of resistant strains (Eastman and Fidock, 2009). Most ACTs used globally are 

artesunate/amodiaquine (ASAQ), artesunate and mefloquine (ASMQ), artemether and 

lumefantrine (AL), artesunate+sulfadoxine/pyrimethamine, dihydroartemisinin-piperaquine. 

(DHA-PPQ), artemisinin/piperaquine/primaquine, and pyroaridine/artesunate (WHO, 2023). 

However, despite ACTs’ efficacy and combination with a range of partner drugs, there has 

been a rise in artemisinin-resistance strains, first reported in Cambodia in 2009 (Dondorp et 

al., 2009), subsequently spreading through Southeast Asia and just recently starting to be 
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reported in Africa (Hassett and Roepe, 2019, Balikagala et al., 2021). SNPs with the strongest 

association to artemisinin derivatives resistance are located on the kelch13 gene, whose 

product is involved in various functions including the endocytosis process of host hemoglobin 

(Birnbaum et al., 2020). Verified SNPs in kelch13 associated with artemisinin derivative 

resistance, including Y493H, R539 T, I543T, and C580Y (Ariey et al., 2014), appear to result 

in reduced endocytosis of host hemoglobin. Artemisinin activation requires degraded 

hemoglobin products, so this reduction of hemoglobin endocytosis in resistance strains 

diminishes the antimalarial effect (Birnbaum et al., 2020). At present, alternative drugs to ACTs 

are under development (Belete, 2020), but are not currently approved or widely available. The 

lack of a timely antimalarial alternative highlights the importance of molecular monitoring by 

NMPs. By measuring the occurrence and spread of P. falciparum strains carrying drug 

resistance-conferring markers allows timely adaption to control strategies, such as 

simultaneous or rotating deployment of differing ACT types (Audibert et al., 2024) or even 

deployment of triple combination therapies (Chen and Hsiang, 2022). Such strategies may 

reduce the emergence and expansion of drug-resistance strains, as has been observed with 

the return of chloroquine-susceptible parasites (Kublin et al., 2003, Laufer et al., 2006). 

However, as long as ACT’s selective pressure on Plasmodium is present, artemisinin-resistant 

strains will continue to be selected for, and represent a threat to current antimalarial 

effectiveness.  

1.1.5 Diagnosis 

Essential to the successful drug treatment of malaria is accurate and prompt diagnosis of 

ongoing Plasmodium infection. The traditional method is microscopy-based, either through 

thick or thin blood smears. Thick blood smear allows for the detection and quantification of 

parasite density, while from thin blood smears Plasmodium species can be differentiated and 

blood stage progression of parasites identified (Gitta and Kilian, 2020). Although microscopy 

is considered the “gold standard” for malaria diagnosis, able to detect parasitemias (i.e. 

parasite densities) as low as 50-200 parasites/μl (Kolluri et al., 2018, Pham et al., 2018), it is 

not as accessible or robust as other widely used techniques (Moody, 2002). Many NMPs utilize 

malaria rapid diagnostic tests (RDTs), which are plastic cassettes covering an absorbent 

paper. Sections of this absorbent paper contain reagents that are activated (i.e., change color) 

when exposed to their target antigen. Among the 345 million RDTs distributed globally in 2022, 

94% of WHO-qualified RDTs target histidine-rich protein 2 (HRP2), specific to P. falciparum. 

Many RDTs also include a pan-Plasmodium antigen, either lactate dehydrogenase (pLDH) or 

aldolase (Thomson et al., 2020, Gendrot et al., 2019). RDTs are easy to use, requiring only a 

drop of blood, and can detect infections down to 100 parasites/μl. HRP2-based RDTs are much 

more sensitive than pLDH RDTs at lower parasite density infections, showing, respectively, 

85% and 50% sensitivity at 100-1,000 parasites/μl (Varo et al., 2021, Hendriksen et al., 2011). 



 
 

7 
 

False positive RDT diagnosis can occur due to persistent HRP2 in the blood up to 15 days 

post-treatment (Dalrymple et al., 2018). Further, false negative RDT diagnosis can occur due 

to P. falciparum strains with hrp2 gene deletions that have been observed globally (Gendrot et 

al., 2019). Indicative of RDT’s effectiveness and selective pressure, these deletions have 

extended to include HRP3, which cross-reacts with HRP2-RDTs in high density infections 

(Kong et al., 2021). Molecular diagnostic assays have the potential to overcome limitations of 

microscopy and RDTs, able to detect infections as low as 0.1 parasites/μl. These assays either 

utilize quantitative polymerase chain reaction (qPCR) targeting multi-copy gene targets, or a 

RT-qPCR that targets Plasmodium 18S nucleic acid material (DNA and RNA) (Kamau et al., 

2013, Hofmann et al., 2015, Kamau et al., 2011). The more sensitive PCR protocols are 

particular advantageous to detect asymptomatic, sub-patent infections as they constitute large 

parasite transmission reservoirs (Cheaveau et al., 2019), estimated to contribute 20-50% of 

human to mosquito transmission in low endemicity regions (Okell et al., 2012). To be 

conducted reliably, molecular assays require specialized equipment, excellent logistics, and 

well-trained staff, hampering wider accessibility and utility as a field-deployable diagnostic 

technique (Varo et al., 2021). However, recent advances in technology have resulted in the 

development of the PlasmoPod device (Diaxxo AG, Zurich, Switzerland), which aims to 

account for the accessibility limitations of molecular techniques. The cartridge-based design 

(i.e. pods) comes with dehydrated reagents already included, allowing for transport at room-

temperature. Pods only require the addition of extracted materials and immersing oil, and 

report similar results in terms of sensitivity and specificity to currently used qPCR and RT-

qPCR techniques (Bechtold et al., 2023, Bechtold et al., 2021). Although still novel, the device 

itself is of smaller overall footprint than a standard PCR machine and may be an appropriate 

tool for molecular malaria surveillance in resource-limited environments.  

1.1.6 Vaccine Development 

Prevention methods are not limited to targeting the parasite-transmitting mosquitos, but extend 

to the fight against Plasmodium parasites themselves in the human host. Several vaccine 

candidates currently under development are listed in Figure 1. Based on the life cycle stage in 

which the target antigen is expressed and active (i.e. vaccine strategy), vaccine candidates 

are categorized as aiming to neutralize/elicit protection against sporozoites (pre-erythrocytic 

vaccines), merozoites and infected red blood cells (asexual blood stage vaccines), or 

gametocytes (transmission-blocking vaccines). Malaria vaccine strategies are further outlined 

in Figure 2. Significantly, the WHO now recommends two vaccines against P. falciparum, 

RTS,S/AS01 (commercial name: MosquirixTM), and R21/Matrix-M (WHO, 2023), both of which 

are pre-erythrocytic vaccines. They are based on the P. falciparum circumsporozoite protein 

(PfCSP), an essential protein involved in sporozoite development in the mosquito (Ménard et 

al., 1997), hepatocyte binding and invasion (Rathore et al., 2002), and parasite development 
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in infected hepatocytes (Singh et al., 2007). RTS,S and R21 have been shown to be, 

respectively,  56% and 78% effective against clinical malaria among children aged 5-17 months 

(RTS, 2015, Datoo et al., 2024). Analysis of the infective strains among vaccinated vs. placebo-

receiving individuals illustrates that efficacy might be allele-specific, and hence that the vaccine 

is not as protective against P. falciparum strains with genetically distinct CSP alleles (Neafsey 

et al., 2015). These results suggest that some strains may evade vaccine-mediated protection 

(a phenomenon known as vaccine escape). Once these two vaccines become more widely 

available and used, selection of these strains may ensue, potentially compromising vaccine 

impact in the longer term (Kiyuka et al., 2020). Monitoring of circulating malaria populations for 

vaccine-evading strains, as well as development of next-generation malaria vaccines is 

essential to ensuring continued progress towards malaria elimination.  
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Figure 2. Malaria Vaccine Strategies. The vaccine target antigen implicates the type of elicited 

protection and interruption in the Plasmodium lifecycle stage. Pre-erythrocytic refers to vaccine 

candidates that target sporozoites and infected hepatocytes in the liver. The aim is to prevent initial 

infection, and subsequent blood and transmission stages. Blood stage (or erythrocytic) vaccines 

target merozoites escaping the liver and infected erythrocytes. This strategy prevents asexual 

replication and clinical illness of infected individuals, and may reduce the probability of transmission. 

Transmission blocking vaccines target gametocytes preventing further transmission and 

continuation of the Plasmodium life cycle onto the mosquito-stage. This strategy does not protect 

against human-host infection by Plasmodium of the vaccinee (altruistic vaccine approach. Image 

extracted from Beeson et al., 2019 (Beeson et al., 2019). 

Although the WHO-approved vaccines are pre-erythrocytic, naturally acquired immunity does 

not appear to strongly target pre-erythrocytic parasites (Langhorne et al., 2008, Tran et al., 
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2013). However, radiation-attenuated sporozoites (RAS) were observed to elicit sterile 

protection first in mouse models (Nussenzweig et al., 1967), and later in humans (Clyde, 1975, 

Luke and Hoffman, 2003), showcasing the potential of pre-erythrocytic vaccines. Advantages 

of pre-erythrocytic vaccines include targeting Plasmodium when fewer parasites are localized 

in the human host prior to the development and maturation of thousands of merozoites 

(Prudêncio et al., 2006). This thereby prevents infection and subsequent blood-stages, which 

can disrupt protective malaria immune responses (Keitany et al., 2016). As symptoms do not 

present until the blood-stage, human clinical trials have shown these vaccines to be benign 

and well tolerated (Jongo et al., 2022, Datoo et al., 2024, Syed, 2022). Recent advances in 

pre-erythrocytic malaria vaccine development have not directly translated into significant 

protective effects, especially among malaria endemic populations (Stanisic and Good, 2023). 

In part, this reflects the genetic diversity of circulating parasites within and between regions, 

and the challenge of identifying conserved antigen targets that elicit protection against 

geographically distinct Plasmodium populations.  

Inherent in the complexity of malaria is the parasite’s high genetic variability, and researchers 

difficulty in identifying strong correlates of immune protection (Cockburn and Seder, 2018). 

Antigens encoded by genes essential to liver-stage progression have been used in single-

target vaccine candidates, such as CSP and thrombospondin-related adhesion protein 

(TRAP), which have been shown to elicit protection (Seder et al., 2013). A RAS vaccine 

candidate, PfSPZ Vaccine, exposes vaccinees to approximately 2,000 Plasmodium proteins 

to offer broader protection (Hoffman et al., 2015). This wider array of antigens aims to account 

for Plasmodium’s diversity, where single target vaccines, like RTS,S, may be more susceptible 

to vaccine-evading strains than RAS vaccines, like PfSPZ Vaccine (Neafsey et al., 2015, 

Moser et al., 2020). Several pre-erythrocytic vaccines incorporate multi-epitope antigens or 

multiple antigen targets to compensate for malaria diversity, however significant protection has 

yet to be observed (Cockburn and Seder, 2018). Although protective correlates remain elusive, 

pre-erythrocytic vaccines appear to provide the highest levels of protection so far. Future 

vaccine iterations will likely need to incorporate either allelic variants of pre-erythrocytic 

vaccine candidates or a combination of pre-erythrocytic and asexual blood stage candidates 

to provide robust, longer-lasting protection against genetically variable strains circulating in the 

field. 

1.2 Next Generation Sequencing  

1.2.1 Technologies 

Next generation sequencing (NGS) refers to the technologies that can sequence selected 

genes, partial or even whole genomes at low cost and high-throughput (Behjati and Tarpey, 
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2013). Sanger sequencing was the first high throughput nucleotide sequencing method, initially 

labelling dideoxynucleotides radioactively, and then fluorescently due to safety concerns, to 

generate a complementary DNA sequence to a template strand (Heather and Chain, 2016). 

Sanger sequencing is labor intensive and costly, being the primary method used to complete 

the $2.7 billion publicly-supported human genome project (Wetterstrand, 2020). However, 

advancements in technology and sequencing methods have made it more widely accessible 

and implementable in various fields. The WHO has outlined a global genomic surveillance 

strategy encouraging member states to incorporate NGS technology into their public health 

programs to molecularly monitor endemic and epidemic pathogens (Carter et al., 2022). In the 

case of malaria, NGS has been used to conduct genomic analyses to describe genotype 

diversity and temporal fluctuations (Laufer et al., 2010, Shrestha et al., 2021, Vareta et al., 

2024, Guo et al., 2024), characterize population structure (Amambua-Ngwa et al., 2019), 

interpret gene selection (Mobegi et al., 2014, Neafsey et al., 2008, Travassos et al., 2018), 

establish genotype-specific vaccine efficacy (Neafsey et al., 2021, Abukari et al., 2019, 

Amambua-Ngwa et al., 2019, Thera et al., 2011, Ouattara et al., 2012), identify genes 

associated with drug resistance (Nwakanma et al., 2014, Cowell and Winzeler, 2019, Dharia 

et al., 2010a, Miotto et al., 2013, Takala-Harrison and Laufer, 2015), and case tracking 

(Preston et al., 2014, Tessema et al., 2019).  

NGS approaches can be grouped as second-generation or third-generation sequencing 

technologies. Second-generation refers to technology that uses ligase or polymerase to 

incorporate nucleotides with an attached fluorescent signal (Heather and Chain, 2016, 

Metzker, 2010). Platforms utilizing this approach, such as Illumina or Ion Torrent, sequence 

“short-read” fragments (100-400 base pairs, abbreviated bp) in parallel and on a massive 

scale, where millions of sequencing reactions occur simultaneously (Heather and Chain, 

2016). These techniques typically determine a nucleotide sequence by the detection of a 

released signal (e.g. pyrophosphate, hydrogen ion, fluorescence) tagged to synthesized 

nucleotide (Satam et al., 2023). Ion Torrent determines a sequence by changes in pH, where 

semiconductor chips detect for a single hydrogen ion released upon successful incorporation 

of a nucleotide (Merriman et al., 2012). The more widely used Illumina technology applies a 

method of sequencing-by-synthesis, where, through cycles, fluorescently-labelled nucleotides 

are washed over single-stranded templates, and the sequence is determined by the released 

nucleotide-specific fluorescent signal (Satam et al., 2023). These short-read technologies have 

very low error rates (0.1 – 1%), but are not ideal for assembly of genomes with highly biased 

nucleotide composition, often associated with long stretches of low complexity, and with 

sequence repeats longer than read length (Fox et al., 2014).  

Third-generation sequencing, such as Pacific Biosciences (PacBio) or Oxford Nanopore 

Technology (ONT) apply a single molecular sequencing technique, able to generate “long 
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reads”. Long read sequencing overcomes the assembly limitations of short reads, but raw 

reads have error rates 1-2 orders higher in magnitude (Fox et al., 2014). For PacBio, DNA is 

sequenced with a single-stranded circular template where, similarly to Illumina, released 

fluorescent light is measured when differentially-labelled nucleotides are successfully 

incorporated in the growing, complementary read (Rhoads and Au, 2015). Historically, the 

average length of raw PacBio reads ranged from 2,500 bp to 10,000 bp (Mason and Elemento, 

2012). However, due to advancements in PacBio equipment and chemistry, read lengths can 

reach up to 12 – 20 kbp, consistently (Otto et al., 2018, van Dijk et al., 2023). ONT sequencing 

is conducted in a much smaller (hand-held) and more accessible device than PacBio, which 

uses a membrane embedded with nanopores. When a voltage is applied, single- or double-

strand DNA/RNA is driven through a pore charged with an ionic current (Lu et al., 2016). 

Nucleic acid strand sequences are read in real time as each nucleotide passes through the 

pore causing unique changes in the ion current signal (Lu et al., 2016). Comparatively, MinION 

error rate is high (5-20%) compared to that of Illumina short reads (<1%) (Jain et al., 2018, 

Rang et al., 2018). Much like PacBio, several developments have been implemented to 

significantly increase accuracy, including increasing sequencing coverage (Kono and 

Arakawa, 2019, Noakes et al., 2019). 
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Figure 3. Principles of Illumina and Nanopore sequencing technologies. A. Illumina sequencing 

begins with (A1) sampled genomic material that is (A2) fragmented using enzymatic digestion or 

sonication. (A3) Adaptors are ligated to the fragments ends. (A4) Fragment-adaptor material is mounted 

on the flow cell and a cyclical bridge amplification process is conducted, creating fragment-adaptor 

copies. (A5) Fluorescent-labelled nucleotides are based over the flow cell and the device measures the 

nucleotide-specific light signals incorporated at each cluster site. B. Oxford nanopore technology (ONT) 

are (B1) made up of protein nanopores distributed across a flow cell. (B2) An electronic current is applied 

to the environment causing ions and sample DNA to pass through nanopores. Motor proteins unzip 

nucleic material and guide single strands through the pore, where each nucleotide causes specific 

changes in the ionic environment. (B3) As the ionic environment changes in response to individual 

nucleotides, the ONT device infers read sequences based on these electric signatures. Image extracted 

from Hackl et al., 2022 (Hackl et al., 2022), an adapted image from Shendure et al., 2017 (Shendure et 

al., 2017). 
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1.2.2 Whole genome sequencing 

Whole genome sequencing (WGS) is the process of sequencing the entire genome of a target 

organism, including organelle DNA like the mitochondria and apicoplast for Plasmodium spp. 

(Ng and Kirkness, 2010). WGS offers a comprehensive view of sequenced genomes, with 

thousands of single nucleotide polymorphisms (SNP) identified by mapping generated 

sequences against a reference genome. These SNPs can fall into multiple genomic partitions, 

including most protein-coding regions, providing enough detail to conduct genome-wide 

association studies (GWAS), or population genetics studies (Wu et al., 2016, Neafsey et al., 

2021). Library construction for WGS, also referred to as “shotgun sequencing”, most commonly 

starts with the random shearing of entire chromosomes into smaller DNA fragments which, 

after sequencing, are reassembled into longer contiguous sequences (or contigs), ideally back 

to full length chromosomes (or supercontigs). A potential limitation of WGS is the uneven 

coverage across the genome. In the case of Plasmodium, hypervariable sub-telomeric regions 

and multi-gene families can result in high read coverage due to amplification bias during library 

construction (Oyola et al., 2016, Sabina and Leamon, 2015). Ultimately, this can also result in 

low coverage of these regions as many reads are discarded due to multi-location mapping and 

ambiguous alignment resulting in low confidence values. Whole genome assembly can be 

performed based on reference or de novo assembly. Reference-based assembly utilizes a 

reference genome to map each sequenced read to its most probable genomic location (Olson 

et al., 2015). Reference-based assembly is unable to place novel or highly divergent 

sequences in the new assembly, since homologous sequences are absent or unrecognizable 

in the reference genome. This may underestimate diversity by selecting for reads that can be 

more easily mapped to the reference genome (Olson et al., 2015). De novo refers to the 

assembly technique of comparing newly sequenced reads to each other, building the novel 

contiguous sequence based on overlaps between reads. De novo assembly has been shown 

to be accurate for small genomes, like those of bacteria (Kisand and Lettieri, 2013, Rodrigue 

et al., 2009), but remains a significant challenge for larger genomes due to missing sequencing 

data, the presence of repetitive or low complexity genome regions (such as high AT-rich 

regions in some Plasmodium genomes), uncorrected sequencing errors, and lack of adequate 

computational infrastructure (Liao et al., 2019).  

1.2.3 Amplicon Sequencing 

Targeted amplicon sequencing is a method based on first amplifying by PCR a specific 

chromosomal region or gene of interest, which is then sequenced. This focused approach 

allows for increased data quality at the target locus or loci and, due to its reduced time and 

cost, enables studies with much larger sample sizes (Ranjan et al., 2016). Depending on the 

target region, amplicon sequencing has been used to conduct population genetic studies and 
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can detect genetic variants at a low prevalence level in the parasite population (Meek and 

Larson, 2019). Amplicon-based sequencing can have limitations identifying duplicates, as 

virtually every read starts and ends with the same sequence of nucleotides, due to the 

specificity of the PCR primers (Poretsky et al., 2014, Ranjan et al., 2016). Further, achieving 

uniform coverage across the target region can be difficult, as certain segments may amplify 

better than others, and much like WGS, can over-represent regions with greater amplification 

propensity (Schirmer et al., 2015).  

1.2.4 Sample collection 

An important aspect of sequencing is the type of sample used as the source of nucleic material. 

Samples collected for DNA extraction and nucleotide sequencing can differ, like nasal swabs 

for respiratory viruses like SARS-CoV-2 (US FDA, 2020), or stool samples for norovirus 

(Strubbia et al., 2019). In the context of Plasmodium, parasite DNA is commonly extracted 

from peripheral venous blood samples, and then sequenced. Leukocyte-depleted blood 

samples, refers to whole blood samples that, at the time of collection, have undergone a 

filtering process to remove leukocytes, and thereby reduce host DNA content and increase the 

proportion of the parasite DNA prior to sequencing (Venkatesan et al., 2012). However, 

depleting leukocytes can be labor intensive for resource-limited settings, where depletion 

needs to be conducted shortly after sample collection. Alternatively to the removal of 

leukocytes from whole blood samples, venous whole blood stored as dried blood spots (DBS) 

can be obtained. These samples are more stable in field settings and require less upfront 

processing prior to storage and subsequent DNA isolation and downstream processing 

(Färnert et al., 1999, Bereczky et al., 2005). The challenge in using any of these samples for 

DNA sequencing is the comparatively low starting DNA material. Therefore, researchers 

commonly need to perform Plasmodium DNA enrichment relative to host DNA, through such 

processes as hybrid selection (a method based on preferential capture of Plasmodium DNA 

prior to sequencing) (Melnikov et al., 2011, Stucke et al., 2021), preferential enzymatic 

digestion of human DNA (Oyola et al., 2013), or selective whole genome amplification (sWGA) 

of Plasmodium DNA prior to sequencing (Oyola et al., 2016, Shah et al., 2020). Sequencing 

of Plasmodium amplicons has even been extended to the use of discarded RDTs as a source 

of parasite DNA, not only allowing for confirmation of RDT diagnosis, but genotyping of 

important malaria genes (Hosch et al., 2022). Similar to DBS, these samples may encounter 

issues related to low initial nucleic acid source material.   
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1.3 Thesis Aims 

The overall aim of this doctoral work is to use molecular monitoring of P. falciparum as it 

pertains to diagnostic test evasion, understanding of parasite transmission dynamics and next 

generation malaria vaccine development.    

For part one, the aim is to assess available malaria diagnostic tools and improve visualization 

of target genes involved in diagnosis using NGS coverage data by completing the following 

objectives: 

1) Compare diagnostic capacity of ultra-sensitive RDT to conventional RDT, microscopy 

and a molecular assay 

2) Generate a semi-automated computational approach (Python/R) to extract WGS 

coverage data of user-specified regions of a reference genome and output informative 

data files and plots 

3) Apply computational approaches to detect and describe hrp2 and hrp3 gene deletions 

and validate outcome with an HRP2/HRP3-specific qPCR assay 

 

In part two, the aim is to describe transmission dynamics of the P. falciparum population on 

Bioko Island, Equatorial Guinea, by completing the following objectives: 

1) Generate WGS data from blood samples collected during the 2019 malaria indicator 

survey (MIS) and stored as DBS 

2) Apply population genetics and genomic epidemiology principles and metrics to 

describe genetic diversity, and characterize population structure and dynamics in and 

around Bioko Island  

3) Illustrate local transmission dynamics by combining NGS data with larger 

epidemiological data collected during the MIS  

 

The aim of part three is to apply bioinformatics to NGS data to inform the next generation of 

malaria vaccines by completing the following objectives: 

1) Assess the global genetic diversity of gene segments of msp1 using publicly available 

long-read genome sequencing data 

2) Conduct molecular sieve analysis of malaria samples to identify genes that encode 

targets of partial protective immunity in adult volunteers vaccinated with PfSPZ Vaccine 

in Burkina Faso and PfSPZ-CVac in Mali  
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2 MALARIA DIAGNOSTIC TEST PERFORMANCE 

AND EVASION DETECTION 

This chapter contains the following publication: 

 

Mpina M, Stabler TC, Schindler T, Raso J, Deal A, Acuche Pupu L, Nyakarungu E, del Carmen 

Ovono Davis M, Urbano V, Mtoro A, Hamad A. Diagnostic performance and comparison of 

ultrasensitive and conventional rapid diagnostic test, thick blood smear and 

quantitative PCR for detection of low-density Plasmodium falciparum infections during 

a controlled human malaria infection study in Equatorial Guinea. Malaria Journal. 2022 

Mar 24;21(1):99. 

 
Stabler TC, Dwivedi A, Shrestha B, Joshi S, Schindler T, Ouattara A, García GA, 

Daubenberger C, Silva JC. Gene Coverage Count and Classification (GC3): a locus 

sequence coverage assessment tool using short-read whole genome sequencing data, 

and its application to identify and classify histidine-rich protein 2 and 3 deletions in 

Plasmodium falciparum. Malaria Journal. 2022 Nov 29;21(1):357. 
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2.1 Diagnostic performance and comparison of ultrasensitive and 

conventional rapid diagnostic test, thick blood smear and 

quantitative PCR for detection of low-density Plasmodium 

falciparum infections during a controlled human malaria infection 

study in Equatorial Guinea.  
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Abstract 

Background: Progress towards malaria elimination has stagnated, partly because infections persisting at low parasite 
densities comprise a large reservoir contributing to ongoing malaria transmission and are difficult to detect. This study 
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Background
Over the past decade, malaria treatment and vector con-

trol interventions have significantly decreased malaria 

burden worldwide. �e global incidence rate of malaria 

decreased between 2010 and 2018 from 71 to 57 cases 

per 1000 people at risk [1]. However, during 2020, the 

first full year of the COVID-19 pandemic, the World 

Health Organization (WHO) World Malaria Report 

documented an increment of 14  million annual malaria 

cases and 69,000 additional deaths compared to 2019, 

much of this attributable to COVID-19-related inter-

ruption of malaria control and medical services [2]. A 

significant challenge faced by malaria control and elimi-

nation projects is addressing transmission potential from 

low parasite density carriers with mild or no symptoms. 

Low parasite density carriers are estimated to account 

for 20–50% of human-to-mosquito transmission [3]. It 

would be beneficial to have a rapid test able to identify 

these infections.

Current widely deployed diagnostic tools such as con-

ventional rapid diagnostic tests (cRDTs) are affordable 

and have user-friendly formats and function. In 2018, 

259 million cRDTs were distributed mainly in sub-Saha-

ran Africa and utilized to examine suspected malaria 

cases [1]. cRDTs test for the presence of histidine-rich 

protein 2 (PfHRP2), an antigen specific to Plasmodium 

falciparum, and many iterations of the test also include 

a pan-malaria antigen (PAN) common to all 4 major 

malaria species such as lactate dehydrogenase (LDH). 

While cRDTs are affordable, provide quick and readable 

results, and require little training to operate, they cannot 

detect low-density infections, which can occur frequently 

in low transmission areas [3–5]. As a result, efforts are 

underway to develop advanced malaria rapid diagnostic 

tests that are more sensitive and effective at identifying 

low-density P. falciparum infections [6, 7].

Laboratory-based techniques such as thick blood 

smear (TBS) and polymerase chain reaction (PCR) are 

considered to have greater sensitivity than cRDTs [8]. 

Historically, TBS has been the gold standard for malaria 

diagnosis. When performed by expert microscopists 

reading 0.5 µL of blood, detection may range typically 

between 10 and 50 parasites per microlitre (p/µL), and 

under carefully controlled CHMI and TBS preparation 

conditions, expert microscopists can quantify para-

site densities at the theoretical lower limit of detection 

for this blood volume, 2 p/µL. In contrast, cRDTs have 

reported detection limits of 100–200 p/µL of blood in 

field studies [9–11]. TBS has the additional advantages 

of diagnosing infections even in the presence of para-

sites carrying PfHRP2 deletions, a challenge that RDT 

manufacturers are currently facing [12, 13], and allow-

ing detection of all species of malaria parasite. In recent 

years, the further development of the quantitative poly-

merase chain reaction (qPCR) method has enabled the 

detection of low parasite densities that frequently go 

undetected by cRDTs and TBS [14, 15]. Utilizing qPCR, 

reservoirs of low parasite density cases can be identified 

and treated, which is an essential component for elimina-

tion in low transmission areas [8, 16–18]. �e drawback 

of both TBS and qPCR is the need for specialized labo-

ratory equipment, materials and well-trained staff, which 

are often in short supply in low income countries, mak-

ing them unfeasible for use under field conditions on a 

large scale [19, 20]. TBS can also lead to false negative 

results when performed by a non-competent microsco-

pist, the parasitaemia is low or there are multiple-species 

co-infections [21, 22]. An ideal diagnostic tool would 

Malaria Pf/PAN (PfHRP2/pLDH)], and TBS were performed daily until the volunteer became TBS positive and treatment 
was administered. qPCR was the reference for the presence of Plasmodium falciparum parasites.

Results: 279 samples were collected from 24 participants; 123 were positive by qPCR. TBS detected 24/123 (19.5% 
sensitivity [95% CI 13.1–27.8%]), uRDT 21/123 (17.1% sensitivity [95% CI 11.1–25.1%]), cRDT 10/123 (8.1% sensitivity 
[95% CI 4.2–14.8%]); all were 100% specific and did not detect any positive samples not detected by qPCR. TBS and 
uRDT were more sensitive than cRDT (TBS vs. cRDT p = 0.015; uRDT vs. cRDT p = 0.053), detecting parasitaemias as 
low as 3.7 parasites/µL (p/µL) (TBS and uRDT) compared to 5.6 p/µL (cRDT) based on TBS density measurements. 
TBS, uRDT and cRDT did not detect any of the 70/123 samples positive by qPCR below 5.86 p/µL, the qPCR density 
corresponding to 3.7 p/µL by TBS. The median prepatent periods in days (ranges) were 14.5 (10–20), 18.0 (15–28), 18.0 
(15–20) and 18.0 (16–24) for qPCR, TBS, uRDT and cRDT, respectively; qPCR detected parasitaemia significantly earlier 
(3.5 days) than the other tests.

Conclusions: TBS and uRDT had similar sensitivities, both were more sensitive than cRDT, and neither matched qPCR 
for detecting low density parasitaemia. uRDT could be considered an alternative to TBS in selected applications, such 
as CHMI or field diagnosis, where qualitative, dichotomous results for malaria infection might be sufficient.

Keywords: Malaria, Rapid diagnostic test, Controlled human malaria infection, Thick blood smear, Low parasite 
density infections, Malaria pre-exposure
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combine the sensitivity of qPCR with the affordability 

and simplicity of the cRDT.

An ultrasensitive RDT (uRDT; Alere™ Malaria Ag P.f.) 

has recently been developed and offered as a reliable 

diagnostic tool that can be used in clinical studies and in 

field operations [23–25]. Similar to conventional RTDs 

[cRDTs, such as Carestart Malaria Pf/PAN (PfHRP2/

pLDH)] in form and function, the uRDT detects PfHRP2 

in P. falciparum, but at greater sensitivity, identifying 

densities as low as 0.1–1.0 p/µL in culture-derived sam-

ples [7, 23]. �is more sensitive RDT, which has been 

described as being capable of detecting low parasite 

density infections, could target these low-density infec-

tions for treatment [26]. If the sensitivity reported is 

confirmed, it could also be used in clinical trials of anti-

malarial drugs or vaccines to document protection fol-

lowing CHMI or natural P. falciparum exposure [27–29]. 

To date, limited literature exists systematically examin-

ing the performance of the uRDT in direct comparison 

to cRDTs, TBS and qPCR in samples collected from indi-

viduals with low parasite density [30, 31]. Existing inves-

tigations have been conducted predominantly in the field 

where it is difficult to monitor factors such as timings of 

infectious mosquito bites and the waxing and waning of 

parasite densities [24, 31–35].

A new approach to conducting controlled human 

malaria infection (CHMI) using P. falciparum sporozo-

ites (PfSPZ) has become available over the past five years, 

based on administering aseptic, purified, cryopreserved, 

infectious PfSPZ (Sanaria® PfSPZ Challenge) [36]. In 

this model, PfSPZ are administered by syringe, replacing 

mosquito bite administration, and the study subjects are 

then monitored in the standard way [37]. �e advantages 

are that CHMI can be performed by institutions with-

out an insectary or without the need to import infected 

mosquitoes, the dose of PfSPZ can be standardized, and 

CHMI can be administered at any time without coor-

dinated mosquito infections. �e use of cryopreserved 

infectious PfSPZ is thus similar to the use of cryostabi-

lates for induced blood stage malaria (IBSM), a con-

trolled human infection model that bypasses the SPZ and 

liver stages and is similarly free of constraints [38]. CHMI 

using PfSPZ Challenge is now being utilized extensively 

to evaluate efficacy of anti-malarial drugs and vaccines 

in malaria-naive and malaria pre-exposed populations 

[39–45].

CHMI using injectable PfSPZ provides an opportunity 

to assess malaria diagnostics under carefully controlled 

conditions in malaria exposed populations. �e exact 

exposure time is known, the induced infections gradu-

ally increase in density, and the time of first detection and 

associated prepatent period can be precisely determined. 

�e aim of this study was to systematically evaluate and 

compare uRDT (Alere™ Malaria Ag P.f.) performance 

against three other commonly used malaria diagnos-

tic tools using whole blood samples collected daily from 

malaria pre-exposed individuals undergoing CHMI.

Methods
Study site

�e Bioko Island Malaria Elimination Program (BIMEP) 

focuses on developing malaria vaccines and other inter-

ventions to decrease malaria-attributable morbidity 

and mortality on Bioko Island, Equatorial Guinea [46]. 

BIMEP performs various activities on Bioko such as in-

depth epidemiological studies and clinical trials of the 

malaria vaccine candidates Sanaria® PfSPZ Vaccine and 

PfSPZ-CVac [44, 47, 48] to collect data on safety and effi-

cacy to support vaccine licensure. In 2018, the BIMEP 

conducted a regimen optimization trial of PfSPZ Vac-

cine (ClinicalTrials.gov ID: NCT03590340) at the Baney 

Research Facility that involved 104 healthy Equatogu-

inean adults male and female, aged 18–35 years [49]. 

Study volunteers were recruited from Baney district and 

the city of Malabo, and were enrolled after providing 

informed consent. Homologous (the strain of P. falcipa-

rum in PfSPZ Challenge, PfNF54, was the same as in the 

vaccine) CHMI with 3.2 ×  103 PfSPZ was administered 

to 95 eligible individuals, 6 to 7 weeks after last vaccina-

tion and the observation period was conducted in a hotel 

at the La Paz Hospital beginning eight days after PfSPZ 

Challenge injection.

Malaria rapid diagnostic tests

Malaria rapid diagnostic tests were performed with fro-

zen venous whole blood samples anticoagulated with 

EDTA and stored at − 80 °C. Blood samples were allowed 

to thaw slowly and equilibrate to ambient temperature 

for at least 30 min before performing the RDT. �e com-

mercially available cRDT [Carestart malaria Pf/PAN 

(PfHRP2/pLDH) Ag Combo, ACCESSBIO, USA (Lot# 

MR18F63, expiration: 30th Nov, 2020)] and uRDT [the 

Alere™ Malaria Ag Pf, Standard Diagnostic Inc., Republic 

of Korea (Lot# 05LDE001A, expiration: 20th Feb, 2020)] 

were used throughout the study. Both tests have simi-

lar manufacturer instruction workflows, requiring 5 µL 

blood to be applied to the RDT, followed by addition of 

the assay buffer and incubation for 20  min. After incu-

bation, diagnosis was determined by the appearance of 

lines in the test result window. A single control line was 

considered malaria negative, a line for both control and 

test were considered malaria positive, and no lines, nei-

ther control nor test, was considered an invalid test. Two 

to three readers were involved in determining each RDT 

result, the third added when there were discrepancies 

between the first two readers. �e samples were analysed 
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in batches of 10 by a first reader and the developed RDTs 

were then given to a second reader to confirm the read-

ing of the first reader. Any discrepancy between first and 

second readers was resolved using a third reader within a 

period of 20 ± 1 min. Results were recorded in the data-

base as binary figures with zero representing negatives 

and one representing positives. Five fresh known malaria 

positive and five fresh known negative samples were used 

for quality control for the performance of the assay and 

for training the technicians prior to conducting the study.

Thick blood smear for quanti�cation of Plasmodium 

falciparum

Two millilitres of fresh whole venous blood from study 

participants were used for the preparation of TBS. 

�e TBS was prepared by evenly spreading 10 µL of 

fresh whole venous blood into a 1 cm × 2 cm rectangle. 

�e smears were air dried, stained for 45 min using 4% 

Giemsa stain and rinsed with buffered water, pH 7.2. 

�e slides were dried and read using a light microscope 

with a high-power field (immersion oil, 100× objective) 

of 0.18 mm diameter. 6 × 1 cm passes equivalent to 0.54 

µL of blood or 24 × 1 cm passes equivalent to 2.14 µL of 

blood for symptomatic volunteers were read before a TBS 

was declared positive or negative. �e slides were read by 

two independent expert microscopists and any discrep-

ancies were resolved by a third microscopist. For Giemsa 

staining quality control, known positive and negative thin 

blood smears were included at the beginning of the day 

and analysed for both parasites and cell staining colour 

and quality according to a standard operating procedure. 

Only Giemsa stain that passed the quality control proce-

dures was allowed to be used for the slide staining on that 

day. Microscopes were maintained on a daily basis.

Quanti�cation of P. falciparum parasite density 

by polymerase chain reaction (qPCR)

DNA was extracted directly from 180 µL of freshly col-

lected venous whole blood using Quick-DNA Miniprep 

kits (Zymo Research, Irvine, USA) and eluted with 50 

µL of elution buffer as recommended by manufacturer. 

DNA samples were kept at − 20 °C until analysis using 

the Bio-Rad CFX96 Real-Time PCR System (Bio-Rad 

Laboratories, California, USA). The PlasQ assay pre-

viously described by Schindler et al. [50] was used for 

quantification of Plasmodium spp. and P. falciparum 

parasites in the venous blood sample. This multiplex 

assay targets two independent Plasmodium genes 

namely the Pan-Plasmodium 18  S rDNA sequence 

(Pspp18S) and the P. falciparum-specific acidic termi-

nal sequence of the var genes (PfvarATS). The human 

Ribonuclease P gene (HsRNaseP) was used as a DNA 

extraction and qPCR amplification control. All qPCR 

assays were run in duplicate and both non-template 

control (molecular grade nuclease-free water) and P. 

falciparum 3D7 DNA were included in each PCR run 

as negative and positive controls, respectively. For the 

parasite density estimation, a serial dilution was made 

according to the 1st WHO International Standard for 

P. falciparum DNA Amplification Technique (NIBSC 

code: 04/176) to establish a calibration curve with the 

parasite densities ranging between 0.01 and 10,000 

p/µL. The actual parasite density of the tested sam-

ple by qPCR was then estimated from the calibration 

curve’s y-intercept and slope. The lower limit of detec-

tion for this qPCR assay was 50 copies/mL. The sam-

ple was considered P. falciparum positive if each of the 

two replicates for both PfvarATS and 18  S RNA gene 

targets had quantitation cycles (Cq) < 40 and Cq < 28 

for qPCR amplification control (HsRNaseP). In case 

of a discrepancy between duplicates, the assay was 

repeated, with at least two positive replicates out of 

four considered a positive result. The final results were 

used for the qPCR-based estimate of parasite density.

Controlled human malaria infection (CHMI)

From October 2018 to March 2019, 95 healthy Equatogu-

inean adults underwent CHMI [49]. Prior to CHMI, a 

full 3-day course of artemether/lumefantrine treatment 

was given to all volunteers. Eligibility criteria for CHMI 

were met if volunteers had received a complete regimen 

of PfSPZ Vaccine and were negative for malaria infec-

tion at the time of CHMI. During the ward observation 

period, volunteers were monitored daily for P. falciparum 

parasitaemia starting on day 8 to detect the parasite early 

and prevent the development of symptoms. Two millili-

tres of venous whole blood were collected in EDTA tubes 

daily on days 8–20 post-infection and transported to the 

laboratory in cooling boxes (4–8 °C) within 30 min of col-

lection. One mL blood was used for examining malaria 

parasites positivity and density by TBS and qPCR within 

4  h of collection and 1 mL was stored at − 80  °C for 8 

months before retrospectively analysing samples using 

uRDT and cRDT. �e standard artemether/lumefantrine 

treatment was given to subjects once malaria parasites 

were detected by TBS or on day 28 post CHMI for vol-

unteers who remained negative throughout the post-

CHMI follow-up period. Positive TBS results confirmed 

by qPCR were used as the end-point for initiating par-

ticipant malaria treatment and termination of ward vis-

its and further diagnostic sample collection. Volunteers 

diagnosed as malaria positive by TBS during 28 days of 

CHMI follow-up were considered eligible for participa-

tion in this malaria diagnostics study.
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Sampling and statistical analyses

�e aim of this study was to demonstrate differences in 

performance sensitivity between TBS, cRDT, and uRDT 

methods in detecting low density malaria infection, using 

qPCR as the gold standard for sensitivity. To obtain suf-

ficient samples, Epi Info 7 software was used to calculate 

the sample size assuming the following parameters: mini-

mum sensitivity of 90% for a reference method (qPCR) 

and 80% for cRDT, a 95% confidence and 90% power to 

detect a maximum sensitivity difference of 10%. cRDT 

was used to determine sample size due to its wider appli-

cation in the field [51]. �is gave a minimum required 

sample size of 267 samples. Sensitivity of the various tests 

was compared using Fisher’s exact test.

Participating individuals were to be observed from day 

8 after challenge until the day of first positivity by TBS. 

Tests were not performed on samples collected after 

TBS diagnosis since volunteers were treated and positive 

results could still occur for RDTs and qPCR due to resid-

ual parasite material, which would confound results. Out 

of the eligible volunteers, a subset of 24 individuals were 

to be randomly selected to meet sample size require-

ments while maintaining the distribution of parasite 

densities observed using qPCR. Considering the low sen-

sitivity of most cRDTs at 100  p/µL, a stratified random 

sampling method was selected, whereby samples with 

parasite density > 100 p/µL and < 100 p/µL as detected by 

qPCR were put into two different strata. Using Microsoft 

Excel (2016), simple random sampling was performed 

within each stratum to obtain a total of 24 individuals.

To assess the distributions of the complete set, sampled 

and unsampled subsets were examined to ensure that 

they presented similar structure. Sampled individuals 

provided a total of 279 observed individual sample time 

points.

For this analysis, a multiplex qPCR targeting Pspp18S 

and PfvarATS was designated as the reference for detec-

tion of infection against which TBS, uRDT and cRDT 

positivity could be compared. A two-tailed Fishers exact 

test was used to determine the significant differences 

between the sensitivities of the various diagnostic tests. 

In this study, all samples were included in the sensitivity 

analysis of diagnostics. Only positive samples by either 

TBS, uRDT and cRDT were included in the analyses of 

the overall geometric mean (geomean) of parasite density 

of positive results and the geomean of parasite density at 

time of first detection (prepatent period). If a TBS, uRDT 

or cRDT test was negative, the respective sample point 

was deemed not applicable for the geomean parasite den-

sity and time to first detection analysis. TBS and qPCR 

both provided density measurements but TBS was con-

sidered to be more reliable as it did not involve conver-

sion from gene copy number using a reference standard.

Results were recorded by trained and qualified labora-

tory staff on case report forms (CRFs) during the CHMI 

ward observation period and later entered onto an Excel 

spreadsheet (Microsoft, Office 2019 Ver 16). All sam-

ples were assigned a sample specific number that was 

linked to each volunteer ID. No personal information 

was recorded on laboratory CRFs and for the laboratory 

staff the connection of each sample with the correspond-

ing donor volunteer was not possible. Retrospective RDT 

results were recorded on the same Excel spreadsheet. �e 

geomean and geomean confidence intervals of parasite 

densities were calculated using R 4.0.1. Sensitivity and 

95% confidence intervals for all diagnostic methods were 

calculated in R 4.0.1 using the epiR package [52].

Results
Overview

A total of 48 volunteers were diagnosed positive for 

malaria by reference method (qPCR), qualifying them for 

inclusion in the malaria diagnostic comparison. Individu-

als had an average of 12 time points of observation-days 

(range 8 to 17), with each day-test-record representing an 

independent observation since each was obtained from a 

newly collected whole blood sample. Out of the eligible 

volunteers, 24 (50%) individuals were randomly selected 

while maintaining the distribution of parasite densities 

observed using qPCR. �e subset of selected samples was 

evaluated against unselected samples by parasite density 

distribution and variance and the selected subset was 

determined to be an appropriate representation (Addi-

tional file 1: Figs. S1–S3).

A total of 279 samples were collected from the 24 

selected study participants; 123 and 156 samples were 

positive and negative for P. falciparum infection by 

qPCR, respectively. All 156 samples negative for P. falci-

parum by qPCR were also negative by TBS, uRDT and 

cRDT demonstrating 100% specificity for these tests. In 

total, 24 of 123 positive samples were detected by TBS, 21 

by uRDT and 10 by cRDT, providing sensitivities of 19.5% 

(95% CI 13.1–27.8%), 17.1% (95% CI 11.1–25.1%), and 

8.1% (95% CI 4.2–14.8%), respectively. qPCR detected 

more positives than any of the other tests (p < 0.001) and 

TBS and uRDT were both more sensitive than cRDT 

(TBS vs. cRDT, p = 0.015 by Fishers Exact two-tailed; 

uRDT vs. cRDT, p = 0.053). TBS detected 61.9% (13/21) 

of uRDT positive infections, while uRDT detected 54.2% 

(13/24) of TBS positive infections. �e uRDT detected 

100% (10/10) of cRDT positive infections while TBS 

detected 90% (9/10). �e cRDT detected 47.6% (10/21) of 

uRDT positive infections and 37.5% (9/24) of TBS posi-

tive infections. �e summary of the findings are depicted 

in a Venn-diagram (Fig. 1).
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Parasite density by qPCR was calculated using a stand-

ard curve generated using a WHO reference sample that 

related copy number to density, and ranged from 0.14 

to 603.8 p/µL, with a geomean of 2.57 p/µL. Using this 

scale TBS detected parasites in the range of 5.9–603.8 p/

µL (geomean 97.6 p/µL) and uRDT detected parasites in 

the range of 0.8–603.8 p/µL (geomean 103.4 p/µL), com-

pared to cRDT, which detected parasites in the range of 

2.6–603.8 p/µL (geomean = 149.4 p/µL) (Table 1).

Parasite density by TBS ranged from 3.7 to 201.8 p/µL 

(geomean 12.81 p/µL). Using this scale, uRDT detected 

parasites in the range of 3.7–201.8 p/µL (geomean 20.6 p/

µL), compared to cRDT, which detected parasites in the 

range of 5.6–201.8 p/µL (geomean = 30.2 p/µL) (Table 2).

Examining just infections positive by both qPCR and 

TBS, the geomean ratio established from parasite density 

of qPCR and TBS (qPCR/TBS) was 7.62 p/µL (Table 3). 

PCR detects gene copy number in a specimen and each 

P. falciparum genome has at least 5–8 copies [53], and 

in addition qPCR can detect free DNA in a specimens. 

�ese variables make it difficult to calculate parasite den-

sity accurately using qPCR, even when using a standard 

curve to convert copy numbers to density based on a 

WHO reference sample. TBS detects parasites, regard-

less of how many genes and nuclei are present, but is 

hindered by the possible loss of significant numbers of 

parasites during processing [54]. All these factors were 

suspected to have contributed to the higher densities 

found using qPCR compared to TBS.

Fig. 1 Similarities and discrepancies in detection of P. falciparum 
cases by different diagnostic methods. Venn-diagram showing 
distribution of positive results according to the diagnostic test used 
with qPCR as the reference method. All samples were sorted by thick 
blood smear (TBS), ultrasensitive rapid diagnostic test (uRDT), and 
conventional rapid diagnostic test (cRDT). All cases were low parasite 
density P. falciparum infections that occurred during CHMI

Table 1 Overall geomean and sensitivity of TBS, uRDT, and cRDT compared to the qPCR method

Number of positive and negative samples, overall geomean and sensitivity of TBS, uRDT, and cRDT compared to the reference qPCR method. All cases were low 

parasite density infections that occurred during CHMI. Parasite densities of positive samples by qPCR ranged from 0.14–603.84 p/µL

Diagnostic test TBS (+) TBS (−) uRDT (+) uRDT (−) cRDT (+) cRDT (−) Total

PCR Pf (+) 24 99 21 102 10 113  123 

PCR Pf (−) 0 156 0 156 0 156  156 

 Total  24  255  21  258  10  269  279 

Range of positive 
samples (p/µL by 
qPCR)

5.9–603.8 0.8–603.8 2.6–603.8

Geomean of positive 
samples (p/µL by 
qPCR)

97.6 103.4 149.4

Sensitivity (%) 19.5% (13.1–27.8) 17.1% (11.1–25.1) 8.1% (4.2–14.8)

Table 2 Overall geomean and sensitivity of uRDT and cRDT compared to the TBS method

Overall geomean, sensitivity and number of positive and negative samples of uRDT, and cRDT compared to TBS. All cases occurred during CHMI. Parasite densities of 

positive samples by TBS ranged from 3.7 to 201.8 p/µL

Diagnostic test uRDT (+) uRDT (−) cRDT (+) cRDT (−) Total

TBS (+) 13 11 9 15  24 

TBS (−) 8 247 1 254  255 

 Total  21  258  10  269  279 

Geomean of positive samples (p/
µL by TBS)

20.6 30.2

Sensitivity (%) 54.2% (33.2–73.8) 37.5% (19.6–59.2)
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Next, the diagnostic test sensitivities of TBS, uRDT 

and cRDT were stratified by ranges of parasite density 

of qPCR (Table  4). None of the three diagnostic tests 

detected P. falciparum infections below 1 p/µL as deter-

mined by qPCR. For TBS, the lowest parasite density 

detected as quantified by qPCR was 5.86 p/µL and as 

quantified by TBS was 3.7 p/µL. At parasite densities of 

1–50 p/µL, uRDT and TBS appeared roughly equally 

sensitive and both appeared more sensitive than cRDT. 

At parasite densities of 51–100 p/µL by qPCR, uRDT 

appeared more sensitive (71% [95% CI 29–96%]) com-

pared to TBS and cRDT with, 29% (4–71%) and 29% 

(4–71%) sensitivity, respectively. However, numbers 

were small and differences in sensitivity amongst the 

tests across the density categories were not statistically 

significant.

Finally, the uRDT and cRDT diagnostic test sensitivi-

ties were stratified by ranges of parasite density measured 

by TBS (Table 5). At parasite densities range between 1 

and 50 p/µL, uRDT had higher sensitivity compared to 

cRDT; 33% (95% CI 12–62) for 1–10 p/µL and 100% (95% 

CI 48–100) at 11–50 p/µL compared to 13% (95% CI 

2–40) for 1–10 p/µL and 80% (95% CI 28–99) at 11–50 

p/µL respectively. Above 50 p/µL, both uRDT and cRDT 

had the same sensitivity but again numbers were too 

small to allow a meaningful comparison.

Finally, the range and distribution of parasite densities 

of samples determined to be positive by qPCR (n = 123), 

by TBS (n = 24), by uRDT (n = 21) and by cRDT (n = 10) 

were examined over the follow up period for the 24 vol-

unteers who were TBS positive. TBS and uRDT recorded 

a trend for lower geomean parasite densities detected 

compared to cRDT, which did not reach statistical signifi-

cance [p = 0.19 and p = 0.26, respectively] (Fig. 2).

Time to �rst detection

To investigate the efficiency of cRDT and uRDT to detect 

asexual blood stage parasites during CHMI follow-up, 

the median times to first detection of parasites (in days) 

by qPCR, TBS, uRDT and cRDT were compared. �ere 

Table 3 Overall geomean, ranges and the ratio of parasite 
density established from qPCR and TBS

Comparison of geomean, ranges and the ratio of parasite density established 

from qPCR and TBS using paired samples in which both tests were positive. All 

cases were low parasite density infections that occurred during CHMI. The Ratio 

was determined by dividing the geomean of qPCR by geomean of TBS (qPCR/

TBS). N = 24

qPCR (Pf/µL) TBS (Pf/µL) Ratio qPCR/TBS

 GeoMean 97.57 12.81 7.62

 Range [5.86–603.84] [3.70–201.80] [0.07–53.84]

Table 4 Comparison of TBS, uRDT and cRDT sensitivity stratified by parasite density (p/µL) as determined by qPCR

Number of samples and sensitivity of TBS, uRDT and cRDT strati�ed by parasite density (p/µL). All cases were low parasite density samples that occurred during CHMI 

follow-up and were 100% speci�c compared to qPCR

Group density 
(p/µL)

# samples qPCR (+) 
(reference)

TBS (+) TBS sensitivity (95% CI) uRDT uRDT sensitivity 
(95% CI)

cRDT cRDT 
sensitivity 
(95% CI)

 < 1 37 0 – 0 – 0 –

 1–10 38 1 3% (0–14) 1 3% (0–14) 1 3% (0–14)

 11–50 25 7 28% (12–49) 4 16% (5–36) 0 –

 51–100 7 2 29% (4–71) 5 71% (29–96) 2 29% (4–71)

 > 100 16 14 88% (62–98) 11 69% (41–89) 7 44% (20–70)

Table 5 Comparison of uRDT and cRDT sensitivity stratified by parasite density (p/µL) as determined by TBS

Number of samples and sensitivity of uRDT and cRDT strati�ed by parasite density (p/µL). Diagnostic methods are compared to TBS as reference and all cases were low 

parasite density samples that occurred during CHMI follow-up

Group density 
(p/µL)

# samples TBS (+) 
(reference)

uRDT (+) uRDT sensitivity (95% CI) cRDT (+) cRDT sensitivity (95% CI)

< 1 0 0 – 0 –

1–10 15 5 33% (12–62) 2 13% (2–40)

11–50 5 5 100% (48–100) 4 80% (28–99)

51–100 2 2 100% (16–100) 2 100% (16–100)

> 100 2 1 50% (1–99) 1 50% (1–99)
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was no evidence to support differences in prepatent 

period when using TBS, uRDT and cRDT since these 

methods all reported a median of 18.0 days to first para-

site detection. �e median days to detection of asexual 

blood stage parasitaemia by qPCR was 14.5, 3.5 days ear-

lier than TBS, uRDT and cRDT (p < 0.001 log-rank test) 

(Fig. 3).

Discussion
As progress against malaria is made, asymptomatic infec-

tions at lower parasite densities become a significant 

challenge for malaria control and elimination efforts due 

to their contribution to ongoing transmission [3, 4, 55, 

56]. Mass testing of a population with treatment of those 

found positive is one approach to address this problem 

[57]. However, it is difficult to diagnose low density para-

sitaemias and the most sensitive and, therefore, the best 

method, qPCR, is expensive, requires special laborato-

ries and skilled personnel. �us, the development of an 

inexpensive rapid test with equivalent sensitivity would 

be of great benefit, especially as conventional rapid diag-

nostic tests (cRDTs) are significantly less sensitive. Other 

applications could also benefit from a simple, rapid test 

that is more sensitive than cRDTs, such as detection of 

parasitaemia following sporozoite or blood stage CHMI, 

both important procedures for evaluating vaccine and 

drug efficacy [44, 45, 58–61] or for exploring innate and 

acquired immunity [62–66]. PfSPZ CHMI in particular is 

Fig. 2 Distribution of parasite density by qPCR of all malaria positive samples by TBS, uRDT, and cRDT. Red dots represent the geomean and error 
bars represent the 95% confidence intervals of each respective diagnostic test. Significance values were calculated using two-tailed Wilcoxon-test
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now gaining attention by investigators, since it can now 

be used by any clinical centre without the need for infec-

tious mosquitoes [67–69]. In CHMI, detection of low 

parasite densities is useful because it allows the identifi-

cation and treatment of positive study subjects earlier in 

the course of their parasitaemia thereby preventing or 

ameliorating clinical manifestations. �erefore, on many 

fronts, there is a need to develop simpler, highly sensitive 

methods to diagnose low parasite densities that could 

augment the success of mass testing and treatment, pro-

mote epidemiological studies and simplify and lessen the 

costs associated with CHMI.

cRDTs have been a tremendous boon to diagnosing 

clinical malaria, where parasite densities are relatively 

high and the tests adequately sensitive. An uRDT has 

recently been developed, and might extend the usefulness 

of RDTs particularly in low to moderate transmission 

areas, in pre-elimination settings, and in experimental 

uses such as CHMI follow-up. For example, it has been 

reported that the uRDT is significantly more sensi-

tive than cRDTs and TBS, detecting PfHRP2 at parasite 

densities as low as 0.1–1.0 p/µL in culture-derived sam-

ples [7, 23]. For this reason, the current study tested the 

uRDT and a cRDT during follow-up in a CHMI trial, and 

compared their sensitivities to those of TBS, using qPCR 

as the reference standard.

�is study indeed found that both TBS and the uRDT 

were more sensitive than the cRDT. However, the data 

demonstrated that in samples from malaria-experienced 

subjects undergoing CHMI with parasites that contained 

PfHRP2, the sensitivity of uRDT (17.1%) was about three-

fold lower than that reported for pretreatment specimens 

from an IBSM study (47%) and in samples from a low 

transmission setting (44%), and fivefold lower than that 

reported in samples from a high transmission setting 

(84%) [23]. None of 37 specimens less than 1.0 p/µL by 

qPCR were identified. In 15 specimens that had 1–10 p/

µL by TBS, uRDT identified 5 (33%), and cRDT 2 (13%). 

In 5 specimens with 11–50 parasites/µL by TBS, uRDT 

identified all 5 as positive (100%) and cRDT identified 4 

(80%). Overall, uRDT and TBS gave similar results, and 

both tests were more sensitive than cRDTs in a setting of 

CHMI with PfHRP2-containing parasites.

Currently, CHMI requires highly trained clinical and 

laboratory staff including expert microscopists. Con-

sidering the comparable outcomes of TBS and uRDT 

Fig. 3 Comparison of time to detection of parasites. Kaplan–Meier plot of the number of infections detected by time since CHMI qPCR (N = 24), TBS 
(N = 24), uRDT (N = 14) and cRDT (N = 10). All cases were low parasite density Pf infections that occurred during CHMI. P-value < 0.001 calculated 
using the log-rank test
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in this study, uRDT could be considered to replace TBS 

microscopy, especially in settings with inexperienced 

microscopists. However, parasite density estimation 

using qPCR has become a standard method utilized in 

many malaria studies [70, 71] and has been particularly 

useful in CHMI follow-up where it can detect parasi-

taemia earlier than TBS and allow treatment before 

signs and symptoms of clinical malaria develop [72–

74]. �us, uRDT would need to show advantages over 

TBS in the early identification of positive study sub-

jects, as TBS itself is now being supplanted by qPCR. 

As expected, the study showed a significant difference 

in prepatent period amongst qPCR on the one hand 

and TBS, uRDT and cRDT on the other, confirming 

that qPCR is the most sensitive diagnostic method. �e 

study further demonstrated that the median time to 

first malaria parasite detection by qPCR was 3.5 days 

earlier (14.5 days) compared to the other tests, and also 

that TBS, uRDT and cRDT were substantially equiva-

lent to each other, each providing a prepatent period 

of 18 days. Similar to these findings, the CHMI stud-

ies conducted in semi-immune participants [44, 58, 

73, 75] and in malaria naïve participants [76] have 

reported comparable prepatent periods using qPCR as 

the reference method. �e fact that in this setting of 

progressively rising parasitaemias, the prepatent peri-

ods calculated by TBS, uRDT and cRDT were similar 

even though positive samples diagnosed by uRDT had 

a lower overall geomean of parasite density by qPCR 

than did TBS, suggests that uRDT may not have any 

particular advantage over TBS other than reduced 

costs and easier performance, or even over cRDT, as 

in this study the day of treatment would not have been 

affected had it been cRDT- rather than TBS-based. It 

would be expected that the same relative detection abil-

ities would hold for blood stage CHMI, although this 

was not evaluated in this study, and Das et al. reported 

that uRDT detected parasitaemia 1.5 days earlier than 

cRDT in this setting [23].

In a field setting, the greater sensitivity of the uRDT 

over cRDTs could allow the detection of more asympto-

matic carriers. �is question was not directly examined 

in this CHMI-based study. However, the results showed 

that despite the uRDT being hailed as a significant 

improvement in malaria diagnostics, leading to increased 

sensitivity and specificity, satisfactory RDT performance 

for parasite density infections < 10 p/µL remains elusive. 

Field studies of mass testing and treatment are needed to 

further explore the potential contribution of the uRDT in 

identifying and treating asymptomatic carriers with low 

parasite densities contributing to ongoing transmission.

One important consideration for evaluating RDTs 

based on the detection of PfHRP2 is the increase in 

prevalence of parasites carrying PfHRP2 deletions, not 

only in Southeast Asia [77], but within the study area as 

well [12]. In 2018, approximately 65% of all suspected 

malaria cases in public health facilities in sub-Saharan 

African were tested with RDTs (~ 150 million cases) [1]. 

During CHMI, a standardized infectious PfSPZ dose 

of PfSPZ Challenge (NF54) was used, a parasite that 

expresses PfHRP2 to initiate the infection. Conducting 

a similar study in hospitals and field environment with 

important confounders, such as a deleted Pfhrp2 gene, 

would likely have had different results.

Limitations
Anticoagulated (EDTA) fresh whole blood was used 

for to prepare samples for qPCR and TBS assessments. 

Anticoagulated (EDTA) cryopreserved (temperature of 

− 80 °C) whole blood held for 8 months and thawed was 

used to prepare samples for uRDT and cRDT. It is pos-

sible, but unlikely that HRP2 degraded during storage. 

Whole blood samples were temperature monitored dur-

ing storage. When proper procedures are followed for 

long-term storage of whole blood, the quality of DNA, 

RNA or HRP2 is not compromised [7, 78]. Considering 

the strict temperature monitoring in this study and the 

fact that samples were only thawed once for processing, 

the difference in quality of samples over time is unlikely 

to have been different.

Another limitation is the discrepancy in parasite densi-

ties estimated by qPCR and TBS. qPCR may have over-

estimated parasite density due to variable numbers of 

copies of the amplification target and the persistence of 

nucleic acid from non-viable parasites [79], and TBS may 

have underestimated parasite density due to the loss of 

parasites during processing.

Because the research subjects were semi-immune, they 

may have had variable levels of anti-HRP2 or anti-LDH 

antibodies, which could have affected results [80, 81]. 

Some may also have had ongoing infections at the time of 

clearance with artemether/lumefantrine prior to CHMI. 

Although the current study did not measure the level of 

HRP2 in the participants before and after CHMI, none of 

the individuals were RDT positive between days 8 and 14 

after CHMI. �erefore, it is likely that this factor did not 

affect the current performance comparison.

�is study was designed to evaluate the performance 

of malaria diagnostic tests in independent samples and 

was analysed accordingly, even though several samples 

were collected from each individual post CHMI. �is was 

based on the reasoning that, since each test was measur-

ing a different parameter (DNA for qPCR, whole para-

sites for TBS, HRP2 for uRDT, HRP2/LDH for cRDT) 

and these parameters would vary independently from 
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day to day due to the presence of multiple clones of NF54 

parasites released from individual hepatocytes over sev-

eral days each with its own asynchronous 48 h reproduc-

tive/sequestration cycle, it would be difficult to propose a 

biological metric characterizing an individual that could 

introduce bias or similarities in observations. Neverthe-

less, such a bias or similarities could exist and might have 

affected the data.

Conclusions
TBS has been the classical approach to malaria diagno-

sis for clinical use, malaria control programs, research 

studies such as CHMI and field epidemiology. TBS can 

distinguish the five malaria species that infect humans, 

which cannot yet be achieved by using RDTs or a sin-

gle reaction qPCR, and provides a reasonable estimate 

of parasite density. TBS, however, requires laboratories 

that support and maintain microscopes, staining solu-

tions and human resources with the requisite micros-

copy skills. qPCR, with much greater sensitivity, is now 

supplanting TBS for many applications such as detec-

tion of parasitaemia following CHMI, but also requires 

a high level of laboratory capability and involves 

higher costs than TBS. cRDTs have, therefore, been a 

welcome addition to malaria diagnostics and in many 

places have supplanted TBS for the clinical diagnosis 

of malaria, where parasite densities are high, but have 

not been useful for applications requiring greater sen-

sitivity. �is study compared qPCR, TBS, a cRDT to a 

new uRDT advertised as rivaling qPCR in sensitivity, to 

assess its value for detection of parasitaemia following 

PfSPZ CHMI, an application where early diagnosis and 

treatment is important to reduce the severity of adverse 

events. �e major conclusions were that for this spe-

cific application, while the uRDT was better than the 

cRDT, and approached TBS in sensitivity, it did not 

close the gap with respect to qPCR, and thus could be 

considered for replacing TBS only in studies unable 

to use qPCR or TBS due to resource limitations. �e 

added value of the uRDT in field studies, particularly in 

mass testing and treatment, requires further study.
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METHODOLOGY
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sequencing data, and its application to identify 
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Abstract 

Background: The ability of malaria rapid diagnostic tests (RDTs) to effectively detect active infections is being com-
promised by the presence of malaria strains with genomic deletions at the hrp2 and hrp3 loci, encoding the antigens 
most commonly targeted in diagnostics for Plasmodium falciparum detection. The presence of such deletions can 
be determined in publically available P. falciparum whole genome sequencing (WGS) datasets. A computational 
approach was developed and validated, termed Gene Coverage Count and Classification  (GC3), to analyse genome-
wide sequence coverage data and provide informative outputs to assess presence and coverage profile of a target 
locus in WGS data.  GC3 was applied to detect deletions at hrp2 and hrp3 (hrp2/3) and flanking genes in different 
geographic regions and across time points.

Methods: GC3 uses Python and R scripts to extract locus read coverage metrics from mapped WGS data according 
to user-defined parameters and generates relevant tables and figures.  GC3 was tested using WGS data for laboratory 
reference strains with known hrp2/3 genotypes, and its results compared to those of a hrp2/3-specific qPCR assay. 
Samples with at least 25% of coding region positions with zero coverage were classified as having a deletion. Publicly 
available sequence data was analysed and compared with published deletion frequency estimates.

Results: GC3 results matched the expected coverage of known laboratory reference strains. Agreement between  GC3 
and a hrp2/3-specific qPCR assay reported for 19/19 (100%) hrp2 deletions and 18/19 (94.7%) hrp3 deletions. Among 
Cambodian (n = 127) and Brazilian (n = 20) WGS datasets, which had not been previously analysed for hrp2/3 dele-
tions,  GC3 identified hrp2 deletions in three and four samples, and hrp3 deletions in 10 and 15 samples, respectively. 
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Background
From 2010 to 2020, national malaria control programmes 

(NMCPs) distributed 2.2 billion rapid diagnostic tests 

(RDTs) for malaria and 3.1 billion RDTs were sold by 

manufacturers, the majority of these going to malaria-

endemic countries in sub-Saharan Africa [1]. RDTs are an 

integral part of nearly all NMCP’s clinical and field inter-

ventions since they provide quick and effective malaria 

diagnosis. �ese RDTs include a small cassette detecting 

Plasmodium-specific antigens in the blood of an infected 

individual and are user-friendly and affordable [2]. Pre-

dominantly, RDTs detect the Plasmodium falciparum-

specific antigen histidine-rich protein 2 (HRP2), which 

is released into the bloodstream in large quantities when 

infected red blood cells lyse [3]. Plasmodium falciparum 

accounts for vast majority of the 241 million reported 

human malaria cases in 2020 and is the primary para-

site causing malaria-related mortality and morbidity [1]. 

Due to considerable sequence similarity between the two 

proteins, (HRP3 is a truncated protein of HRP2 [4] and 

the two are encoded by similar loci), HRP3 can also bind 

to the monoclonal antibody on HRP2-based RDTs, but 

becomes more apparent in high-density infections [5]. 

As evidence of their effectiveness, 94% of WHO-qualified 

RDTs are either HRP2-based or based on a combination 

of HRP2 and a partner antigen, such as parasite lactate 

dehydrogenase or aldolase [6–8]. HRP2-based RDTs are 

an essential diagnostic tool for NMCPs to scale surveil-

lance operations and adequately assess infection, leading 

to proper treatment administration, measure interven-

tion progress and identify malaria reservoirs.

Recently, however, the effectiveness of HRP2-based 

RDTs is becoming compromised due to the emer-

gence of deletions in the hrp2 and hrp3 (hrp2/3) loci 

that prevent the expression of a detectable protein [6, 

8–16]. In particular, full deletions, as well as some par-

tial deletions, in one or both of these genes eliminate 

HRP2 and/or HRP3 signal on RDTs, preventing accu-

rate malaria diagnosis. Previous estimates of hrp2/3 

deletion prevalence report higher frequencies in South 

and Central America, followed by Africa, then Asia and 

Oceania [17]. Low-transmission areas with high treat-

ment rates, characteristics often found in elimination 

settings, are especially at risk for the spread of strains 

with hrp2/3 gene deletions, as models show that, under 

those conditions, strains with hrp2/3 deletions have a 

strong fitness advantage over those with intact genes 

[18]. �erefore, as NMCPs continue to control and 

move toward elimination, it is critical to monitor the 

presence and spread of hrp2/3 deletions. Without fully 

understanding the dynamics of hrp2/3 deletions, and 

spread of those deletions in particular, undiagnosed 

infections may lead to an increase in malaria preva-

lence and mortality, and hinder global progress towards 

control and elimination.

A computational tool that facilitates detection and 

classification of deletions in hrp2/3 (e.g. partial vs. com-

plete deletions) in published whole genome sequencing 

(WGS) datasets will enable rapid and detailed analysis 

of deletions within datasets, and comparisons between 

datasets. �e development of baseline values as well as 

the comparison of deletion prevalences across current 

samples sets as well as temporal comparison between 

these and previously published datasets may be par-

ticularly informative. Previous studies have performed 

analyses using WGS data [19–21]; however, implemen-

tation of the methods used in these studies requires a 

strong understanding of bioinformatics tools and pack-

ages. �e development of a more user-friendly com-

putational tool would expand the ability to assess the 

presence of locus deletions based on WGS coverage 

data to a wider audience investigating copy number 

variations, including deletions, in hrp2/3 or other target 

genes. �is work aimed to fill this gap, by developing a 

computational tool, termed “Gene Coverage Count and 

Classification”, or  GC3, to provide translatable results 

on the presence of hrp2/3 deletions and their classifica-

tion, based on short-read WGS data, among global P. 

falciparum samples for which WGS data is available.

Plots of hrp2/3 coding regions, grouped by year of sample collection, showed a decrease in median standardized 
coverage among Malawian samples (n = 150) suggesting the importance of a careful, properly controlled follow 
up to determine if an increase in frequency of deletions has occurred between 2007–2008 and 2014–2015. Among 
Malian (n = 90) samples, median standardized coverage was lower in 2002 than 2010, indicating widespread deletions 
present at the gene locus in 2002.

Conclusions: The  GC3 tool accurately classified hrp2/3 deletions and provided informative tables and figures to 
analyse targeted gene coverage.  GC3 is an appropriate tool when performing preliminary and exploratory assessment 
of locus coverage data.

Keywords: Malaria, Rapid Diagnostic Test, hrp2, hrp3, Deletion, Gene coverage, Genomics, Bioinformatics
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Methods
Samples

�e WGS data used were generated either by direct 

sequencing of total DNA extracted from each isolate or 

by sequencing post selective whole genome amplifica-

tion (sWGA) of extracted DNA, and were reported pre-

viously [22]. Some of the WGS datasets were generated 

as part of the MalariaGEN project [23] and downloaded 

from the Sequence Read Archive (SRA). A selection of 

field samples representing 19 different countries from 

Africa (n = 9), South America (n = 5), Asia (n = 4) and 

Oceania (n = 1), for a total of 1120 datasets (1114 global 

samples + 6 reference strains), were evaluated for gen-

eral results (Additional file  1: Figure S1). �e following 

laboratory reference strains with known hrp2 and hpr3 

genotype were used for developing and testing  GC3: 

NF54 (West Africa) – hrp2 and hrp3 present, 7G8 (Bra-

zil) – hrp2 and hrp3 present, NF135.C10 (Cambodia) – 

hrp2 and hrp3 present, NF166 (Guinea) – hrp2 and hrp3 

present, Dd2 (Laos) – hrp2 absent/hrp3 present and HB3 

(Honduras) – hrp2 present/hrp3 absent.

Read coverage files were generated by aligning raw 

reads in fastq format to the Pf3D7 reference genome 

assembly (PlasmoDB release v24) using bowtie2 (v2.2.9 

and above). Alignment files in BAM (Binary sequence 

Alignment/Map) format were processed according to 

GATK’s (Genome Analysis Toolkit) Best Practices docu-

mentation. Genome-wide coverage per site was recov-

ered using bedtools’ genomecov function [22, 24]. �e 

resulting BED (Browser Extensible Data) file (a tab-

delimited text file) is used as the initial input to  GC3. 

However, any delimited file with columns for molecule 

identifier (e.g. Pf3D7_08_v3), chromosomal position and 

coverage value is acceptable. When comparing sample 

datasets, coverage values per base pair (bp) were stand-

ardized by dividing ‘locus coverage’ by ‘subtelomeric 

mean coverage’ to account for differences in sequencing 

depth among samples.

Computational tool framework and algorithm

For  GC3 to function properly, Python v3.0 and R v4.1.1 

(or later versions) with the following libraries must be 

installed: readxl, writexl, dplyr, reshape2, and ggplot2. 

 GC3 uses a Python-based script to extract read cover-

age information for genomic coordinates set by the user 

and processes these output files using an R script (Fig. 1). 

Following the framework, the user is required to provide 

input parameters at two junctions.

Fig. 1 GC3 framework.  GC3 extracts read coverage information and processes it into a metric database and descriptive tables/figures. Ovals denote 
initial/intermediate input(s). Orange rectangles denote scripts for data processing. User input parameters are needed at two junctions in the 
process and are listed (required and optional). (1) Python script extracts coverage data either using a “sliding window”, or coverage at every locus 
between user-defined start and end coordinates. Overall mean coverage between start and end coordinates can be extracted using a separate 
function. Output files from the python script (i.e. intermediate output) become the input into the R script, which generates metrics and relevant 
tables/figures. (2) User input into the R-script is required to define path (directory) to intermediate output as well as the file name, target gene 
coordinates, intron coordinates (if necessary), coordinates of regions of interest (e.g. flanking genes), and definition of subgroups (optional). Output 
from R script is Excel versions of intermediate outputs, metrics database, position descriptive database, and relevant figures
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Extracting target coverage data – Python-based script

Within the Python script, the user is required to pro-

vide parameter inputs depending on the desired output. 

To use the “sliding window” option, the user must pro-

vide: (1) name of input file, (2) start coordinate, (3) end 

coordinate, (4) molecule identifier containing target 

locus (e.g. Pf3D7_08_v3), (5) interval size (i.e. window 

length, in base pairs), and (6) step size (i.e. shift between 

windows, in base pairs). In the initial window, defined 

by start coordinate and interval size, the average cover-

age is obtained by adding read coverage across all posi-

tions and dividing by interval size. �e start position is 

then updated by adding step size to the previous start 

coordinate and the process is repeated until the end 

coordinate is reached. �e output file will report an inter-

val’s start and end coordinates separated by a colon and 

flanked by apostrophes and the interval’s average read 

coverage separated from the coordinates by a colon (e.g. 

’1,290,240:1,290,740’: 294.228).

If individual coverage of all positions in the interval 

of interest is desired, then the interval size should be 

set to 1, and  GC3 will extract values for each coordinate 

between start and end coordinates, inclusively (step size 

is automatically set to 1). Output file will report the posi-

tion and respective coverage (e.g. ’1,372,236’: 387). �e 

intermediate output is a text file with position(s) and cor-

responding read coverage values.

Additionally, the user can calculate mean coverage 

between start and end coordinates using a separate  GC3 

function. User parameters needed are (1) name of input 

file, (2) start coordinate, (3) end coordinate, and (4) mol-

ecule identifier. �is function is needed if the user desires 

to know, for example, the mean coverage over a wider 

region or to standardize coverage between different sets 

of samples (i.e., sample subgroups).

Coverage data processing—R-based script

�e user will need to input intermediate output files into 

the separate  GC3’s R script to clean, and generate sam-

ple metrics and descriptive plots. At the start of the R 

script, the user will define (1) path to the intermediate 

files, (2) name of the intermediate file(s), (3) target locus’ 

coordinates in reference genome, (4) gene’s intron coor-

dinates (if necessary), in reference genome, (5) position 

coordinates of interest (e.g. flanking gene positions), (6) 

list of subgroup sample identifiers and subgroup name 

(optional). If read coverage is to be standardized rela-

tive to coverage in a reference chromosome or chromo-

somal segment, then a file of mean read coverage per 

chromosome or segment (obtained as described above) 

per sample should also be defined. �e  GC3 R script will 

output several files, namely, (i) Excel version of interme-

diate text files, (ii) summary metrics: sample identifier, 

overall mean coverage—if mean coverage file included, 

mean target gene coverage, proportion of gene positions 

with coverage, proportion of smaller regions of interest 

(including coding regions, exons), deletion classification, 

and count of positions with 0X coverage, (iii) read cov-

erage information for target gene (number of positions 

with zero coverage, and mean and median coverage per 

position over all samples), and (iv) descriptive plots: slid-

ing window coverage over region of interest (i.e. subtelo-

meric region), all coordinates coverage over target gene 

positions (i.e. hrp2 and hrp3), and proportion of posi-

tions with zero coverage.

Python and R scripts can be found at the Silva group’s 

GitHub (https:// github. com/ igs- jcsil va- lab) as well as 

a README file with detailed instructions and input 

examples.

Detection of deletions in hrp2, hrp3 and �anking regions

�e gene structure of hrp2 and hrp3 in the reference 

3D7 strain was obtained from PlasmoDB (www. plasm 

odb. org). Both hrp2 and hrp3 consist of two coding 

exons. Exon1 is 69 bp in length for both genes, and exon2 

is 848  bp long in hrp2 and 758  bp in hrp3 (Fig.  2). �e 

analysis of WGS data focused on subtelomeric regions of 

chromosome 8 (P. falciparum 3D7 reference strain coor-

dinates 1,290,240–1,443,449, for a total of 153,209  bp), 

containing the hrp2 coding DNA sequence (CDS) and 

intervening intron, and of chromosome 13 (P. falciparum 

3D7 reference strain coordinates 2,731,041–2,892,340, 

for 161,299  bp), containing the hrp3 CDS and intron. 

Subtelomeric coordinates were chosen to include the 

closest “essential” gene [25] downstream of hrp2 or hrp3 

and farthest upstream functional gene (i.e. PfEMP1-

encoding var gene).

Metrics were generated to classify samples by pres-

ence or absence of full or partial deletions in each locus 

of interest. If ≤ 25% of the CDS was missing (i.e. at most 

25% of the reference CDS had zero coverage) the locus 

was considered present with a “small deletion of uncer-

tain functional impact” (SDUFI). If > 25% (but not 

100%) of the reference CDS positions had zero cover-

age the sample was classified as having a partial dele-

tion (25% < %-positions-with-zero-coverage < 100%); it 

was classified as having a complete deletion if all CDS 

positions have zero coverage. �is classification is partly 

informed by Sepúlveda and colleagues [19], who imple-

mented an algorithm to perform deletion calling with-

out having to analyse the coverage profile of the entire 

genome. �ey classified deletions based on a 75% thresh-

old of positions with ≤ 2X coverage, but may be too strin-

gent and decreased  GC3 thresholds as explained above 

to account for “SDUFIs” or partial deletions less than 

the 75% threshold that might impact protein detection. 

https://github.com/igs-jcsilva-lab
http://www.plasmodb.org
http://www.plasmodb.org
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Deletions of flanking genes were assigned to samples 

if > 25% of the flanking gene’s positions reported zero 

coverage. Intergenic regions were excluded to reduce the 

effect of variable read coverages in non-coding regions.

GC3 agreement with qPCR assay

A previously described hrp2/3-specific qPCR assay capa-

ble of detecting locus deletions in mono- and poly-clonal 

infections [26] was utilized to compare with the hrp2/3 

deletion genotype inferred by  GC3. In summary, primer 

sequences were adapted from conventional PCR [27] to 

bind to conserved regions of hrp2, hrp3 and an apicom-

plexan-specific single copy gene used as positive control, 

rnr2e2 (ribonucleotide reductase R2_e2, [28]). �e com-

putational approach used by  GC3 for the detection of 

hrp2/3 deletions was compared to this hrp2/3-specific 

qPCR assay [26], using the following samples:

– NF54—Positive control

– 7G8—Positive control

Fig. 2 Schematic of target genomic regions, encoding hrp2/3. A Schematic of the hrp2-containing chromosomal region plus flanking genes 
(unlabeled light-blue boxes represent pseudogenes), labelled with their respective gene products, and coding regions (exon1 and exon2), their 
base pair length and direction of transcription. Red highlighted areas denote locations of hrp2/3-specific qPCR forward primer (1) and reverse 
primer (2), and the purple highlighted area denotes the location of the qPCR probe (P). Chromosome 08 PfEMP1 reference – Pf3D7_0833500 
(multi-copy gene).  B Same as A, but for hrp3. Chromosome 13 PfEMP1 reference – Pf3D7_1373500 (multi-copy gene)
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– Dd2—hrp2 absent control

– HB3—hrp3 absent control

– 17 global samples (see Additional file 1: Table S1 for 

details)

�e presence and classification of hrp2/3 deletions is 

reported for the four laboratory reference strains men-

tioned above and for 17 global samples from Brazil 

(n = 3), Cambodia (n = 6), Mali (n = 3), Malawi (n = 4) 

and �ailand (n = 1). Global samples with accessible 

DNA material were randomly selected to represent the 

following  GC3-inferred genotype subgroups: samples 

with no deletions, hrp2 deletion (complete), hrp3 dele-

tion (complete), double hrp2/3 deletion, low overall sam-

ple mean read coverage (< 20X), possible discordant pairs 

(partial deletion, with non-zero coverage in qPCR primer 

binding sites), and PCR primer site deletions (samples 

with zero coverage in qPCR primer binding site – either 

in hrp2 or hrp3). Accession ID and subgroup stratifica-

tion of global samples can be found on Additional file 1: 

Table S1.

Statistical analyses

When measuring correlation between mean coverage in 

hrp2/3 positions and subtelomeric or upstream/down-

stream gene, Spearman’s rank correlation method was 

used (Additional file 3). Spearman’s method accounts for 

non-parametric distribution and, therefore, mean cover-

ages were not standardized [29]. R v4.1.1 program was 

used to conduct statistical analysis.

Results
Sample read coverages by sliding windows of 1000  bp 

intervals and 500  bp step size were generated over the 

subtelomeric regions of chromosome 8 and chromo-

some 13 (sum of coverage across all positions in interval/

interval length). Additionally, coverage at every position 

(interval = 1) was generated at every position between 

coordinates 1,372,236 to 1,377,299 on chromosome 8 and 

2,835,756 to 2,847,557 on chromosome 13. �ese posi-

tions corresponded to hrp2 and hrp3 coordinates plus 

2000 bp on either end of their respective coding regions.

Demonstrating  GC3 features using laboratory strains 

of known genotype

WGS data from reference laboratory strains were ana-

lysed to estimate hrp2/3 coverage per bp and the pro-

portion of positions with coverage by at least one read 

(≥ 1X coverage) at hrp2 and hrp3 coordinates, and 

ultimately evaluate the validity of results from  GC3. 

Expected coverage was estimated using each respec-

tive subtelomeric region as reference. Overall, for each 

lab strain reference, excellent concordance was found 

between coverage values in each locus and the respec-

tive subtelomeric chromosomal regions (Table 1). Mean 

subtelomeric coverage of the Dd2 strain (with hrp2 dele-

tion genotype) was high (chromosome 8: 29X; chromo-

some 13: 48X), and, as expected, mean coverage at the 

hrp2 positions was 0X, while hrp3 mean coverage was 

45X (with 100% of CDS coordinates with coverage > 0). 

�e HB3 strain (hrp3 deletion genotype) was sequenced 

to ~ 145X coverage (chromosome 08 and chromosome 

13 subtelomeric regions with 159X and 131X coverage, 

respectively). Mean coverage at the hrp3 positions was 

0X (50% proportional coverage) and while hrp2 was simi-

lar to genome-wide coverage (142X, with 100% propor-

tional coverage of gene positions). Residual coverage may 

have occurred at the hrp3 gene of HB3 despite its known 

deletion due to mapping of some reads originating from 

hrp2 and mapping to similar but non-orthologous loca-

tions.  GC3 correctly identified HB3 as having a hrp3 gene 

deletion (Table 1). �ese results are similar to previously 

described coverage profiles of Dd2 and HB3 [19].

Plotting of read coverage in subtelomeric region of select 

reference strains

GC3 can create plots of the sliding window findings in 

order to provide a visual perspective of the target region. 

Table 1 Subtelomeric coverage, gene coverage, and coding region proportional coverage among known reference strains

Reference Strain Mean subtelomeric read coverage (sum of coverage/
bp)

Mean gene coverage (sum of 
coverage/bp)

Proportion of coding 
positions with ≥ 1X 
coverage

Chromosome 08 Chromosome 13 hrp2 hrp3 hrp2 hrp3

NF54 156.5 173.7 125.2 134.8 100% 100%

7G8 201.9 236.3 247.0 269.9 100% 100%

NF135.C10 35.3 42.7 36.9 41.7 100% 97%

NF166 280.0 328.4 295.7 344.6 100% 100%

Dd2 29.3 48.3 0.0 45.0 0% 100%

HB3 159.3 130.5 142.2 0.35 100% 50%
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To illustrate the coverage data provided in Table  1, the 

subtelomeric regions containing hrp2 and hrp3 of refer-

ence strains Dd2, HB3 and NF54 were plotted (Fig.  3). 

Results were normalized on a log scale to better visual-

ize large fluctuations in coverage generated by whole 

genome shotgun sequencing. Sliding window plots 

confirm validation results of Dd2, HB3 and NF54, and 

clearly illustrate coverage for each respective strain. On 

chromosome 08, coverage of the Dd2 strain decreases to 

zero for several thousand base pairs that include the hrp2 

locus, whereas NF54 and HB3 have high coverage in the 

same region. Noticeably, in the HB3 strain, a section of 

the subtelomeric region upstream of the hrp2 CDS has 

poor coverage (near position 1,400,000 on chromosome 

8). �is section of poor coverage would not impact hrp2 

presence/absence, and could be due to the presence of 

one or more deletion(s), or to poor mapping. Poor read 

mapping can occur in the subtelomeric regions for sev-

eral reasons, including the presence of multiple mem-

bers of highly variable multigene families (var, stevor 

and rifin) that differ between strains or to the presence 

of low complexity regions. On chromosome 13, it is the 

HB3 strain that has several thousand base pairs with little 

or no coverage, including the hrp3 locus, whereas NF54 

and Dd2 coverage remains high.  GC3 visuals showed no 

deletions in NF54, a complete hrp2 deletion in Dd2 and 

a large section of little to no coverage at the hrp3 locus in 

HB3, respectively.

GC3 agreement with a hrp2/3-speci�c qPCR assay on �eld 

samples

A subset of global samples (n = 17) and reference strains 

(n = 4) underwent qPCR specific for hrp2 and hrp3 to 

compare with  GC3 results. Two among the selected global 

samples were excluded due to low parasitaemia resulting 

in very low or no detection of the positive control gene 

by qPCR (Cq threshold cutoff = 37.5). �ere was very 

good agreement between  GC3 (computational) and qPCR 

assay results. Out of four references strains and remain-

ing 15 global samples,  GC3 matched qPCR results 19/19 

(100%) for hrp2 and 18/19 (94.7%) for hrp3 (Table  2). 

Only one sample (IGS-CBD-099) had a discordant result 

between methods. In particular, for this sample,  GC3 

classified it as having a partial deletion at the hrp3 locus, 

and coverage assessment with base-pair granularity sug-

gested partial lack of read coverage, including the exon 

2 primer binding region, between 2,841,390—2,841,412 

(Fig. 4). It is noteworthy that the average coverage in this 

region is very low (~ 1X), however coverage is high for 

the corresponding chromosomal subtelomeric and core 

regions (~ 124× and ~ 143×, respectively). On the other 

hand, the qPCR assay was positive for hrp3 (Cq = 25.4). 

Taken together, the results suggest the sample has a par-

tial deletion at the hrp3 locus, which does not encompass 

the qPCR primer binding regions, but that is possibly 

close enough to the binding site of the primer in exon 2 

to interfere with read mapping in that region.

Comparison of  GC3 output using Kenyan and Peruvian 

sample sets previously genotyped for hrp2/3 deletions

Previously, a subset of Kenyan samples (n = 27) was gen-

otyped for hrp2/3 deletions, with two and one deletions 

identified in hrp2 and hrp3, respectively [19] (Table  3). 

In addition, Sepúlveda and colleagues also identified no 

hrp2 deletions among twelve Peruvian samples and two 

Fig. 3 Subtelomeric read coverage distribution plots.  Log10 of 
subtelomeric read coverage for reference strains NF54 (hrp2 and hrp3 
present), Dd2 (hrp2 absent) and HB3 (hrp3 absent). Coverage was 
measured using a 1000 bp sliding window (i.e. interval) with a 500 bp 
“step” between windows. A. Chromosome 08 subtelomeric region 
coverage (black lines denotes hrp2 coding positions 1,374,236–
1,375,299). B. Chromosome 13 subtelomeric region coverage (black 
lines denotes hrp3 coding positions 2,840,727–2,841,703)
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samples with deletions in hrp3 [19]. In that study, the 

criterion used to call deletions was > 75% of gene posi-

tions with ≤ 2X coverage [19]. To determine how  GC3 

performed on a similar set of samples SRA samples 

were downloaded from the same time point from Kenya 

(n = 57, including 24 from [19]) and Peru (n = 11, includ-

ing 7 from [19]). For hrp3, the same number of deletions 

were identified as reported previously [19]. However, the 

hrp2 were discordant. One complete deletion was identi-

fied among Kenyan samples, and one partial hrp2 dele-

tion among the Peruvian samples, which differs from 

previous reporting. Among the Kenyan samples, a previ-

ous study reported two hrp2 deletions [19], one of which 

was also identified by  GC3. Whereas the discordant Peru-

vian sample was only identified to have a deletion by 

 GC3. �e difference in assessment is likely due to differ-

ences in the criteria used between  GC3 and that used by 

Sepúlveda and colleagues to call deletions.

Analysis of novel samples for hrp2 and hrp3 deletions

All global samples used in the study (n = 1114) were 

examined for hrp2/3 deletions (Additional file  1: 

Table  S2). Cambodian (n = 127) and Brazilian (n = 20) 

samples were further visualized in more detail at the 

subtelomeric regions of interest (Additional file  1: 

Figure S2) and examined for hrp2/3 exon presence/

absence since they have not previously been described 

(Table  4). Although hrp2/3 have not been described 

for these samples, computational results are compa-

rable to previous estimates in each respective region, 

where deletions have been previously observed [19, 30]. 

Among Cambodian samples collected in 2009–2011, 

there were one hrp2 deletion, eight hrp3 deletions, and 

two hrp2/3 double deletions (both hrp2 and hrp3), with 

frequencies in this sample set of 0.8%, 6.3% and 1.6%, 

respectively. All hrp2 deletions corresponded to absent 

exons (> 25% zero coverage positions on both exons), 

but were classified as two partial and one complete 

hrp2 deletion as two samples still had coverage in a low 

proportion on hrp2 positions. Deletions of hrp3 among 

Cambodian samples were classified as seven partial and 

three complete deletions. Among Brazilian samples 

collected in 2016, four had hrp2/3 double deletions, 

and eleven with hrp3 deletions, corresponding to fre-

quencies of 20% and 55% respectively. Of the four hrp2 

deletions, two were partial deletions, and two were 

complete hrp2 deletions. Of the 15 hrp3 deletions, one 

was a partial deletion on exon 2, and 14 were complete 

hrp3 deletions.

Table 2 Agreement between  GC3 deletion assessment results on global samples and hrp2/3-specific qPCR  assaya

a  Cells in purple and blue denote agreement between  GC3 and qPCR results (i.e. "PCR"); red denotes disagreement between methods

Sample name Country Phenotype subgroup hrp2 b hrp3 b rnr2e2

(control gene)

GC3/PCR GC3/PCR PCR

7G8 Reference (Brazil) Control Present/Present Present/Present Present

NF54 Reference Control Present/Present Present/Present Present

Dd2 Reference (Laos) Control—hrp2 deletion Absent/Absent Present/Present Present

HB3 Reference (Honduras) Control—hrp3 deletion Present/Present Absent/Absent Present

IGS-BRA-017sA Brazil No deletions Present/Present Present/Present Present

IGS-THL-017 Thailand No deletions Present/Present Present/Present Present

IGS-BRA-021 Brazil No deletions Present/Present Present/Present Present

IGS-CBD-026 Cambodia No deletions Present/Present Present/Present Present

IGS-CBD-031 Cambodia hrp2 deletion (complete) Absent/Absent Present/Present Present

IGS-MLI-036 Mali hrp3 deletion (complete) Present/Present Absent/Absent Present

IGS-BRA-001sA Brazil Double hrp2/3 deletion Absent/Absent Absent/Absent Present

IGS-CBD-008 Cambodia Low coverage sample Present/Present Present/Present Present

IGS-MWI-254sA Malawi Low coverage sample Present/Present Present/Present Present

IGS-MWI-251sA Malawi Low coverage sample Present/Present Present/Present Present

IGS-MLI-039 Mali hrp2 discordant pair Present/Present Present/Present Present

IGS-MLI-031 Mali hrp3 discordant pair Present/Present Present/Present Present

IGS-CBD-034 Cambodia hrp2 PCR primer deletion Present/Present Present/Present Present

IGS-CBD-094 Cambodia hrp3 PCR primer deletion Present/Present Present/Present Present

IGS-CBD-099 Cambodia hrp3 PCR primer deletion Present/Present Absent/Present Present
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Quantifying �anking region deletions among Cambodian 

samples

Deletions at the hrp2/3 positions may extend to flanking 

genes, possibly with additional impact on overall parasite 

fitness. �erefore, an option in the  GC3 R-script was 

built in to assign deletions of flanking genes. To deter-

mine whether deletions extend into these flanking coding 

regions, a table was generated for Cambodian samples, 

where samples with > 25% gene positions with zero cover-

age in upstream and downstream flanking regions were 

classified as having a locus deletion (Table 5). Of note are 

the observations that the presence of a hrp2/3 deletion 

is not always associated with deletions in flanking genes 

and, conversely, deletions in flanking genes are not always 

associated with hrp2/3 deletions. A subset of Cambo-

dian samples has been plotted to illustrate flanking gene 

coverage as it relates to hrp2 or hrp3 (Additional file  1: 

Figure S3). Results suggest that deletions can occur inde-

pendently in hrp2 (or hrp3) and their respective flanking 

genes.

Temporal comparison of standardized coverage of hrp2/3 

positions

Coverage plots of hrp2/3 coordinates were generated for 

Cambodian, Malawian, and Malian samples to demon-

strate: (1) magnified plots of only hrp2/3 positions and 

(2) differences in relative depth of coverage between sam-

ples collected at different time points (Fig. 5). Cambodian 

samples were collected in Battambang, Pailin, Koh Kong, 

Kampot, Kampong Speu, Oddar Meanchey, Preah Siha-

nouk, and Preah Vihear districts from volunteers aged 

18–65 years in 2010 and 2011, and then sequenced at IGS 

with 100  bp paired-end Illumina reads [31]. NF135.C10 

was cultured in the laboratory and sequenced at IGS with 

150 bp paired-end reads. Two datasets of Malawian sam-

ples were collected in 2007–08 and 2014–16. Samples 

from 2007–08 were collected during a malaria drug study 

in Ndirande, outside Blantyre, from children 6 months to 

Fig. 4 Coverage of hrp3 among select validated samples. Coverage 
plot of hrp3 locus of validated samples IGS-CBD-099, IGS-CBD-094 
and strain HB3 (known hrp3 deletion genotype) with hrp3 
schematic representation above the plot. Red areas denote the 
primer binding sites, and purple area denotes the probe binding 
site of the hrp2/3-specific qPCR assay. GC3 assigned IGS-CBD-099 
as hrp3-absent; however the 5′ end of the gene was amplified by 
qPCR. As a comparator, IGS-CBD-094 is a similar sample (apparent 
deletion at qPCR primer binding site in exon 1) that  GC3 assigned 
as hrp3-present. HB3 is a laboratory reference strain known to be 
missing the hrp3 locus. It is important to note some position with 
non-zero coverage in HB3, which suggests that non-orthologous 
reads from HB3 map the hrp3 locus of Pf3D7

Table 3 Deletion identification and classification of previously genotyped samples

a hrp2/3 deletions assigned to isolates with > 25% CDS positions with zero coverage

b Exon absence (-) assigned to isolates if > 25% exon positions have zero coverage. ( +) signi�es exon is present

c Previous hrp2/3 deletion genotype results from Sepúlveda and colleagues. Deletions called for samples with > 75% of coding region with ≤ 2X coverage [19]

Country n hrp2

No Deletion GC3 Deletion Classi�cation 
(Partial/Complete)a

ex1-/ex2 + b ex1 + /ex2-b ex1-/ex2-b Previous 
Genotype 
(Deletion/Total)c

Kenya 59 58 0/1 0 0 1 2/27

Peru 11 10 1/0 1 0 0 0/12

Country n hrp3

No Deletion GC3Deletion Classi�cation 
(Partial/Complete)a

ex1-/ex2 + b ex1 + /ex2-b ex1-/ex2-b Previous 
Genotype 
(Deletion/Total)c

Kenya 59 58 1/0 0 0 1 1/27

Peru 11 9 2/0 0 1 1 2/12
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5 years of age and sequenced at IGS with 150 bp paired-

end reads [32]. Samples collected in 2014–16 are from a 

cohort study of malaria incidence in Chikwawa, south of 

Blantyre, where samples from volunteers aged 2–8 years 

were sequenced at IGS with 150 bp paired-end reads [22]. 

Comparisons were also made between two Malian data-

sets from 2002 and 2010, both collected in Bandiagara, 

Mali. Samples from 2002 are from a case/control study 

of severe malaria among 3  months to 14  year old vol-

unteers and were sequenced at IGS with 100 bp paired-

end reads [33]. Malian samples collected in 2010 are 

from a cohort study of malaria incidence among volun-

teers aged 1–5 years and sequenced at IGS using 150 bp 

paired-end reads [34]. It should be noted that comparing 

these datasets are for illustrative purposes only, since the 

extent to which relatively small samples sizes and poten-

tial confounders (including sampling location and strat-

egy, sample independence, sequencing approach, read 

length) impact observed deletion frequency is unknown. 

To account for differences in sequencing depths between 

samples, coverage values were standardized. For each 

sample, site or locus coverage were divided by the 

expected coverage, obtained from mean coverage in 

subtelomeric region in which each locus is located (see 

Methods for coordinates). Standardized coverage of ~ 1 

shows locus coverage similar to subtelomeric mean cov-

erage. A strong, positive correlation between subtelo-

meric and hrp2/3 gene coverage justifies the use of this 

standardization approach (Additional file  1: Figures  S4 

and S5). A decrease in standardized coverage over time 

would suggest an increase in frequency in hrp2/3 dele-

tions. To avoid undue impact of outlier standardized 

values, median standardized coverage was plotted per 

group.

Standardized read coverage for Cambodian samples 

was plotted alongside standardized coverage for the geo-

graphically representative strain NF135.C10 (Fig.  5A), 

and showed that the uneven standardized coverage of 

NF135.C10 is mirrored in the clinical samples. �is 

suggests there are sequence-inherent properties that 

impact sequencing or mapping success. (see Additional 

file 2: Table S3 for descriptive coverage of each sample). 

In contrast, Malawian samples collected in 2014–2016 

had lower median standardized coverage than the sam-

ple set collected in 2007–2008 (Fig.  5B), everything 

else being equal, this would suggest an increase in hrp2 

and hrp3 deletions between the two time points. Inter-

estingly, median standardized coverage is low (< 1) in 

both time points, showing that read coverage in the tar-

get genes is half of that in the respective subtelomeric 

regions. �e majority of Malawian samples underwent 

sWGA (n = 139) prior to sequencing (Additional file  2: 

Table S4) which may explain the lower standardized cov-

erage as compared to standardized coverage of directly 

sequenced samples (Additional file 1: Figure S6). Finally, 

Table 4 Deletion identification and classification of undescribed samples

a hrp2/3 deletions assigned to isolates with > 25% CDS positions with zero coverage

b Exon absence (-) assigned to isolates if > 25% exon positions have zero coverage. ( +) signi�es exon is present

Country n hrp2

No Deletion Deletion Classi�cation 
(Partial/Complete)a

ex1-/ex2 + b ex1 + /ex2-b ex1-/ex2-b

Cambodia 127 124 2/1 0 0 3

Brazil 20 16 2/2 0 1 3

Country n hrp3

No Deletion Deletion Classi�cation 
(Partial/Complete)a

ex1-/ex2 + b ex1 + /ex2-b ex1-/ex2-b

Cambodia 127 117 7/3 0 2 8

Brazil 20 5 1/14 0 1 14

Table 5 Frequency of deletions in hrp2/3 flanking genes, among 
Cambodian samples

a Deletion assigned to samples if > 25% of coding region positions had zero 

coverage

b Deletion of �anking genes assigned to samples with > 25% gene positions with 

zero coverage

c For hrp2, an upstream gene was a STEVOR family gene, and a downstream 

gene encoded heat shock protein 70. For hrp3, upstream and downstream 

genes were PHIST-encoding genes of unknown function

Flanking  geneb

(Upstream/Downstream)c
hrp2a hrp3a

Present Absent Present Absent

Present/Present 124 2 113 3

Absent/Present 0 1 4 0

Present/Absent 0 0 0 1

Absent/Absent 0 0 0 6

Total 124 3 117 10



Page 11 of 17Stabler et al. Malaria Journal          (2022) 21:357  

Mali samples from 2002 showed lower standardized cov-

erage than 2010 samples on both hrp2 and hrp3 positions 

(Fig.  5C). All Malian WGS data was obtained by direct 

sequencing of total DNA from venous blood, using a 

similar protocol [22, 33] with high sequence coverage in 

the core genomes (Additional file  2: Table  S5), a strong 

Fig. 5 Median of standardized coverage between longitudinal subgroups. Median of standardized coverage [SUM (Coverage/Subtelomeric Mean 
Coverage)/ Total Samples] in hrp2 and hrp3 grouped by year of sample collection (Year). Countries include A. Cambodian hrp2 and hrp3 positions 
(n = 127), B. Malawi hrp2 and hrp3 positions (n = 150), C. Mali hrp2 and hrp3 positions (n = 90). Tan shading marks intron positions of target gene, 
whereas unshaded areas are exon positions (hrp2—> exon 1: 1,375,299–1,385,231; intron: 1,375,230–1,375,085; exon 2: 1,375,084–1,374,236; 
hrp3—> exon 1: 2,841,703–2,841,635; intron: 2,841,634–2,841,486; exon 2: 2,841,485–2,840,727). Analysis and figures were generated using R v4.1.1
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suggestion that the quality of WGS data did not con-

tribute to the observed difference. However, it remains 

unclear if the datasets are directly comparable as dif-

ferences in, for example, sample strategy/bias and read 

length could distort observed frequencies [22, 33, 34]. 

Mali results highlight the potential impact of read length 

in some of the observed results. Lower coverage may be 

due to mapping ambiguity in smaller read datasets. Over-

all, figures offer a visual perspective between different 

time points as monitoring of hrp2/3-deletions become 

crucial in the possibility of their expansion; however, 

caution should be applied since the factors that influ-

ence WGS coverage need to be considered as part of any 

interpretation.

Count of positions with zero coverage

To provide a clearer illustration of the proportional fre-

quency of gene coordinates with zero coverage and the 

location of those positions along the locus, a view of 

hrp2 and hrp3 gene positions by proportional counts of 

no coverage (0X coverage) vs. coverage (≥ 1X coverage) 

was generated for Cambodian samples (Fig.  6). Addi-

tional file  1: Figure S7 provides the same proportional 

counts of zero coverage per position for Malawian and 

Mali samples. Among Cambodian samples, there is a 

clear increase in 0X coverage positions at the intron 

regions (hrp2 intron: 1,375,232–1,375,083; hrp3 intron: 

2,841,636–2,841,484) relative to exon coverage. �is is to 

be expected, as the length (145–148 bp) and the nucleo-

tide composition of these Pf introns (hrp2 AT%: 91%; 

hrp3 AT%: 91.2%) prevent unambiguous mapping of 

101  bp-long reads centered in the middle of the intron. 

On hrp3 positions, there are also two spikes in zero cov-

erage positions on either side of coordinate 2,841,250, 

likely due to differences in Cambodia samples compared 

to Pf3D7 reference, such as indels or rapidly evolving 

sequence motifs among genetically similar Cambodian 

strains, which prevent read mapping in a subset of sam-

ples. �at read mapping pattern is also observed in the 

troughs in hrp3 coverage plot in Fig. 5A, for samples col-

lected in 2010 and 2011 (but curiously not in Pf NF135).

Discussion
Next-generation short-read WGS data has the capabil-

ity to provide detailed genotype information, but often 

necessitates a good understanding and use of bioinfor-

matics tools and packages.  GC3 was developed to be a 

user-friendly computational tool to (1) extract coverage 

profiles of target genome regions, (2) provide interpret-

able results regarding location and frequency of dele-

tions, (3) classify samples according to the type of gene 

deletions, and (4) validate large-scale, qPCR-based, stud-

ies conducted to inform NMCPs concerning frequency 

of copy number variants (including deletions) in genes of 

translational importance. In this study, it is demonstrated 

that  GC3 can be used for these purposes by applying it 

to Plasmodium falciparum genome segments, specifi-

cally the regions containing hrp2 and hrp3 genes. Most 

NMCPs in malaria-endemic settings rely on HRP2-based 

RDTs for day-to-day diagnosis in both clinical and field 

settings. �ere is evidence of recent expansions of P. fal-

ciparum strains lacking HRP2, a cause for concern as 

stated by the WHO [1, 20, 35, 36]. Given the continuing 

decrease in sequencing costs and the widespread genera-

tion of WGS data, computational tools, such as  GC3, that 

take advantage of such data to efficiently assess the pres-

ence of hrp2- or hrp3-deletion strains, provides a valua-

ble monitoring resource to researchers and public health 

professionals concerned with malaria RDT effectiveness.

�is work demonstrated the validity and utility of 

the  GC3 tool to assess hrp2 and hrp3 deletion frequen-

cies in P. falciparum sample sets, as well as to carefully 

Fig. 6 Proportional count of zero coverage positions at the hrp2/3 
positions Proportional sample count of hrp2 and hrp3 gene positions 
with zero coverage vs. positions with ≥ 1X coverage among 
Cambodian samples (n = 127). A. shows count of zero coverage 
positions among hrp2 positions, and B. shows count of zero coverage 
positions among hrp3 positions. The tan section on each plot 
represents the intron region of each respective gene. Analysis and 
figures were generated using R v4.1.1
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characterize those deletions in individual samples. �e 

sliding window capability of  GC3 provided a wider view 

of large deletions in reference lab strains (i.e. Dd2 and 

HB3) while adjusting for fluctuations in subtelomeric 

read coverage and allowed for visually-friendly figures. 

�e option of extracting and plotting every chromosome 

position within an interval allowed for a magnified view 

of target loci, and better illustrated details in coverage 

within the target gene.  GC3’s genotype results were vali-

dated against previously reported genotypes of P. falcipa-

rum laboratory reference and representative strains, and 

similar, publicly available sample sets from Kenya and 

Peru, where hrp2/3 deletions have been observed [12, 19, 

37]. Analysis of samples from Cambodia and Brazil dem-

onstrate  GC3’s capability to process novel WGS data from 

regions other than West Africa, the location of origin of 

PfNF54, the parental isolate from which the reference 

3D7 was cloned [38, 39]. Results are consistent with pre-

vious estimates of hrp2/3 deletions among each respec-

tive country [20, 30, 40]. Of note is the high prevalence 

of all deletions, and especially hrp3 deletions among Bra-

zilian samples. Deletions in hrp2/3, and reports of high 

deletion prevalence, were first observed in the Ameri-

can continent [8, 9, 17, 19, 40–42], especially in the hrp3 

locus [8, 43]. Overall,  GC3 can appropriately process and 

analyse publicly available WGS datasets from a variety of 

genomic studies.

Additional comparison against a hrp2/3-specific qPCR 

assay demonstrated very good reliability of  GC3’s capa-

bility. Although there was one discordant result between 

tools, this may be a reflection of  GC3’s sensitivity and 

the qPCR assay’s difficulty to detect partial deletions, as 

these are only detected by the qPCR-based assay if they 

overlap the primer-binding or amplicon sites. A poten-

tial challenge for  GC3 are the samples with a very low 

amount of parasite DNA resulting in genomic libraries 

of substandard quality and overall low depth of coverage 

and uneven representation of the loci of interest in the 

genomic library and/or among the WGS data, leading to 

significant regions of the hrp2/3 loci with zero coverage 

(and then a ‘deletion’ assessment by  GC3), despite the loci 

being present in the genome. However, this situation was 

not observed in this study. In the specific case of discord-

ant results in a sample from Cambodia, the sample had 

very high coverage at the core and subtelomeric regions. 

In general, partial deletions present a challenge since 

some cases have shown a qPCR assay can amplify part of 

hrp2/3, but corresponds to false negative RDT diagnoses 

[44, 45]. Ultimately, there were very few such samples, 

so their impact on overall results is considered minimal. 

Although beyond the scope of this study, further exami-

nation of hrp2/3 partial deletions, their specific location 

within the locus and their respective RDT diagnosis may 

provide valuable information regarding the most appro-

priate criteria and thresholds to accurately identify gene 

deletions with a functional phenotype, i.e., those dele-

tions that abrogate protein expression.

�e application of  GC3 to describe and visualize pat-

terns of partial deletions makes it a valuable resource 

for research purposes. By providing exact genomic 

coordinates that lack read coverage,  GC3 may inform 

on genomic sequence backgrounds more prone to such 

mutations and eventually deletions that prevent RDT 

detection. Defining exact locations of deletions allows 

the user to determine whether the observed deletions 

can be explained by a single deletion event followed by 

lineage expansion, or whether multiple events need to be 

invoked to explain the observations. �is examination of 

the evolutionary history of gene deletions can provide 

insights into mechanisms and rate of origin of indels and 

allow for improved monitoring of target genes.

Among Cambodian samples, read coverage in flanking 

genes was further analysed and demonstrated that hrp2/3 

deletions can be restricted to just the locus proper, or 

extend to flanking genes, but without a discernible pat-

tern. �ese results are consistent to previous reports [19, 

20, 43, 46, 47]. Overall,  GC3 reported similar results in 

deletion frequency and classification trends within and 

among global malaria-endemic regions.

Utilizing the function of  GC3 to extract all positions 

(i.e. interval = 1, step size = 1) and plotting hrp2/3 cod-

ing positions only, coverage is clearer and subsets of sam-

ples can be compared, if desired. �e greater difference 

in median relative coverage was visualized between the 

two sample sets collected in Bandiagara, Mali. Samples 

collected in 2002 had lower standardized coverage than 

those collected in 2010, in both hrp2 and hrp3. Were 

these samples comparable, this result would be unex-

pected, since the frequency of deletions is expected to 

have increased over time, due to the selection imposed 

by parasite detection by RDT. Interestingly, hrp2 dele-

tions had already been observed in Mali in the late 1990s 

prior to significant RDT use in the country, indicative of 

deletion recurrence or persistence in the population at 

the time despite the absence of pressure from RDT usage 

[48]. In fact, random polymorphisms occur naturally 

particularly in the subtelomeric region, including large 

deletions, without evolutionary pressure [49]. Further, 

the fitness cost associated with hrp2 loss is not signifi-

cant, although a small cost appears to be associated with 

hrp3 deletions [3, 19]. However, too many potentially 

confounding factors exist between the two sample sets 

to appropriately interpret results as being indicative of a 

significant change in frequency of these gene deletions. 

Even slight differences, apparently innocuous, between 

sample sets, like read length (100 bp in Mali 2002 samples 
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and 150 bp in Mali 2010 samples), could have an impact 

when comparing sample sets. Other factors include how 

malaria-positive cases were detected, study objective 

(case–control study vs. cohort study), and sample collec-

tion strategy (passive vs. active). A carefully controlled 

study using large sample sizes would be necessary to 

draw definitive conclusions. Ultimately, this observation 

showcases  GC3’s capability to visualize coverage patterns 

between sample sets and how other factors can impact 

deletion rate at these loci.

Closer examination of the proportional coverage 

at each hrp2/3 position among Cambodian samples, 

revealed how mapping artifacts can result in no coverage, 

and potentially confounding results. On hrp2, zero cover-

age positions increase and then spike around the intron 

region which, as mentioned before, is likely due to the 

intron’s high AT content [50] that can cause challenges 

for read mapping. Interestingly, there were two spikes in 

zero coverage positions on the hrp3 locus. Examination 

of a previous whole genome sequence-based hierarchi-

cal cluster analysis of the same Cambodian samples [31] 

revealed that the majority of samples contributing to one 

or both peaks belong to the same Cambodian subpopula-

tion and hence share a similar genetic background. Ulti-

mately, the figure offers a useful preliminary view of the 

hrp2/3 genes and their characteristics.

Some limitations exist when interpreting  GC3’s 

results, particularly when comparing sample sets. In 

this case, it is critical to ensure that sample sets are 

directly comparable (similar sampling location, col-

lection design and protocol, sample processing and 

sequencing approach, etc.) or else that interpretation 

of results is robust to potential confounding factors. 

In such studies,  GC3 is most useful when WGS data 

is all that is available, and biological material has been 

exhausted. Pertaining to  GC3’s results, the quality of 

computational results is influenced by the depth of the 

P. falciparum sequencing data, as measured by the total 

number of reads mapped to the reference genome. In 

the case of P. falciparum, it is considered good coverage 

data if the percentage of genome with coverage asymp-

totes at ~ 12 million 100-bp reads mapped to the para-

site genome, averaging ~ 52X coverage genome-wide. 

It is also recommended that  GC3 is used to calculate 

mean coverage over the broader region/chromosome 

where the target gene is located to estimate expected 

coverage. Further, high-quality WGS data results 

obtained with well-described DNA extraction meth-

ods and sequencing methods, either by direct sequenc-

ing or sWGA [22, 24], and established quality control 

and filtering protocols should be used when comparing 

samples from different studies. When comparing stand-

ardized coverage between direct and sWGA sequence 

data, direct sequencing achieves more uniform cover-

age due to the inefficient amplification on the subtelo-

meric region by sWGA primers [24], but sWGA still 

provides good coverage at hrp2/3 gene positions (Addi-

tional file  1: Figure S6). Even with high-quality data, 

polyclonality adds another layer of complexity, espe-

cially in high transmission settings, where these are 

most common, since the presence of multiple strains 

can mask the lack of coverage at a target gene absent 

in some but not all strains [18]. �is factor would need 

to be considered particularly if  GC3 is the only method 

being used to assess for the presence of deletions. �e 

deletion criteria can be easily adjusted by the user to be 

more stringent depending on their purposes, much like 

the deletion criteria used in the comparator study [19]. 

Despite the limitations,  GC3 appropriately processed 

hrp2/3 coverage data and classified deletions. Its utility 

can be extended to analyse and visualize coverage data 

of any target gene on any pathogen.

Summary statement

Overall, validation of  GC3 to extract and process WGS 

data was successful when comparing with expected 

results using reference strains, well-described samples 

and a hrp2/3-specific qPCR assay. Following the cri-

teria for identifying deletions, the results agreed with 

previous estimations of hrp2/3 deletion frequency in 

each respective country. Apparent in the results is the 

level of detail that can be extracted from short-read 

WGS data and viewed using a comprehensive compu-

tational tool. Although challenges persist in ensuring 

high-quality WGS data and achieving similar coverage 

among low parasitaemia samples using sWGA,  GC3’s 

results are expected to be fairly robust. Further inves-

tigation of the partial deletions threshold that results 

in a false negative RDT diagnosis is needed to validate 

the deletion criteria. Ultimately, groups investigating a 

target gene’s coverage can use  GC3 to efficiently gener-

ate translatable results and figures to understand and 

interpret broad patterns using hundreds to thousands 

of previously generated genomic datasets.
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Abstract 

Background Since 2004, malaria transmission on Bioko Island has declined significantly as a result of the scaling-up 

of control interventions. The aim of eliminating malaria from the Island remains elusive, however, underscoring the 

need to adapt control to the local context. Understanding the factors driving the risk of malaria infection is critical to 

inform optimal suits of interventions in this adaptive approach.

Methods This study used individual and household-level data from the 2015 and 2018 annual malaria indicator 

surveys on Bioko Island, as well as remotely-sensed environmental data in multilevel logistic regression models to 

quantify the odds of malaria infection. The analyses were stratified by urban and rural settings and by survey year.

Results Malaria prevalence was higher in 10–14-year-old children and similar between female and male individuals. 

After adjusting for demographic factors and other covariates, many of the variables investigated showed no signifi-

cant association with malaria infection. The factor most strongly associated was history of travel to mainland Equato-

rial Guinea (mEG), which increased the odds significantly both in urban and rural settings (people who travelled had 4 

times the odds of infection). Sleeping under a long-lasting insecticidal net decreased significantly the odds of malaria 

across urban and rural settings and survey years (net users had around 30% less odds of infection), highlighting their 

contribution to malaria control on the Island. Improved housing conditions indicated some protection, though this 

was not consistent across settings and survey year.

Conclusions Malaria risk on Bioko Island is heterogeneous and determined by a combination of factors interacting 

with local mosquito ecology. These interactions grant further investigation in order to better adapt control according 

to need. The single most important risk factor identified was travel to mEG, in line with previous investigations, and 

represents a great challenge for the success of malaria control on the Island.
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Background
Bioko is the largest Island of Equatorial Guinea (EG), 

with an area of 2,017 km2. It is located in the Bight of 

Biafra, off the coast of Cameroon and has an approximate 

population of around 270,000 people [1]. (Fig.  1). Most 

of the population lives on the north side of the Island, 

near and within Malabo, the country capital. Historically, 

Bioko was hyperendemic for malaria transmission, with 

some of the highest entomological inoculation rates (EIR) 

ever recorded: over one thousand infective bites per per-

son per year, 281 for Anopheles gambiae sensu lato (s.l.) 

and 787 for Anopheles funestus [2–4] �is translated into 

a pre-intervention Plasmodium falciparum parasite rate 

(PfPR) of 45% in 2–14-year-old children [5].

In 2004, the Bioko Island Malaria Elimination Pro-

ject (BIMEP) was established and has since successfully 

reduced the malaria burden [6, 7]. PfPR in 2–14-year-old 

children has declined by about 75%, and all-cause mor-

tality and anaemia in under 5-year-olds by 63% and 86%. 

Another critical benchmark of the project was the elimi-

nation of two of the principal vectors, An. funestus and 

An. gambiae sensu stricto, from the Island [2–4], leaving 

Fig. 1 Bioko Island and its location in the Gulf of Guinea. The continental territory of Equatorial Guinea is known as Río Muni. The color scale 

represents predicted PfPR in children, reconstructed from data produced by the Malaria Atlas Project, which are available for use under the Creative 

Commons Attribution 3.0 Unported License
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only An. coluzzii and An. Melas [8], which sustain an 

EIR in order of magnitude lower than in pre-interven-

tion times. PfPR in the lowest year on record (2016) was 

between 10 and 15% across the Island (Fig.  2), substan-

tially lower than in the surrounding neighbours (Fig. 1). 

Despite these gains, several areas on the Island have seen 

a resurgence of malaria similar to other endemic regions 

across Africa (Fig. 2) [9].

At the inception of the BIMEP, whole-island indoor 

residual spraying (IRS) was the primary vector control 

strategy supplemented by limited long-lasting insec-

ticidal net (LLIN) distributions. In the early stages of 

the Project, it was believed that IRS could rid Bioko of 

malaria in a few years, but this was soon realized as an 

overly optimistic goal and this led to attempts to adapt 

strategies in order to sustain gains. Starting in 2015, two 

triennial LLIN mass distribution campaigns (MDC) were 

conducted, one in 2015 and one in 2018, which came to 

represent the main vector control intervention. LLINs 

were supported by targeted IRS in high prevalence areas 

together with intermittent preventive treatment for preg-

nant women, case management using artemisinin-based 

combination therapy (ACT), diagnosis through training 

in microscopy and Rapid Diagnostic Tests (RDTs), and 

larval source management [6, 10].

A lingering question is whether targeting interven-

tions or universal coverage of the population is the best 

approach to control malaria while making optimal use 

of limited resources [11]. Targeting strategies have used 

statistical models to identify malaria hotspots based on 

malaria prevalence and malaria incidence data, demo-

graphic factors, and transmission etiology [12–19]. 

Targeting of IRS has proven particularly unsuccess-

ful on Bioko, however, as malaria hotspots represent 

moving spatial targets around the Island. �erefore, a 

comprehensive and regularly updated understanding of 

intervention effectiveness and risk factors for malaria 

and how they may vary by context, and over time, would 

prove critical to any targeting strategy. Here, the study 

evaluated individual, household, and environmental risk 

factors on Bioko to improve the understanding of some 

of the main drivers of malaria transmission on the Island.

Methods
MIS Data

�e study used individual and household-level data from 

the 2015 and 2018 annual malaria indicator surveys 

(MIS). �e sampling frame for the MIS was drawn using 

a comprehensive database that uniquely identifies and 

geo-references all households on Bioko Island [20]. Clus-

ters were defined by single communities containing at 

least 20 households and, in the case of sparsely populated 

communities, an aggregation of communities. A random 

sample of households was then selected from these clus-

ters comprising 7% of the total island household universe 

in 2015 and 6% in 2018. Consenting household members 

present during the survey were tested for P. falciparum 

using RDTs (CareStart G0131 Combo kit, AccessBio Inc., 

Monmouth, USA). In the case of children, consent was 

sought from their guardians.

�e data on individuals, households, and covariates 

collected during the MIS and explored in this study 

are listed in Table  1. Individual-level data used in the 

analyses included age, sex, history of recent travel to 

mainland EG (mEG), and LLIN use the previous night. 

Household-level data included socioeconomic status 

(SES), household density, and housing characteristics. 

To derive SES, households were assigned scores based 

on the type of assets and amenities they own (radio, tel-

evision, sofa, fan, air-conditioning, car, among others) 

Fig. 2 Malaria prevalence in children 2–14 years old on Bioko Island, 2004–2021
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using principal component analysis (PCA). Households 

were ranked based on their score and divided into 

quintiles. �e first quintile corresponded to the low-

est wealth index (WI) and the fifth to the highest WI. 

Household density was defined as the ratio of the num-

ber of household occupants to the number of rooms in 

the house and was classified into five categories: very 

low (≤ 0.5), low (> 0.5–  < 1), medium (≥ 1– < 1.5), high 

(≥ 1.5– < 2) and very high (≥ 2). Housing characteristics 

included whether the house had open eaves or air con-

ditioning in place and distance to specific geographical 

features of interest, namely bodies of water and mili-

tary camps. Military camps may be important in this 

context because military personnel represent a source 

of human infectivity due to frequent travel to mEG [21].

Environmental data

Remote sensing-derived environmental data included the 

Tasseled Cap Brightness (TCB), the Tasseled Cap Wet-

ness (TCW) [22], Land Surface Temperature (LST) [22], 

the Enhanced Vegetation Index (EVI) [23], and elevation 

and slope derived from the Shuttle Radar Topography 

Mission [24]. Information on how TCB, TCW, LST and 

EVI are compiled and processed is described elsewhere 

[7, 25].

Table 1 Individual, Household, and Environmental covariates investigated in the study

Individual Source Included 
in Model

Age Malaria Indicator Survey x

Gender x

Household size x

Household density x

Travel History x

Socioeconomic Status x

LLIN use x

Household

 Wall Type Malaria Indicator Survey

 Wall Gaps

 Roof Type

 Roof Types

 Floor Types

 Air Conditioner ownership x

 Window Glass

 Window Screen

 Door Screen

 Eaves x

 Water Source

 Light Source

 Toilet Type

 Environmental

 Elevation Shuttle Radar Topography Mission x

 Slope x

 Size of community BIMEP Mapping System

 Distance to water streams x

 Distance to military camps x

 Population density

 Tasseled Cap Brightness (TCB) Nasa Earth Data x

 Tasseled Cap Wetness (TCW) x

 Land Surface Temperature (LST) x

 Enhanced Vegetation Index (EVI) x
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Statistical analysis

�e primary outcome of interest was individual-level 

P. falciparum malaria infection, as determined by the 

RDT result reported in the MIS. �e covariates listed 

in Table  1 were investigated for their association with 

malaria infection using multilevel logistic regression, 

controlling for potential confounders. To account for the 

survey design, a random intercept from the MIS survey 

cluster was included and modeled for its random effect. 

To account for variability due to differing operational 

strategies deployed in urban and rural settings, the mod-

els were stratified to observe their associations separately. 

Finally, because the study aimed at identifying the per-

sistence of risk factors across time, the analysis was also 

stratified by survey year (2015 vs. 2018). All continuous 

covariates were centered and scaled such that inferences 

were based on a one standard deviation change in the 

covariate of interest. All statistical analyses were run in 

Stata version 16 [26].

Results
Descriptive statistics

In the 2015 and 2018 MIS, 17,016 and 13,906 individu-

als were tested for malaria. However, some of these indi-

viduals had incomplete survey information and were 

excluded from the analyses. As a result, 16,903 indi-

viduals living in 5184 households surveyed in 2015 and 

13,734 individuals living in 4762 households surveyed 

in 2018 were included. Overall, 55.2% of surveyed indi-

viduals were female and 84.6% lived in urban areas. �e 

median age of survey participants was 14 years. Roughly 

a quarter of individuals lived in each of the SES quintiles, 

with the most in the poorest (26.5%) and the least in the 

wealthiest (23.4%). Most people lived in medium density 

households (38.7%), though almost 8% lived in very high 

density households. �e majority of individuals lived in 

households with open eaves (68.0%) and no air condi-

tioning (81.6%). Around half reported sleeping under a 

net the night before the survey (55.1%) and 9.5% reported 

travelling to mEG within 2  months prior to the survey. 

Descriptive statistics of these variables by each MIS sur-

vey and urban/rural stratum are presented in Table 2.

Malaria prevalence

Prevalence of P. falciparum infection was 12.7% (CI 11.4–

14.2, p < 0.05) in 2015 and 10.2% (CI 9.3–11.3, p < 0.05) in 

2018. �is translated into 25.5% and 20.1% of surveyed 

households in 2015 and 2018, respectively, having at least 

one P. falciparum-positive household member. Table  3 

shows the prevalence of malaria infection by risk factor 

and survey year. In 2015 and 2018, malaria prevalence 

was highest in the 10–14  years age group at 21.8% and 

16.5%, respectively. Women had a lower prevalence than 

men in both years (11.9% vs. 13.8% in 2015 and 9.7% vs. 

10.9% in 2018, respectively). In 2015 malaria prevalence 

was significantly higher in rural (17.0%) compared to 

urban areas (12.0%), though no significant difference was 

observed in 2018 (10.9% in urban vs 10.1% in rural areas). 

People living in very low-density households (8.6% in 

2015 and 7.7% in 2018) had significantly lower prevalence 

than those living in very high-density households (15.9% 

in 2015 and 15.7% in 2018). People with a history of travel 

to continental EG had more than double the prevalence 

of those who did not travel (28.7% vs. 10.9% in 2015 and 

30.4% vs. 9.2% in 2018).

Odds of malaria infection

Individual level factors

An association between female sex and lower odds of 

infection was detected in urban settings but this was 

not significant in rural settings. �e odds of infection 

in 2–14-year-old children were consistently and sig-

nificantly higher. In both settings, individuals who slept 

under an LLIN the previous night had lower infection 

odds than those who did not (OR 0.67, 95% CI 0.48–0.93, 

p < 0.05 and OR 0.70, 95% CI 0.48–1.01, p = 0.06 in 2015 

in rural areas, and OR 0.66, 95% CI 0.58–0.75 in 2015 

and OR 0.70, 95% CI 0.59–0.83, p < 0.05 in 2018 in urban 

areas). In both years travel to mainland Equatorial Guinea 

was identified as the risk factor most strongly associated 

with the odds of malaria infection irrespective of set-

ting, with those who travelled showing three to almost 

five times as likely to be infected than those who did not 

(OR 3.54, 95% CI 2.92–4.30, p < 0.05 in 2015 and OR 4.78, 

95% CI 3.70–6.17, p < 0.05 in 2018 in urban areas, and OR 

3.69, 95% CI 2.34–5.82, p < 0.05 in 2015 and OR 3.28, 95% 

CI 1.82–5.90, p < 0.05 in 2018 in rural areas; Fig. 3, Addi-

tional file 1: Table S1).

Household level factors

At the household level, multivariate regression identified 

no significant effect for distance to water bodies. Except 

for rural settings in 2015, wealth had significant protec-

tive effects against malaria infection, with individuals liv-

ing in the wealthiest households having between a third 

and a half lower the odds of being infected (p < 0.05), with 

respect to those in the poorest households (Additional 

file 1: Table S1). Very high household density was a sig-

nificant risk factor for those living in the densest house-

holds relative to those in the least dense ones, but only in 

rural areas in 2015 (OR 1.93, 95% CI 1.21–3.10, p < 0.05) 

and in urban areas in 2018 (OR 1.50, 95% CI 1.11–2.03, 

p < 0.05). A similar inconsistency was found in the effect 

on individuals living furthest away from military camps, 

who had significantly lower odds of malaria infection 

only in rural settings in 2015 (OR 0.88, 95% CI 0.83–0.93, 
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Table 2 Descriptive statistics for individual, household, and environmental covariates included in regression analyses

Covariate 2015 2018 Total 2015 and 2018

Urban Rural All Urban Rural All Urban Rural All

(n = 14,476) (n = 2427) 16,903 (n = 11,444) (n = 2290) 13,734 (n = 25,920) (n = 4,717) (n = 30,637)

Sex

 Male 6295 (43.5) 1101 (45.4) 7396 (45.4) 5167 (45.2) 1152 (50.3) 6319 (46.0) 11,462 
(44.22)

2253 (47.76) 13,715 (44.77)

 Female 8181 (56.5) 1326 (54.6) 9507 (54.6) 6277 (54.8) 1138 (49.7) 7415 (54.0) 14,458 
(55.78)

2464 (52.24) 16,922 (55.23)

Age group

  < 5 years 3086 (21.3) 470 (19.4) 3556 (21.0) 1646 (14.4) 285 (12.5) 1931 (14.1) 4732 (18.3) 755 (16.0) 5487 (17.9)

 5–9 years 1909 (13.2) 329 (13.6) 2238 (13.2) 1450 (12.7) 279 (12.2) 1729 (12.6) 3359 (13.0) 608 (12.9) 3967 (12.9)

 10–14 years 1781 (12.3) 276 (11.4) 2057 (12.2) 1421 (12.4) 274 (12.0) 1695 (12.3) 3202 (12.4) 550 (11.7) 3752 (12.2)

 15–19 years 1422 (9.8) 160 (6.6) 1582 (9.4) 1127 (9.8) 200 (8.7) 1327 (9.7) 2549 (9.8) 360 (7.6) 2909 (9.5)

 20–29 years 3101 (21.4) 374 (15.4) 3475 (20.6) 2378 (20.8) 394 (17.2) 2772 (20.2) 5479 (21.1) 768 (16.3) 6247 (20.4)

 30–39 years 1580 (10.9) 253 (10.4) 1833 (10.8) 1534 (13.4) 278 (12.1) 1812 (13.2) 3114 (12.0) 531 (11.3) 3645 (11.9)

 40–49 years 731 (5.1) 219 (9.0) 950 (5.6) 642 (5.6) 154 (6.7) 796 (5.8) 1373 (5.3) 373 (7.9) 1746 (5.7)

 50–59 years 480 (3.3) 166 (6.8) 646 (3.8) 419 (3.7) 163 (7.1) 582 (4.2) 899 (3.5) 329 (7.0) 1228 (4.0)

  > 60 years 386 (2.7) 180 (7.4) 566 (3.4) 827 (7.2) 263 (11.5) 1090 (7.9) 1213 (4.7) 443 (9.4) 1656 (5.4)

Socioeconomic Status (Quantile)

 Poorest 3036 (21.0) 1443 (59.5) 4479 (26.5) 2616 (22.9) 1,022 (44.6) 3638 (26.5) 5652 (21.8) 2465 (52.3) 8117 (26.5)

 2nd 3812 (26.3) 532 (21.9) 4344 (25.7) 2911 (25.4) 527 (23.0) 3438 (25.0) 6723 (25.9) 1059 (22.5) 7782 (25.4)

 3rd 3840 (26.5) 281 (11.6) 4121 (24.4) 2980 (26.0) 454 (19.8) 3434 (25.0) 6820 (26.3) 735 (15.6) 7555 (24.7)

 Wealthiest 3788 (26.2) 171 (7.0) 3959 (23.4) 2937 (25.7) 287 (12.5) 3224 (23.5) 6725 (25.9) 458 (9.7) 7183 (23.4)

Household density

 Very low 
density

1585 (11.0) 483 (19.9) 2068 (12.2) 1388 (12.1) 448 (19.6) 1836 (13.4) 2973 (11.5) 931 (19.7) 3904 (12.7)

 Low density 4217 (29.1) 684 (28.2) 4901 (29.0) 2966 (25.9) 580 (25.3) 3546 (25.8) 7183 (27.7) 1264 (26.8) 8447 (27.6)

 Medium 
density

6104 (42.2) 708 (29.2) 6812 (40.3) 4341 (37.9) 712 (31.1) 5053 (36.8) 10,445 (40.3) 1420 (30.1) 11,865 (38.7)

 High density 1802 (12.4) 351 (14.4) 2153 (12.7) 1582 (13.8) 234 (10.2) 1816 (13.2) 3384 (13.1) 585 (12.4) 3969 (12.9)

 Very high 
density

768 (5.3) 201 (8.3) 969 (5.7) 1167 (10.2) 316 (13.8) 1483 (10.8) 1935 (7.5) 517 (11.0) 2452 (8.0)

LLIN Use

 Yes 7681 (53.1) 1312 (54.1) 8993 (53.2) 6633 (58.0) 1251 (54.6) 7884 (57.4) 14,314 (55.2) 2563 (54.3) 16,877 (55.1)

 No 6795 (46.9) 1115 (45.9) 7910 (46.8) 4811 (42.0) 1039 (45.4) 5850 (42.6) 11,606 (44.8) 2154 (45.7) 13,760 (44.9)

Travelled to continental Africa

 Yes 1933 (13.4) 134 (5.5) 2067 (12.2) 773 (6.8) 76 (3.3) 849 (6.2) 2706 (10.4) 210 (4.5) 2916 (9.5)

 No 12,543 (86.6) 2293 (94.5) 14,836 (87.8) 10,671 (93.2) 2214 (96.7) 12,885 (93.8) 23,214 (89.6) 4507 (95.5) 27,721 (90.55)

House has open eaves

 Yes 10,592 (73.2) 1191 (49.1) 11,783 (69.7) 7712 (67.4) 1345 (58.7) 9057 (66.0) 18,304 (70.6) 2536 (53.8) 20,840 (68.0)

 No 3884 (26.8) 1236 (50.9) 5120 (30.3) 3732 (32.6) 945 (41.3) 4677 (34.0) 7616 (29.4) 2181 (46.2) 9797 (32.0)

House has air conditioning

 Yes 2228 (15.4) 167 (6.8) 2395 (14.2) 2819 (24.6) 408 (17.8) 3227 (23.5) 5047 (19.5) 575 (12.2) 5622 (18.4)

 No 12,244 (84.6) 2260 (93.1) 14,504 (85.8) 8625 (75.4) 1882 (82.2) 10,507 (76.5) 20,869 (80.5) 4142 (87.8) 25,011 (81.6)

Environmental covariates, mean (sd)

 TCB 0.52 (0.08) 0.5 (0.14) 0.52 (0.09) 0.37 (0.03) 0.38 (0.03) 0.37 (0.03) N/a N/a N/a

 TCW − 0.01 (0.02) 0.03 (0.04) 0.00 (0.03) − 0.02 (0.02) 0 (0.03) − 0.02 (0.02) N/a N/a N/a

 Elevation 
(meters)

71.67 (77.62) 284.09 
(362.75)

102.98 
(172.48)

70.54 (70.21) 299.54 
(384.02)

110 (190.05) N/a N/a N/a
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p < 0.05), as well as in the effect of air-conditioning in the 

home, which was also found to significantly reduce the 

odds only in urban areas in 2015 (OR 0.73, 95% CI 0.58–

0.92, p < 0.05) (Fig. 3; Additional file 1: Table S1).

Environmental risk factors

Among environmental risk factors, most had non-sig-

nificant effects across both urban and rural settings and 

between surveys. �e exception was elevation, with each 

100-m increase in elevation corresponding to around 

20% lower the odds of malaria infection in people liv-

ing in rural areas in 2015 (OR 0.78, 95% CI 0.68–0.90, 

p < 0.05) and 2018 (OR 0.79, 95% CI 0.58–1.06, p < 0.05) 

and around 50% lower in urban areas in 2015 (OR 0.48, 

95% CI 0.35–0.66, p < 0.05) and 2018 (OR 0.55, 95% CI 

0.40–0.75, p < 0.05). �e confidence intervals for the other 

predictors (TCB, TCW, EVI, LST and slope) overlap with 

the null, precluding any strong inferences about changing 

risk of infection(Fig. 3; Additional file 1: Table S1).

Discussion
�is study investigated the relationship between malaria 

infection and individual, household, and environmental 

factors on Bioko Island. �is investigation is important to 

better understand some of the drivers explaining the het-

erogeneity of malaria prevalence on the Island after many 

years of successful scaling-up of control interventions. 

Moreover, despite the intensive and continued efforts, 

reduction in prevalence on Bioko stalled since 2016, and 

the situation has worsened more recently in several areas 

across the Island (Fig. 4). �erefore, understanding some 

of the principal factors driving infection would prove 

critical to informing decision-making.

Several factors were investigated but, after adjusting for 

other covariates and demographic factors such as age and 

sex, which had a significant effect, only a handful were 

found to significantly influence the odds of malaria infec-

tion. History of travel to mainland EG proved by far the 

factor most strongly associated with increased odds of 

infection, with between a threefold and a fivefold increase 

in travellers. �is finding was consistent across survey 

years and rural and urban areas, and is in agreement with 

previous investigations that have looked at the impact of 

malaria importation and its challenge for malaria control 

on Bioko Island [6, 7, 21, 27]. Human mobility patterns 

and malaria prevalence determined that travel to main-

land EG explained much of the prevalence observed in 

and around Malabo, where travel prevalence is higher 

[7]. �e fact that travel had a strong effect on the odds 

of infection in urban and rural communities and also 

remained consistent over time, despite a declining pro-

portion of travellers in 2018 compared to 2015, points to 

a pervasive impact of this factor on the local malaria epi-

demiology. �ese findings underscore the need for new 

strategies to reduce the constant flow of parasites from 

the mainland to the Island, and these will probably be 

more cost-effective if focused on targeting high-risk fre-

quent traveller groups [7, 25, 27, 28]. Further research to 

collect data and parameters from the mobile population 

could benefit in the understanding of this demographic 

and the development of tailored interventions. �e stud-

ies can analyse their behaviours regarding access to case 

management in both locations, as well as their access to 

the use of bed nets and other vector control methods. In 

addition, MIS data might be utilized to explore the travel 

patterns of the mobile population [29], investigate the 

possible sources of acquired transmission during travel, 

and identify the risk of parasite importation in the loca-

tions where the mobile population goes. However, reduc-

ing transmission in mainland EG would be a critical 

long-term solution, though economically, logistically, and 

politically onerous.

�e analyses also showed that bed net users had 

around 30% lower the odds of being infected with 

malaria, after adjusting for other covariates. �is effect 

was similar in urban and rural areas. �e BIMEP has 

deployed significant efforts to provide high coverage 

with LLINs through two triennial MDCs in 2015 and 

2018. During these, households received a number 

of nets based on the household occupancy, the num-

ber of sleeping areas and the number of LLINs they 

already owned. In 2015 and 2018, 149,097 PermaNet 

2.0 (deltamethrin, Vestergaard) and 155,972 Olyset 

Plus (permethrin plus the synergist, piperonyl butoxide 

Table 2 (continued)

Covariate 2015 2018 Total 2015 and 2018

Urban Rural All Urban Rural All Urban Rural All

(n = 14,476) (n = 2427) 16,903 (n = 11,444) (n = 2290) 13,734 (n = 25,920) (n = 4,717) (n = 30,637)

 Temperature 
(C)

22.81 (3.61) 23.43 (4.43) 22.88 (3.78) 23.43 (2.12) 23.06 (2.67) 23.36 (2.23) N/a N/a N/a

 EVI 0.24 (0.11) 0.46 (0.11) 0.27 (0.14) 0.25 (0.13) 0.49 (0.12) 0.29 (0.16) N/a N/a N/a

 Slope 7.61 (4.15) 10.13 (6.33) 7.97 (4.61) 7.5 (4.07) 10.37 (6.30) 7.99 (4.65) N/a N/a N/a
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Table 3 Prevalence of malaria infection by risk factor and malaria indicator survey year

2015 2018

Malaria Prevalence % CI p-value Malaria Prevalence % CI p-value

Sex

 Male 13.8 12.3–15.3 0.0005 10.9 9.8–12.1 0.0109

 Female 11.9 10.5–13.5 9.7 8.6–10.8

Age group

  < 5 years of age 8.8 7.5–10.3  < 0.0001 7.8 6.5–9.5  < 0.0001

 5–9 years 17.8 15.3–20.6 13.5 11.7–15.5

 10–14 years 21.8 19.0–24.9 16.5 14.3–18.9

 15–19 years 18.3 16.1–20.8 14.8 12.9–17.3

 20–29 years 11.2 10.0–12.7 9.4 8.2–10.8

 30–39 years 8.3 6.9–9.9 8.2 7.0–9.8

 40–49 years 8.5 6.7–10.8 8.0 6.3–10.2

 50–59 years 7.7 5.6–10.7 5.4 3.8–8.1

  > 60 years of age 5.3 3.5–7.9 3.4 2.4–4.8

Community location

 Urban 12.0 10.6–13.6 0.0090 10.9 8.3–14.3 0.6014

 Rural 17.0 13.5–21.3 10.1 9.1–11.2

Socioeconomic Status

 Poorest 13.6 11.3–16.1 0.0001 10.4 8.9–12.0 0.1809

 2nd 13.6 11.8–15.5 10.8 9.5–12.4

 3rd 14.2 12.4–16.3 10.8 9.3–12.5

 Wealthiest 9.4 8.1–10.8 8.9 7.5–10.6

Household density

 Very low density 8.6 7.1–10.4  < 0.0001 7.7 6.6–9.1  < 0.0001

 Low density 10.5 8.8–12.4 8.5 7.2–9.9

 Medium density 13.8 12.2–15.5 10.3 9.1–11.6

 High density 17.1 14.8–19.7 11.6 9.2–14.5

 Very high density 15.9 12.6–19.9 15.7 13.1–18.7

LLIN use

 Yes 10.8 9.5–12.2  < 0.0001 8.3 7.4–9.4  < 0.0001

 No 14.9 13.2–16.8 12.8 11.4–14.3

Travel to mainland, EG

 Yes 28.7 26.0–31.6  < 0.0001 30.4 25.7–35.6  < 0.0001

 No 10.9 9.6–12.4 9.2 8.4–10.2

House has open eaves

 Yes 11.9 10.7–13.3 0.0084 10.9 9.4–12.5 0.2758

 No 14.6 12.4–17.2 9.9 8.9–11.1

House has air conditioning

 Yes 9.2 7.5–11.3 0.0008 10.3 8.6–12.3 0.9576

 No 13.3 11.9–14.9 10.4 9.2–11.3

Environmental covariates Mean (sd) Mean (sd)

 TCB 0.52 (0.09) 0.37 (0.03)

 TCW 0.00 (0.03) − 0.02 (0.02)

 Elevation (meters) 103 (172.49) 110 (190)

 Temperature (C) 22.88 (3.78) 23.36 (2.23)

 EVI 0.27 (0.14) 0.29 (0.16)

 Slope 7.97 (4.61) 7.99 (4.65)
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(PBO), Sumitomo Chemical) were distributed, respec-

tively. Following these MDCs, universal LLIN cover-

age was achieved based on the two critical indicators 

of household ownership and population access. Mean 

household ownership was 90.9% (IQR: 80.0–100%) and 

92.0% (IQR: 82.7–100%) and mean population access 

97.3% (IQR: 93.8–100%) and 82.9% (IQR: 73.9–100%) 

in 2015 and 2018, respectively. Soon after distribution, 

however, these indicators dropped significantly, as did 

LLIN use, from 53.6% (IQR: 36.2–67.9%) to 36.6% (IQR: 

12.7–58.1%) and 52.2% (IQR: 33.3–68.3%) to 28.7% 

(IQR: 14.4–45.5%) a year after each MDC (unpub-

lished data), suggesting that, unlike many other malaria 

endemic settings [30] the net access-use gap on Bioko is 

substantial, geographically heterogeneous, and driven 

by socio-demographic and behavioural factors. Despite 

net-use decreasing significantly soon after distribution, 

by using data from the MIS that took place soon after 

Fig. 3 Odds ratios estimated from regression models of all risk factors for malaria transmission on Bioko island and 95% confidence intervals, 

stratified by rural (left) and urban (right) settings and malaria annual indicator survey year, 2015 (blue) and 2018 (orange)
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each MDC, we were able to get a reliable measure of 

the impact of LLIN use on reducing the risk of malaria 

infection, reinforcing the need to reimagining distribu-

tion and communication strategies that can improve 

adherence to LLINs by the population.

�e effect of household-level factors on the odds of 

malaria infection showed a mixed picture, with con-

fidence intervals often overlapping the null. Larger 

and overcrowded households were found to generally 

increase the odds of malaria infection after adjusting for 

SES, which is a likely confounder. �is effect could be 

driven by low intrahousehold LLIN population access, 

but the timing of the MIS soon after each MDC again 

guaranteed that this indicator was still high among sur-

veyed households. In other studies, it has been sug-

gested that smaller density households have a lower risk 

because fewer people sleeping in the same room at night 

decreases the probability of transmission of the para-

site to other hosts [31]. In nearby Cameroon, household 

overcrowding was identified as a major determinant of 

malaria mortality amongst infants [32]. A similar finding 

was observed for malaria prevalence amongst children in 

peri-urban areas of �e Gambia, who had almost dou-

ble the odds of malaria infection if they slept in rooms 

with more than three people [33]. Similarly, a study of the 

frequency of malaria events in children under five years 

old in a Sudanese village found that households with 

more than five people had more than double the odds 

of malaria infection [34]. People living in houses with a 

single sleeping room were also at higher risk of malaria 

in a highland area of Ethiopia compared to households 

with multiple sleeping rooms [35]. Intriguingly, the effect 

of household overcrowding on Bioko was not consist-

ent across surveys and across rural and urban settings 

(Fig. 4). �ere are many households with low-occupancy 

on the Island, and targeting malaria control interventions 

to pre-identified high-risk households could prove a cost-

effective malaria control strategy that needs to be further 

assessed. �is would be logistically possible to imple-

ment using spatial decision support tools developed by 

the BIMEP [20, 36]. A potential caveat is that the Island’s 

population is highly mobile [7] and residents are often 

away during planned interventions in their communi-

ties [36], possibly making it difficult to target and getting 

access to specific households for interventions.

It was also identified that certain housing conditions 

(i.e., open eaves, absence of air-conditioning) could 

increase the odds of malaria infection but this effect was 

identified only in urban areas and only in 2015. Previous 

analyses had shown associations between housing char-

acteristics and malaria prevalence on Bioko [37], sug-

gesting that improving basic housing standards could 

significantly reduce the odds of malaria infection, par-

ticularly in urban areas, where open eaves were a sig-

nificant risk factor [38, 39]. Household vector control 

interventions have been motivated by the assumption 

that the primary anopheline vectors on Bioko Island are 

endophagic and bite human hosts within their dwellings. 

If this were the case, then improving housing character-

istics could reduce the risk of malaria infection across 

Fig. 4 Malaria prevalence on Bioko Island in 2015 and 2018. Pixels represent 1 × 1 km inhabited areas. Raw PfPR data from each Malaria Indicator 

Survey (MIS) were interpolated using kernel smoothing
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different settings primarily by hampering house entry 

of vector mosquitoes [35, 38, 40]. In an endemic area of 

Sri Lanka, poor housing was linked to a 2.5-fold higher 

risk of malaria infection compared to residents living in 

houses of good construction [41]. �e risk was further 

increased when housing was located near anopheline 

breeding sites. In Eswatini, adjusted models showed that 

people inhabiting medium and low-quality construction 

homes had one and a half and twice the odds of malaria 

infection than individuals living in high-quality construc-

tions [39]. Open eaves and unscreened windows were 

also identified as significant risk factors in a hypoendemic 

malaria setting [42]. House screening interventions, for 

example, have been shown to reduce anopheline vec-

tor densities and anemia in children in homes in �e 

Gambia [43, 44]. In Ethiopia, entomological inoculation 

rates, malaria prevalence, and incidence in houses inter-

vened with window, and door screening were lower than 

in houses without screening [40]. Ceiling modifications 

reduced indoor vector densities by around 80% in houses 

in Western Kenya [45]. Considering the cost of LLINs 

and IRS, investing in improving housing conditions for 

the general population may prove a cost-effective strategy 

in the middle to long term [38, 41, 46] and requires fur-

ther investigation in the context of Bioko Island [37]. �is 

argument, however, is challenged by recent observations 

of increased outdoor biting activity of mosquito vectors 

on Bioko, which is subject of current investigation by 

the BIMEP (unpublished work). �is changing mosquito 

behaviour could partly explain the lack of significant 

associations between housing characteristics and malaria 

infection over time and in urban and rural dwellings.

Finally, with the exception of elevation, the investiga-

tion of environmental covariates could not reveal any 

strong effects on the odds of malaria infection on Bioko. 

�is could be explained by the generally homogenous 

climatic conditions across the Island, where very hot 

and humid conditions prevail for much of the year. �is 

echoes previous observations of small correlation coeffi-

cients of environmental predictors in Bayesian geo-statis-

tical models predicting malaria prevalence [7]. �e effect 

of elevation is not surprising but, unfortunately, this 

effect is only observable in a few communities on Bioko, 

as the highest altitude regions correspond to two unin-

habited nature reserves in the center of the Island.

In a changing landscape of malaria transmission on 

Bioko Island, there is an increasing need for adaptively 

managing malaria control interventions. Between 2015 

and 2019, IRS was targeted to areas where prevalence 

was relatively high, leaning on triennial MDC as the 

principal vector control strategy to guarantee high LLIN 

coverage to the whole island population. Malaria preva-

lence has proven a moving target, however, and the poor 

uptake of bed nets by the population adds to considerable 

challenges. Moreover, recent changes in vector ecology 

point to the need to complement existing interventions 

with novel strategies that also tackle outdoor and ear-

lier biting [47, 48]. Notwithstanding, knowledge of some 

of the most important risk factors at the individual and 

household level could help redefine the optimal suite of 

malaria control interventions [49]. �e effect of housing 

characteristics on the risk of malaria infection is worth 

considering for targeting certain household interventions 

using existing tools [36]. Crucially, the analyses presented 

here confirmed the very significant contribution of travel 

to the risk of being infected with malaria parasites, and 

this represents yet another call for interventions that tar-

get malaria importation and travellers. �ese could take 

the form of chemoprophylaxis or test-and-treat strategies 

for travellers at points of entry or, in perhaps a not-too-

distant future, travel vaccines. Based on the results pre-

sented here and in previous work [27] it is plausible that 

this approach could substantially impact the local malaria 

burden.

Conclusion
Malaria risk on Bioko Island is heterogeneous and deter-

mined by a combination of factors interacting with local 

mosquito ecology. �ese interactions warrant further 

investigation to better adapt control according to need. 

�e single most important risk factor identified was 

travel to mEG, in line with previous studies, and repre-

sents a significant challenge for the success of malaria 

control on the Island. Strategies to continue reducing the 

burden of transmission on the island begin with control 

activities on the mainland, a better understanding of the 

migratory population to tackle malaria among this group 

with targeted interventions, and a focus on importa-

tion upon return to the island. For Equatorial Guinea to 

achieve its goal of eliminating malaria at a national and 

sub-national level, there must be a focus on malaria pre-

vention among the mobile population.
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Abstract: 

Introduction: 

Whole genome sequences (WGS) of Plasmodium falciparum on Bioko Island, Equatorial 

Guinea, were analyzed to assess the genetic diversity and population structure of malaria 

parasites. Islands offer unique opportunities for malaria elimination due to their natural 

geographical barriers limiting parasite mixing, theoretically. However, previous 

epidemiological studies have shown Bioko Island is vulnerable to imported strains from 

nearby neighbors in continental Africa through human migration. The impact of these 

imported strains has yet to be characterized at the genome level.  

Methods:  

This study aimed to determine the connectedness of P. falciparum populations on Bioko 

Island with neighboring mainland regions and to explore the island-wide population structure. 

Dried blood spot samples (DBS) from the 2019 MIS were used to generate whole genome 

sequencing (WGS) data. Genomic analyses were conducted using population genetics 

metrics to measure local genetic diversity and structure, as well as the connectedness to 

other sub-Saharan African P. falciparum populations using public available samples. 

Results: 

The analysis revealed significant genetic diversity and partial population structure, indicating 

some degree of isolation among parasite populations between urban and rural communities 

on Bioko Island. Results showed a greater connectedness between the Bioko Island and 

Gabon parasite populations than Bioko Island to Cameroonian populations. Not only 

supporting previous evidence of significant migration to the island, but suggests importation 

may originate from Gabon or nearby continental regions, like Rio Muni, the continental 

regions of Equatorial Guinea. These findings highlight the complex dynamics of malaria 

transmission on the island.  



Background 

In the effort to eliminate malaria, islands hold a distinct geographical advantage over 

other malaria-endemic areas with land borders. The presence of surrounding water should, 

theoretically, provide a barrier from parasite mixing between local and non-local populations, 

and, with the introduction of effective control/prevention methods, facilitate rapid progress to 

malaria elimination. This has been observed for Cabo Verde, where no indigenous cases have 

been reported since 2017, and was declared malaria free in 2024 (1, 2). Unfortunately, for 

other island contexts, like Zanzibar and São Tomé and Principe, malaria continues to persist 

despite significant decreases in malaria (3, 4). Migration has been attributed as a significant 

obstacle to achieve sustainable progress toward malaria elimination (5, 6). Critically, assessing 

whether elimination is possible on an island without addressing migration could provide 

valuable evidence for malaria control programs to distribute their resources.  

Bioko Island, Equatorial Guinea, is located 32 km west of the coast of Cameroon and 

has historically high levels of malaria transmission (7) (Figure 1A). Stringent and intensive 

malaria control interventions have been conducted on the island since 2004 by the Bioko Island 

Malaria Elimination Project (BIMEP) (formerly the Bioko Island Malaria Control Project – 

BIMCP), which reduced malaria prevalence from 43.3% to 10.5% by 2016 (7). Despite these 

interventions, which also resulted in significant reductions in malaria mortality on the island (7, 

8), malaria prevalence has fluctuated around 10-12% since 2016 (8, 9). Epidemiological, 

questionnaire-based studies by BIMEP demonstrate strong associations between on-island 

infections and travelers recently returning from mainland Equatorial Guinea, suggestive of 

case importation and represent a source of parasites immigrating to the island (8, 10-12). 

However, the actual contribution of parasite migration to the Bioko Island remains to be 

characterized.  

The mainland region of the country, Rio Muni, has higher malaria prevalence and has 

not conducted significant malaria control campaigns since 2011 due to funding constraints 

(13). Cameroon and Gabon, neighbors flanking Rio Muni, are hyper-endemic regions with 

year-round transmission and high parasite genetic diversity (1, 14, 15). If migration from the 

continent to Bioko Island is high, the P. falciparum population on the island is expected to have 

a similarly high genetic diversity and little differentiation from Cameroon and Gabon. However, 

if the ocean forms a significant geographical barrier, and importation does not significantly 

contribute to Bioko’s malaria transmission and genetic diversity, then the P. falciparum 

population might differentiate from parasite genomes observed on the mainland. 

Bioko Island has an approximate population of 270,000, of which 90% reside in Malabo 

city, the capital of Equatorial Guinea, and is composed of two provinces (Bioko Norte and Bioko 

Sur) and four districts (Malabo, Baney, Luba and Riaba) (8, 16, 17) (Figure 1B). Historically, 

the greatest reductions in malaria burden have been achieved in rural communities, especially 



in the Baney and Luba districts (7). However, rural residents also account for most of the on-

island travel, Malabo being the primary destination for employment and education (11). 

Considering the disparity in human distribution and reported travel, more than one parasite 

subpopulation may exist. Conversely, importation and inter-island connectedness may be 

sufficiently high as to prevent differentiation and the formation of subpopulations.   

The use of whole genome sequence data to estimate genetic diversity and relatedness 

among malaria isolates can provide a highly nuanced assessment of the impact of control 

interventions over time and illuminate parasite transmission routes (18, 19). Consequently, 

WHO encourages malaria control programs to incorporate parasite genome sequencing 

technologies as a molecular surveillance technique (20). Previous studies have investigated 

demography of P. falciparum populations using whole genome data in sub-Saharan African 

(21); however, the vastness of this region has resulted in geographic “pockets” with incomplete 

molecular characterization of P. falciparum. Especially in areas with active malaria control 

campaigns but limited history of molecular surveillance, generating P. falciparum genomic 

descriptions and estimating genetic relationships can provide insights into the response of a 

parasite population to ongoing interventions and provide valuable data to inform future 

approaches to parasite control (18, 22-24).  

Here, we aim to characterize the population structure of P. falciparum on Bioko Island 

and determine its relationship with parasite populations in neighboring regions on the 

mainland. A subset of dried blood spot (DBS) samples obtained from participants in the 

BIMEP’s 2019 malaria indicator survey (MIS) were used to generate whole-genome sequence 

(WGS) data. Population genetics principles and metrics were applied to measure 

differentiation between Bioko Island and continental P. falciparum parasite populations, and 

understand local transmission dynamics by describing island-specific markers and relatedness 

between P. falciparum isolates.  

 

 

 



 

 

  

Figure 1. Map of Bioko Island, Equatorial Guinea. A. Geographical location of Bioko Island within the Gulf of 

Guinea. Color gradient denotes the estimated country-wide P. falciparum prevalence in 2019 reported in the 2023 

World Malaria Report. Bioko Island color was amended to show island-wide prevalence as measured from the 

2019 MIS. B. Detail of Bioko Island with province borders (black lines), roads (grey lines), rivers (blue lines) and 

elevation (green/red gradient – red denotes higher elevation).  

 

METHODS 

Sample collection  

DBS samples were collected on Whatman filter papers (GE healthcare Ltd, Forest 

farm, Cardiff, UK; Product code: 11962089) from August to October 2019. On each filter 

paper are blood spots of 0.5 inches in diameter (n=4), each spot representing a volume of 

approximately 50 μl of blood. Survey and laboratory data used in this study include: gender, 

rapid diagnostic test (RDT) diagnosis (P. falciparum or mixed infection), qPCR diagnosis (P. 

falciparum or mixed infection), travel history (previous two months), location (urban or rural, 

or Malabo, Baney, Luba, Riaba districts), age group in years (<5, 5-15, 15-18, 18+), and 

parasite density by qPCR (Low: Cq  20: High: Cq < 20). Household sampling was based on 

primary sampling units (PSUs) constructed from 1x1 km map-areas that make up the Bioko 

mapping grid (25). PSUs were assigned to either a rural or an urban stratum based on 

household density and local residual transmission, with 25% and 5% of households sampled 

from each, respectively. All MIS participants provided informed consent, or legal guardian 

consent for underage participants (<18 years). Filter papers were selected for DNA extraction 

from 202 individuals with a positive RDT and reported fever.  

Additionally, publicly available WGS data were downloaded from the Sequence Read 

Archive (SRA) provided by the MalariaGEN Plasmodium falciparum Community Project (26). 

A B 



Samples were selected from West, Central and East African countries as representative of 

their respective continental regions (Supplementary File S2). 

 

DNA extraction 

 A DNA extraction method based on guanidine and silica purification protocols, and 

developed by the Malaria Research Program, at the University of Maryland Baltimore (UMB), 

was applied to selected DBS filter paper samples as described (27). Briefly, one circle/DBS 

was cutout, incubated, and submerged in lysis buffer for 2 hours at 65C. Samples then 

underwent two washes before extracting DNA with TE buffer. Extracted DNA material was 

stored at -80°C until use.   

 

Polymerase chain reaction (PCR) 

 The Qiagen QuantiTect® Multiplex PCR was used to conduct qPCR (Qiagen 

Sciences, Germantown, Maryland, USA). The master mix was prepared according to 

manufacturer’s instructions, but adapted to exclude ROX or UDG. RNAseq free water was 

used in all PCR reactions. The following PCR program was used: [1] 20 minutes at 50°C; [2] 

15 minutes at 95°C; [3] 45 seconds at 94°C; [4] 75 seconds at 60°C. Steps 3 and 4 were 

repeated 45 times. For each sample, all PCR reactions were performed in duplicate. 

Samples were considered positive if the mean quantification cycles (Cq) of duplicate qPCR 

reactions was Cq < 40. If one sample result was reported as RDT positive and the 

corresponding PCR result was negative, the assay was repeated to make a definitive 

conclusion, if necessary.  

 

Selective Whole Genome Amplification (sWGA) 

 Selective whole genome amplification (sWGA) was applied on extracted samples with 

optimal parasite density by Cq, as previously described (28, 29). In short, selected samples 

underwent a vacuum filtration step and were then amplified in 0.2 mL 96-well PCR plate with 

the following reaction mixture: 1X BSA, 1mM dNTPs, 2.5 µM of amplification primers, 1X 

Phi29 reaction buffer and 20 units of Phi29 polymerase. Primers are the same used in Oyola 

SO, et al. that preferentially bind at adequate distance and amplify P. falciparum genomes 

(29). From each extraction, 17 µL of the DNA sample was added to the reaction mixture for a 

total of 50 µL final volume. Amplification occurred in a thermocycler with the following 

stepdown protocol: 35°C for 20 minutes, 34°C for 10 minutes, 33°C for 15 minutes, 32°C for 

20 minutes, 31°C for 30 minutes, 30°C for 16 hours. The stepdown protocol was followed 

with a heating step at 65°C for 20 minutes and cooled to 4°C.  

 

Whole genome sequencing 



Preparation of genomic DNA libraries are previously described (30). To summarize, 

genomic DNA libraries were generated from amplified samples using the KAPA Library 

Preparation Kit (Kapa Biosystems, Woburn, MA), and then fragmented to approximately 200 

base pair (bp) lengths. A modified version of the manufacturer’s protocol was used. AMPure 

XT beads were utilized to inform the library size selection. DNA concentration and fragment 

size was conducted using the DNA High Sensitivity Assay on the LabChip GX (Perkin Elmer, 

Waltham, MA) tool. All sample libraries were uniquely barcoded, pooled and sequenced on 

150 bp paired-end Illumina NovaSeq 6000 run (Illumina, San Diego, CA).  

 

Read mapping and identification of single nucleotide polymorphisms (SNPs)  

 Raw fastq files were mapped to the reference P. falciparum genome, 3D7, using 

bowtie2 (31). BAM file processing followed GATK Best Practices (32, 33). Coverage and 

depth estimates from reads were generated using bedtools (34). Variant calling of each 

sample was conducted utilizing the Haplotype Caller toolkit to generate genomic variant call 

format files (GVCF) and perform joint SNP (single nucleotide polymorphisms) calling. When 

appropriate, diploid calls were allowed since polyclonal infections were expected; otherwise 

major alleles were called (70% threshold) to genotype the most prevalent strain in the 

infection (polymorphic sites that did not reach the threshold were set to missing). Variant 

calls were filtered to omit potential false positive results with the following criteria: DP<5, 

FS>14.5, MQ<20.0, QUAL<50. Additional filtering was performed to exclude rare allele 

events (frequency less than 0.05%), sites with >10% missingness, samples with >20% 

missing genotype values (35).  

 

Genomic Analysis  

 Genetic diversity in each geographic region was estimated by nucleotide diversity (π) 

(Vcftools v.0.1.16), the average pairwise difference between samples. Within-host diversity 

was measured by the F-statistic FWS (36) using the R package moimix (v0.0.2.9001, 

https://bahlolab.github.io/moimix/), where diversity of P. falciparum in each sample was 

compared against the diversity of the entire sample set. Infections were considered 

polyclonal if FWS < 0.95. P-values were calculated using Chi-squared test to determine 

statistical significance for differences in proportions of polyclonal infections, as determined by 

FWS, between African countries.  

 Principal components analysis (PCA) was applied to a dataset of biallelic SNPs 

passing filtering criteria, to investigate the extent to which geographic origin contributes to 

differences between isolates and the genome-wide level. Clustering by PCA was estimated 

using the R package SNPRelate (v.1.28.0; https://github.com/zhengxwen/SNPRelate) (37, 

38). Admixture analysis (ADMIXTURE v1.2) was used to obtain an estimate of contributions 



of inferred ancestral subpopulations to each sample. PCA and admixture datasets were 

pruned for sites in linkage disequilibrium (LD) (window size of 5 kbp, r2≥0.2) prior to analysis. 

Among samples with a clonal pair (i.e. nearly identical genomes), one sample was selected 

to represent the clonal group, and the other(s) excluded from the analysis. ANOVA was used 

to measure differences in composition in inferred ancestral subpopulation, between 

countries. 

The F-statistic FST was applied to measure overall differentiation (mean FST) between 

sampled parasite populations from different geographic regions, and to identify SNPs 

contributing to differences between populations (39). Significance of FST per genomic site 

was estimated empirically, with 5,000 permutations of samples by geographic region, using 

custom scripts. Overall relatedness between strains as measured by identity-by-descent 

(IBD) was estimated using hmmIBD (version 2.0.0; https://github.com/glipsnort/hmmIBD) 

(40). Prior to conducting IBD, samples were deconvoluted using dEploid v0.6-beta (41). 

Within each sample the strain accounting for the highest proportion of the sample was 

selected for downstream analysis. Network analysis and community detection was 

conducted using the Infomap software (42). To estimate effective population size (Ne), 

IBDNe was applied to the dataset (43). Previously published Python-based scripts were used 

to process files and run hmmIBD, infomap and IBDNe analyses, excluding small IBD 

segments under 2cM and highly conserved IBD peaks to minimize bias (44). Samples were 

considered related (siblings or clonal) if >25% of genomes were IBD (45). The R package sf 

(46) were used to generate maps of Bioko. R (v4.1.3) was used with all appropriate R-based 

packages, such as ggplot2, to generate figures. Cluster plots were generated using 

Cytoscape v3.10.2 (https://cytoscape.org) (47). 

 

 

RESULTS 

 

WGS data descriptives 

 

Samples with higher parasite density infections were prioritized for sWGA (mean Cq = 32.9). 

Whole genome shotgun sequencing (WGS) data was generated for 90 samples collected on 

Bioko Island. Of the 90 samples for which WGS data was generated, fifty-two samples were 

collected in urban communities compared to 38 from Bioko’s rural areas (Figure 2). Per 

sample, an average of 28,276,493 total reads were generated and on average across 

samples, reads mapped 75.4% of the reference 3D7 genome with 5X read coverage 

(Supplemental Figure S1). Of the 90 samples, 16 samples were excluded due to inadequate 

quantity of mapped reads (< 8 million) or missingness (>20% SNPs missing).  

https://cytoscape.org/


 

Figure 2. Urban and Rural Communities on Bioko Island. Map of Bioko Island with communities color marked 

as urban (red) or rural (green) assignments. The urban/rural status was determined by a combination of 

population density and estimated local residual transmission (11). Black crosses represent geographical location 

of collection of all sequenced samples (n=90).   

 

Bioko Island parasites were combined with 992 sub-Saharan African WGS datasets 

downloaded from the MalariaGEN P. falciparum Community Project (26). Public samples 

were selected from countries representative of West (Guinea, Mali, Burkina Faso, and 

Nigeria), Central (Cameroon, Gabon and Democratic Republic of Congo) and East (Kenya, 

Tanzania, Malawi, and Mozambique) Africa. Variable sites in the highly polymorphic sub-

telomeric genomic regions were excluded due to reduced accuracy (48, 49). After calling 

major alleles, a total of 1,076,963 biallelic SNPs were included, of which 375,921 (34.9%) 

were intergenic, 205,240 (19.1%) were synonymous and 426,551 (39.6%) were non-

synonymous. Overall, average read coverage across all sites was 63.0X (59.9X for Bioko 

Island samples).  

 

Bioko Island parasite population appears partially structure and polyclonal 

 



To describe on-island diversity and transmission intensity, nucleotide diversity and 

within-host diversity (FWS) were measured among Bioko samples (n=74). Per-site nucleotide 

diversity appeared similar between urban/rural communities, but when stratifying by district, 

higher diversity across all SNPs was observed among Malabo city and Malabo suburb 

samples over Baney or Luba, 0.058, 0.056, 0.050 and 0.052, respectively. There was some 

evidence of recent migration between a few strains, measured by IBD (Supp. Figure S2), 

however overall relatedness suggests significant mixing between parasites (IBDBioko = 0.003). 

Relatedness is higher in urban communities (IBDrural = 0.004; IBDurban = 0.002; p = 0.01) 

suggestive of greater parasite mixing. The lack of agreement between urban and rural 

relatedness may reflect a partial population structure on Bioko, since the entire Bioko P. 

falciparum population is not panmitic. Within-host diversity measured by FWS revealed the 

majority (46 out of 74) of samples were polyclonal (Figure 3), where most polyclonal 

infections (n=41) originated in Malabo communities. However transmission intensity appears 

similar as there was no proportional difference of polyclonal infections between Malabo, 

Baney and Luba communities (Χ2 p-value = 0.31). Population subgroups associated with 

complex infections complemented previous epidemiological observations among subgroups 

with higher transmission intensity (e.g. travelers), however there was no observable 

statistical difference (Supp. Table S1) (8, 11, 17). In fact, complexity of infections does not 

significantly differ from those in Cameroon or Gabon, the closest African countries in the 

African mainland (Χ2 p-value = 1; Χ2 p-value = 0.56, respectively). In general, relatedness 

between Bioko samples supports the presence of a partial population structure, however, 

transmission intensity, as measured by polyclonal infections, does not appear to differentiate. 

Island-wide parasites appear connected, however this connection is less pronounced 

between urban and rural communities.  

 



 

Figure 3. Within-host diversity as measured by FWS. Y-axis represents FWS values of samples between 0 and 

1. Isolates with FWS value below 0.95 are inferred to be polyclonal (grey dotted line). Color groups denote the 

African region (West, Central, and East) as assigned by the WHO, and individual colors represent a country were 

samples were collected (x-axis).  

 

Differentiation between Malabo, Baney and Luba parasites occurs on loci associated with 

cellular adhesion, invasion and sequestration 

 The fixation index, FST, was applied to measure genetic differentiation among Bioko 

subgroups. As above, less differentiation was observed between urban/rural communities 

(FST urban vs rural = 0.01), however, when stratifying by district, differentiation increased where 

within-Malabo parasites had less differentiation (FST Malabo city vs Malabo suburbs = 0.007) compared 

to Malabo and non-Malabo districts (FST Malabo city vs Baney = 0.04; FST Malabo city vs Luba = 0.04), 

suggestive of some variation between on-island parasite populations. To look at specific 

genomic signals driving differentiation, FST per site was calculated between Malabo, Baney 

and Luba. Among a total of 163,291 SNPs, Baney and Luba consistently differentiated from 

Malabo isolates at gene loci associated with red blood cell invasion (clag3.2 - 

PF3D7_0302200; msp - PF3D7_1035600), hepatocyte invasion (DBL-containing protein - 



PF3D7_0113800), and parasite sequestration (var2csa - PF3D7_1200600) (Figure 4). 

PF3D7_0302200 encodes cytoadherence-linked asexual protein 3.2 (clag3.2), associated 

with RBC invasion and nutrient acquisition post-invasion (50, 51). PF3D7_1035600 encodes 

for a merozoite protein (msp or H101), although whose exact function is unknown, is linked 

to merozoite invasion (50). PF3D7_0113800 encodes for a DBL domain protein, associated 

with Rho GTPases and involved in hepatocyte/erythrocyte invasion, and may be a target of 

acquired immunity (52-56). PF3D7_1200600 encodes for var2csa, a protein associated with 

placental adhesion and placental malaria, where infected red blood cells (RBCs) interact with 

placental cells and leukocytes (57).  

 

 

Figure 4. Genome-wide SNP diversity by FST. Allele differentiation was measured between three Bioko 

subpopulations based on location: A. Malabo vs Baney (Total SNPs = 1,699); B. Malabo vs Luba (Total SNPs = 

1,420); C. Baney vs Luba (Total SNPs = 790). A total of 163,291 SNPs were included in each sample set with 

heterozygous sites included and minor allele excluded. Dotted line in each panel represents the 10% of highest 

FST values per sample set. 5,000 permutations were run using vcftools v.0.1.16 and custom UMB pipeline. 

Rv4.1.3 with package ggplot2 was used to generate results.  

Bioko Island P. falciparum population does not appear uniquely dissimilar from continental 

neighbors  

 

Despite Bioko’s clear geographical barrier, results illustrate the lack of differentiation 

between P. falciparum populations with the continent. Bioko had high nucleotide diversity 



compared to reported prevalence at time of collection (All SNPs = 8.7x10-3; Nonsynonymous 

SNPs = 8.8x10-3; Synonymous SNPs = 8.5x10-3), suggestive of several contributing factors, 

including importation when observed against other African groups (Supp. Fig. S3). Although 

intense malaria control interventions are applied annually, incoming cases from regions with 

higher prevalence and more diverse parasites may be contributing to high diversity on the 

island. This effect can also be observed after conducting PCA, where Bioko parasites do not 

significantly differentiate from its closest geographical neighbors (Fig 2). For the PCA 

analysis, of the initial 1,066 samples, 988 samples were included. Samples were excluded 

based on missingness (n=25), outlier genotype data (n=39), and highly related, or clonal, 

clusters, where only one sample was included to represent the clonal group (n=14). Variance 

within the sample set could be explained as geographical distance between country groups 

(West/Central versus East = 0.48% variance; West versus Central = 0.24% variance). Values 

appear small considering variance is measured across 38,206 SNPs. The lack of a unique 

Bioko population complements previous evidence of continued importation and mixing on 

Bioko with mainland Africa P. falciparum populations (10, 11).   

 

  

 



Figure 5. Principal Components Analysis (PCA) of Bioko and African genomes. A sub-Saharan African 

sample set was merged with Bioko Island, Equatorial Guinea samples. WGS data were downloaded from 

MalariaGEN. Color groups denote the African region (West, Central, and East) as assigned by WHO, and colors 

represent country were samples were collected. Prior to PCA, major alleles were called for all samples, excluding 

heterozygous calls that did not meet applied threshold (70%). PC2 is not plotted since it is based on subsets of 

missingness with no particular pattern. Figure was generated in R v4.1.3 with package SNPRelate v1.28.0. 

After LD-pruning and minimizing CV error, five populations are inferred among 

samples (n SNPs = 9,427; n samples = 988) (Figure 3). The largest ancestral contributor to 

Bioko Island parasites is predominant in Central-West Africa, followed by subpopulations 

more common in West and Southeast African ancestry, likely due to historical, migratory 

connections between these regions. Interestingly, a subpopulation (see grey population in 

Figure 3) predominant in East Africa and the DRC contributing to Gabon ancestry appears 

much less pronounced among the Bioko population (ANOVABioko-GAB p = 0.008). Further, the 

population predominant in Southeast Africa appears to contribute significantly more to Bioko 

ancestry than its nearby neighbor of Cameroon (ANOVABioko-CAM p < 0.001). This may hint at 

an ancestral connection between Bioko and Southeast Africa that does not exist between 

Bioko and East African populations. Ultimately, Bioko’s population structure appears 

admixed, where very few samples’ ancestry comes from a single ancestral source. 

 

 

Figure 6. Admixture of Bioko and sub-Saharan parasites. Colors denote each ancestral subpopulation 

identified for K=5, when cross validation error was lowest. Samples are represented as columns, Y-axis refers to 

the proportion of ancestry attributable to ancestral subpopulation, in each sample. Orange represents the 

subpopulation predominant in West Africa, green for Central Africa, grey for Democratic Republic of Congo and 

East Africa and blue for Southeast Africa. Yellow represents a subpopulation not predominant in any major 

African region. Results were generated using the ADMIXTURE software and plots generated using Rv4.1.3.   

   



Greater connectedness between Bioko and Gabonese parasite populations 

 To assess the impact of importation on the Bioko P. falciparum population, Cameroon 

and Gabon samples were used as a representative sample set for the suspected source of 

most imported strains to Bioko. All samples were deconvoluted, and the predominant strain 

within each sample used. After merging and filtering, a total of 344,703 SNPs were used. 

After removal of highly conserved IBD peaks, Bioko samples had lower overall relatedness to 

each other than Cameroon and Gabon (IBDBioko = 0.003; IBDCameroon = 0.005; IBDGabon = 

0.006) (Figure 7A). Relatedness between Bioko and Gabon was similar to the Bioko 

population alone (IBDBioko-Bioko = 0.003; IBDBioko-Gabon = 0.002; ANOVA p = 0.66), whereas this 

was not the same between Bioko and Cameroon (IBDBioko-Bioko = 0.003; IBDBioko-Cameroon = 

0.001; ANOVA p < 0.001). Further, community detection by infomap identified 33 Bioko 

samples that clustered with Gabon samples (Gabon-linked Bioko samples), as opposed to 9 

clustering with Cameroon (Cameroon-linked Bioko samples), and 38 Bioko samples 

clustering with neither Gabon nor Cameroon (Suspected local strains). Network analysis 

illustrates suspected local Bioko strains have closer connection to Gabon-linked Bioko 

strains versus Cameroon-linked strains (Figure 7B). When excluding Gabon-linked Bioko 

samples, estimated effective population size (Ne) on Bioko was greatly reduced (Bioko Ne = 

14,700; Bioko + BiokoCameroon Ne = 24,400; Bioko + BiokoGabon Ne = 58,100), reflecting the 

magnitude of genetic variation contributed from Bioko samples linked to continental 

neighbors, especially Gabon. Ultimately, despite Cameroon’s closer geographic location to 

Bioko, the Gabonese P. falciparum population appears to have a greater influence and 

impact on Bioko diversity. This suggests imported strains to Bioko more commonly come 

from Gabon, or nearby regions to Gabon, such as Rio Muni. 



 

Figure 7. Network analyses of P. falciparum between Bioko, Cameroon and Gabon. Relatedness between 

suspected local, Cameroon-linked and Gabon-linked Bioko sample set was measured by IBD. A. Within group 

IBD-sharing. Each dot represents a WGS sample and clustered according to communities assigned by Infomap. 

Line thickness represents the relatedness between sample pairs (thicker line = higher relatedness). B. Bioko 

samples separated into subgroups according to links with Cameroon or Gabon clusters as assigned by Infomap. 

Red = Bioko samples linked to neither Cameroon nor Gabon clusters (i.e. suspected local strains), blue = 

Cameroon-linked Bioko samples, and yellow = Gabon-linked Bioko samples. Figures were generated using 

Cytoscape v3.10.2. 

 

  



Discussion 

 Malaria on Bioko island offers an important view into the effect of control interventions 

within Central-West Africa considering its midpoint location between Nigeria and the 

Democratic Republic of Congo, the two biggest contributors to malaria cases in 2022, 27% 

and 12% respectively (1). As sequencing becomes more assessable, national malaria control 

programs are incorporating sequencing methodologies as an essential molecular tool to 

provide improved accuracy to supplement traditional epidemiological approaches and inform 

control and elimination strategies (20, 58-60). As part of the BIMEP’s effort to eliminate 

malaria from the island, WGS data was generated from the 2019 MIS field samples to 

describe the parasite population at the genomic level. The Bioko P. falciparum population 

appears partially structured, where some differentiation exists between parasites in the 

Malabo district versus the more rural districts of Baney and Luba. There were some small 

indications of connectedness between urban and rural communities, however relatedness 

measurements differed, which may reflect a small isolation effect occurring in the island’s 

rural periphery. Other island contexts observed a similar heterogeneous effect (61, 62), 

suggesting the impact of imported strains do not influence rural island parasites as quickly as 

urban ones. This is, in part, evidence of imported infections mixing with the local Bioko 

parasite population, but is not mixing with Bioko parasites homogeneously. As importation 

has likely been occurring over many years, Bioko parasites did not significantly differentiate 

from its geographical neighbors, and transmission intensity appeared higher than expected 

of a region with moderate transmission rates (9, 63). Although BIMEP has significantly 

decreased malaria burden on the island, the P. falciparum diversity and structure on Bioko 

reflect a malaria endemic region with moderate transmission that does not form its own 

unique population from continental neighboring regions.  

Differential SNPs between Baney and Luba was much lower than their respective 

comparison to Malabo, suggesting less differentiation between parasites despite being on 

opposites sides of the island. As the ethnic Bubi tribe make up the majority of residents in 

these districts, this may be a reflection of complemental cultural proximity and accessibility in 

addition to geographical (64). Conserved regions and differential SNPs among rural strains 

were membrane-bound genes associated with adhesion, sequestration and invasion. 

Typically, these types of genes are under greater host immune selection (65-67), and some, 

like PF3D7_0113800, have been identified as potential vaccine targets (unpublished). 

However further evidence is needed to support this observation or whether these signals are 

due to differences in selection pressure. Local transmission dynamics suggest that as BIMEP 

reaches very low transmission rates, rural, non-Malabo communities may be open to 

elimination without significant concern for reseeding from Malabo.  



P. falciparum on Bioko appears admixed with high genetic diversity and connection to 

the African continent. Most infections were polyclonal, a reflection of sustained transmission 

intensity and complex infections (68), similar to other low-moderate transmission regions in 

Africa (61, 69, 70). Beyond human migration, other factors likely contribute to Bioko’s 

transmission rate and high genetic diversity like high mosquito biting rates and breeding sites 

(71, 72). The presence of an ancestral subpopulation among Bioko samples predominant in 

East Africa may hint at a transmission route between Bioko, Gabon and DRC that is not as 

pronounced in Cameroon. This is further supported by the IBD analysis, showing higher 

relatedness between Bioko and Gabon samples, a relatedness that is not as pronounced 

between Bioko and Cameroon, despite being geographically closer. This connection 

suggests imported strains to Bioko more commonly come from Gabon or nearby regions, 

such as Rio Muni, the continental region of Equatorial Guinea. Although speculative, there 

may be closer cultural and ethnic ties between Rio Muni and Gabon, as the predominant 

demographic in both countries is the Fang tribe (73-75). Results show the magnitude of 

imported infections is significant as more than half of Bioko parasites clustered with non-

Bioko subpopulations. For there to be sustained, prolonged progress towards malaria 

elimination, the BIMEP should consider targeted screening and control interventions for 

travelers to the island, and if possible, reestablish malaria control to Rio Muni. 

Within this study, there were some limitations. No DBS samples have been collected 

from the continental region of Equatorial Guinea, a likely source of importation to Bioko, 

which could have better distinguished between local and imported strains. Unfortunately, this 

is unavoidable as no MIS has occurred in the Rio Muni since 2011 to our knowledge. Also, 

Bioko samples were only sequenced from infections with positive RDT and fever to optimize 

for WGS, but may over-represent complex infections. This selection criteria was used to 

ensure quality data from field infections with lower initial nucleic material. Sample size was 

also limited due to resource constraints and may affect results, but is considered negligible 

since whole genome data provide thousands of data points for analysis. Ultimately, this study 

follows accepted methodologies (61, 65, 69, 76), and accounts for the limitations within its 

analysis and interpretations.  

Using sWGA, high-quality WGS P. falciparum data was generated from DBS 

collected during the 2019 MIS on Bioko Island, Equatorial Guinea to describe local 

transmission dynamics and measure connectedness to mainland Africa. Locally, partial 

population structure appears among rural infections outside of the Malabo district. However, 

there is significant connectedness between the island and nearby mainland neighbors. 

Bioko-Gabon parasites appear to be most related, where the Fang tribe are the predominant 

human demographic and thus are more connected through culture and language. 



Considerable reductions in island-wide malaria transmission are needed, and importation to 

the island needs to be addressed to ensure continued progress. Additional sequencing on 

Bioko and the Equatorial Guinea mainland would further illuminate local transmission 

dynamics and temporal changes, ideally from both symptomatic and asymptomatic 

infections. Identifying local versus imported strains would help understand Bioko 

transmission dynamics on a more granular level. The current WGS dataset provides an 

informative snapshot of P. falciparum dynamics, successfully sequencing parasites from field 

samples, and illustrating the heterogeneous transmission occurring on the island and the 

effect imported strains may be having on local malaria elimination efforts.   
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Abstract: 

Background: 

Effective malaria control requires accurate identification of Plasmodium infections to tailor 

interventions appropriately. Rapid diagnostic tests (RDTs) are crucial tools for this purpose 

due to their small size and ease-of-use functionality. These tests typically target the 

Plasmodium falciparum histidine-rich protein 2 (HRP2) antigen. However, some strains of P. 

falciparum have deletions in the hrp2 and hrp3 genes, rendering HRP2-based RDTs 

ineffective. Additionally, RDTs have a detection limit of less than 100 parasites per 

microliter, insufficient for identifying low-density infections that sustain malaria 

transmission. This study explores integrating molecular monitoring using a novel qPCR 

device, PlasmoPod, using samples from a malaria indicator surveys (MIS) on Bioko Island, 

Equatorial Guinea to enhance detection of low-density infections and inform targeted malaria 

control strategies. 

Methods: 

The study utilized a combination of RDTs and the PlasmoPod device for molecular 

monitoring. The PlasmoPod employs qPCR targeting 18S rDNA/rRNA, capable of detecting 

parasite densities as low as 0.2 parasites per microliter, significantly more sensitive than 

HRP2-based RDTs. Samples from the 2023 MIS were extracted from dried blood spots 

(DBS), qPCR run in duplicate on the PlasmoPod. Data analysis involved linking qPCR data 

with MIS datasets using unique volunteer ID codes and employing statistical methods to 

assess the association between various risk factors to malaria infection by qPCR, and risk 

factors to low density infections. 

Results: 

The integration of molecular monitoring revealed a proportion of low-density infections that 

RDTs failed to detect. Notably, individuals in urban communities and those reporting recent 

fever were more likely to harbor asymptomatic malaria infections. These findings suggest 

that urban residents, although less associated to malaria infection than rural residents, may be 

serving as a transmission reservoir. The relationship between low density infections and 

individuals who recently reported fever may reflect recent antimalarial treatment or natural 

clearance, and thus have lingering parasites in their blood. 

Conclusion: 

The study highlights the limitations of HRP2-based RDTs in detecting low-density infections 

and underscores the potential of molecular tools like PlasmoPod in malaria surveillance. By 

identifying elusive transmission reservoirs and tracking parasite importation, molecular 



monitoring can play a crucial role in achieving malaria elimination. The findings advocate for 

the broader implementation of molecular diagnostics in malaria programs, especially in areas 

with low transmission, to enhance the detection and targeting of hidden reservoirs of 

infection.  



Background  

 Essential to malaria control strategy is efficient, accurate identification of Plasmodium 

infection among human populations at risk to appropriately adjust targeted interventions. In 

2022, an estimated 345 million malaria rapid diagnostic tests (RDTs) were directly 

distributed to national malaria programs (NMPs), mostly in Sub-Saharan Africa (1) with the 

purpose of providing quick diagnostic capability during clinical visits and field studies. These 

RDTs have become an essential tool in all NMPs as a means to effectively identify, treat and 

track cases. The majority of RDTs target the Plasmodium falciparum histidine-rich protein 2 

(HRP2) antigen, which can cross-react with the closely related P. falciparum HRP3 antigen 

in high-density infections (6). Other malaria proteins targeted by the RDT are lactate 

dehydrogenase (pLDH) or aldolase to detect non-falciparum parasites (7, 8) and are more 

commonly used in combo RDTs with HRP2. P. falciparum accounts for the majority of 

malaria cases and deaths (1), as such HRP2-targeting RDTs are the most common diagnostic 

used globally and are much more sensitive than non-HRP2 RDTs (2). However, evidence has 

been accumulating that some P. falciparum strains evade RDT diagnosis when the HRP2 

target antigen becomes nonfunctional in the parasite genome as shown in strains that carry 

hrp2 and hrp3 deletions (3, 4). These strains may become especially problematic in low-

transmission areas, where selective pressures promote their expansion and compromise 

diagnosis/monitoring by RDT (5). Additionally, RDT limit of detection (<100 parasites/μl) is 

insufficient for monitoring low density infections, which allow for continued transmission 

and hamper elimination efforts (6, 7). Conversely, where false negatives underestimate 

malaria burden, significant proportions of RDT’s results can also be false positive, usually 

due to the persistence of the HRP2 antigen post-treatment with anti-malarial drugs (8). 

Individuals may continue to be false RDT positive for up to 15 or more days post treatment 

(9). Especially for field studies in regions with year-round transmission, if false positive 

results are significant, this may overestimate malaria prevalence, and bias downstream 

analysis, potentially affecting control strategy decisions. For NMPs approaching malaria 

elimination, it is essential to have sensitive, robust, fast and easy to deploy diagnostic 

methods with a low limit of detection and are not vulnerable to hrp2 and hrp3 deletions 

providing a granular and accurate measure of malaria prevalence.  

Molecular malaria surveillance with higher sensitivity can identify transmission 

reservoirs that go undetected by RDTs (10). Positive samples by molecular techniques can be 

quantified, unlike RDTs, using the P. falciparum WHO International Standard for nucleic 



acid amplification technique (NAAT) based assays (11), and assays have also been developed 

to distinguish between multiple Plasmodium species, as some can occur as low density co-

infections (12-14).  Molecular monitoring further acts as an early-warning tool for detection 

of increasing prevalence of P. falciparum strains able to evade diagnostic tools (15, 16).  

Quantitative reverse transcription polymerase chain reaction (RT-qPCR, but referred 

to as qPCR throughout this manuscript) has a lower limit of detection than RDT and can 

quantify infections (8, 17, 18) and thus makes it an ideal method for molecular surveillance. 

Implementation of the qPCR method typically requires specialized equipment, cold-chain 

sensitive and expensive reagents, advanced laboratory infrastructure and well trained staff. 

To address these logistical limitations, a portable, cartridge-based, user-friendly qPCR 

instrument, PlasmoPod (Diaxxo AG, Zurich, Switzerland), without the need for cold-chain or 

purchase of reagents, and shown to be as sensitive as currently used laboratory-based qPCR, 

was developed (19). Cartridges are provided with all assay reagents in a lyophilized form 

within each well so with the addition of extracted nucleic material and immersion oil, qPCR 

results can be generated within 30 minutes. Advantageous to the PlasmoPod technology 

platform is its versatility to detect various targets depending on the open access and flexible 

assay design, including SARS-CoV2 variants of concerns (20). Due to the novelty of 

PlasmoPod, its utility as a molecular monitoring method on a larger scale incorporated into 

local malaria surveillance programs has yet to be demonstrated. 

Bioko Island, Equatorial Guinea, is a malaria endemic island off the coast of 

Cameroon in Central-West Africa with a population of approximately 270,000 inhabitants 

(21). Malaria morbidity and mortality has been significantly reduced since intensive control 

interventions were implemented starting from 2004 by the Bioko Island Malaria Elimination 

Project (BIMEP) (21-23). The majority of Bioko’s residents live in Malabo city, the capital of 

Equatorial Guinea, in the northern part of the island. Despite BIMEP’s progress, the island is 

vulnerable to malaria importation from its mainland neighbors (23, 24), and prevalence 

appears to have plateaued similar to other endemic regions across Africa since 2016 (1).  

Here, we describe the outcome of a study of 1,500 dried blood spots (DBS) obtained 

from the BIMEP 2023 malaria indicator survey (MIS) on Bioko Island. These samples were 

analyzed with the PlasmoPod device at the local reference laboratory in Baney district. The 

qPCR results were compared to RDT results from the same sample set to provide insight into 

the added value of molecular malaria monitoring in the field.   



Methods 

Sample Collection 

 During the 2023 MIS conducted between August and October, DBS samples were 

collected from surveyed volunteers. At the start of each MIS visit to a household, 

participating adult volunteers provided informed consent and legal guardians gave consent 

for underage participants (<18 years). Each volunteer then answered a questionnaire similar 

to previous MIS (25) and provided a blood sample from finger prick for RDT diagnosis 

(CareStart Malaria HRP2/pLDH Combo RDT) and a DBS on Whatman filter papers (GE 

healthcare Ltd, Forest farm, Cardiff UK). On each filter paper, four blood spots of 0.5 inches 

(1.27 cm) in diameter were produced, with each spot representing around 50 μl of blood. 

Selected survey data was used to investigate epidemiological subpopulations (Supplementary 

Table S1). Household sampling was based on population density of primary sampling units 

(PSUs) constructed from 1x1 km map-areas that make up Bioko’s mapping grid (26).  

DNA extraction 

 A whole blood DNA extraction method developed by the Malaria Research Program 

at the University of Maryland, Baltimore, USA, was applied to collected filter papers (27). 

Briefly, one full blood spot of the DBS was cut (~50μl blood) and then incubated in lysis 

buffer (Guanidine thiocyanate, Triton X100, 0.5M EDTA, 1M trizma hydrochloride, 

isopropanol, 6M HCl, and 2-mercaptoethanol) with gentle shaking for 2 hours at 65C -75C. 

Samples underwent two washes (Wash 1: same as lysis buffer without 2-mercaptoethoanol; 

Wash 2: ethanol and isopropanol (1:1 ratio), 1M trizma hydrochloride, and 5M NaCl) before 

eluting with TE buffer by centrifugation. Extracted DNA was stored at -80°C until use. 

Suppliers of lysis and wash reagents have been published previously in supplementary 

materials (27). 

Quantitative Reverse Transcription Polymerase Chain reaction – PlasmoPod 

 PlasmoPod 20-well cartridges for Plasmodium spp. targeting the 18S rDNA/rRNA by 

RT-qPCR supplied by Diaxxo AG (Zurich, Switzerland) (19) were used. Pspp primers used 

in the cartridges have been previously published, amplifying highly conserved rDNA and 

rRNA in chromosomes 1, 5, 7, 11, and 13 found only in the Plasmodium genus (28). Briefly, 

4.5μl of extracted nucleic acid was added to each well, each sample run in duplicate, and 

covered in immersing oil, then run on the Diaxxo device, outputting results in approximately 

30 minutes. Results were generated automatically by the PlasmoPod software, assigning 



positive and negative signals based on Cq curves, where any Cq < 40 was considered positive 

(19). Serial dilutions of WHO standard were performed with PlasmoPod to quantify parasite 

densities (13). The total time needed from extraction to results for 96 samples, for example, 

took 3 days approximately. 12-14 hours for nucleic extraction from DBS, and 4 hours for 

qPCR with PlasmoPod assuming 10 samples per cartridge. Molecular results for all 1500 

samples were generated within 2-3 weeks after receiving DBS papers at the laboratory. 

Parasite density of infections was quantified by obtaining Cq values using PlasmoPod for 

known concentrations of serial WHO standard dilutions for DNA from NAAT-based assays 

from 5 to 500,000 parasites/μl (p/μl) (11). From the resulting standard curve (R2 = 0.86), 

parasite densities were quantified using slope (m = -3.34) and y-axis intercept (y-int = 36.43) 

(Supplementary Figure S1). Infections were considered low density if parasite density was 

under 100 p/μl and considered below the limit of detection for RDTs.   

Data Analysis 

 The generated qPCR data were linked to the MIS dataset using each volunteer’s 

unique ID code. Socioeconomic status (SES) for each individual was generated based on 

household assets and utilities, scoring each household using principal components analysis 

(PCA). Assets include ownership of radio, television, VCR/DVD, computer, telephone, 

clock, watch, sofa, table, armoire, cabinet, fans, air conditioning, refrigerators, stove, washing 

machine, and car, as well as utilities such as public/private water source, protected/open 

water source, electricity source, toilet type and sanitation mechanism. Statistical analysis and 

data visualization was conducted in R (v4.3.2) using the following packages: readxl, ggplot2, 

dplyr, reshape, pscl and car. T-test p-values were calculated when comparing the statistical 

significance between two groups by the difference in mean of Cq values. Binomial 

generalized linear univariate and multi-variate models were explored to produce odds ratios 

and 95% confidence intervals (CI). Multi-variate models were built from the univariate 

model, where each subgroup was included if the overall fitness of the model remained or 

improved. Model fitness was measured using McFadden’s pseudo-R2 values (29). The 

variance inflation factor (VIF) was calculated between each subpopulation to determine 

multi-co-linearity, where a subpopulation was excluded from the regression model if it was 

highly correlated to another subpopulation (30). Wald test p-values were used to measure 

statistical significance between a subpopulation’s reference and comparison group within 

each regression model.   



Results 

 

Data descriptives 

 From the 2023 MIS, 1,500 DBS filter papers of enrolled volunteers were selected: 

1,400 samples from RDT positive (+) individuals and 100 samples from RDT negative (-) 

individuals sharing a household with an RDT (+) member. PlasmoPod results were generated 

for all samples, of which 21 (1.4%) were excluded for high variance between Cq results of 

duplicate wells (> 2 Standard Deviations). A total of 1,479 samples were included, of which 

recorded RDT diagnosis include 994 (67.2%) HRP2-only positive, 31 (2.1%) pLDH-only 

positive, 356 (24.1%) HRP2/pLDH positive, and 98 (6.6%) HRP2/pLDH negative, 

respectively (Table 1). All Bioko districts were represented in the sample set (Malabo = 1034 

(69.9%); Baney = 184 (12.4%); Luba = 103 (6.9%); Riaba = 158 (10.7%)), where 51.2% 

(n=757) were collected in rural communities. Slightly more males were represented (male = 

51.5%; female = 48.5%), and the median age of all participants was 16 years (Range: 7 

months – 80 years). A number of respondents reported having fever in the previous 14 days 

(n=223; 15.1%), of which 97.3% (217/223) had a positive RDT result. Travel history was 

reported within the previous 8 weeks, of which 90 volunteers (6.1%) reported travel activity, 

with the majority traveling to the continental region of Equatorial Guinea (83/90; 92.2%). 

Among malaria prevention behaviors, 31.0% (n=459) reported sleeping under a bednet the 

night before, and 64.8% receiving indoor residual spraying (IRS) within the previous 12 

months (n=959). Median parasite density across all samples was approximately 3,862 p/μl 

(Cq = 24.4) with a range of 0.45 – 959,480 p/μl (Cq 16.2 – 37.8).   



Table 1. Distribution and positivity rate of epidemiological subgroups by 18S RT-qPCR (qPCR). Median parasite density 

(parasite per microliter) is reported.  

 

Proportion of positivity rate per subgroup  

Stratifying by RDT results, 26.5% of RDT (-) were positive by qPCR (i.e. RDT false 

negatives), and 74.7% of RDT (+) results were positive for qPCR, suggesting 25.3% were 

false RDT positives. RDT (-) had lower parasite density (median parasite density = 121 p/μl) 

than all RDT (+) groups (HRP2 median parasite density = 1,176 p/μl; pLDH RDT median 

parasite density = 7,970 p/μl; and HRP2/pLDH RDT median parasite density = 28,516 p/μl) 

(Table 1). Among age groups, older adults (45+ years old) had the highest proportion of 

Subpopulation Subgroup N (%) RT-qPCR (+) % Median p/μl

Negative 98 (6.6) 26.5 121

HRP2 994 (67.2) 71.5 1,176

pLDH 31 (2.1) 71.0 7,970

HRP2/pLDH 356 (24.1) 83.4 28,516

<5 128 (8.7) 66.4 15,333

5-14 513 (35.9) 69.1 6,045

15-45 715 (48.3) 73.1 2,467

45+ 105 (7.1) 78.1 1,202

Malabo 1034 (69.9) 72.1 4,589

Baney 184 (12.4) 70.7 2,933

Luba 103 (7.0) 70.9 1,196

Riaba 158 (10.7) 69.0 2,467

Female 718 (48.5) 67.7 3,308

Male 761 (51.5) 75.0 4,433

Low 654 (44.2) 75.4 4,283

Middle 313 (21.2) 70.9 5,089

High 512 (34.6) 66.8 2,346

Rural 757 (51.2) 74.9 5,088

Urban 722 (48.8) 67.9 3,034

No 1214 (82.1) 71.6 3,731

Yes 258 (17.4) 70.9 4,588

No 1246 (84.2) 71.3 3,797

Yes 223 (15.1) 72.6 4,436

No 943 (63.8) 72.6 3,998

Yes 459 (31.0) 67.5 3,862

No 1329 (93.9) 71.6 3,862

Yes 90 (6.1) 72.2 3,034

No 520 (35.2) 71.9 4,138

Yes 959 (64.8) 71.2 3,731

low (<1 person/room) 701 (47.4) 70.2 5,359

high (>1 person/room 778 (52.6) 72.6 2,736
HH density

Community

District

Age group

Sex

Sick (14 days)

RDT

Fever (14 days)

Slept under net

Travel (8 weeks)

IRS

SES



qPCR (+) (78.1%) while <5 year-olds had the highest parasite density infections (median 

parasite density = 15,333 p/μl). By SES, the lowest quintile had the highest proportion of 

qPCR positives (75.4%), and the highest SES quintile had the lowest proportion of qPCR 

positives (66.8%). 

Parasite density stratified by RDT negative versus RDT positive 

Parasite quantification of positive qPCR results stratified by RDT results (negative 

versus positive) illustrate false negative RDTs typically were lower parasite density 

infections compared to RDT positives (121 p/μl versus 4137 p/μl; p = 0.05) (Figure 1). 

Interesting, this observation was not observed when further stratifying epidemiological 

subpopulations by RDT results (Supplementary Table S2).  

 

 

Figure 1. Histogram of log-scaled parasite density by qPCR (p/μl) stratified by RDT results (negative and positive). Orange represents 

parasite density of false negative RDTs and purple represented parasite density of RDT positives. Y-axis values are scaled to show the 

proportion count per group. P-values were calculated using t-test method.  



Subpopulation groups associated with malaria infection by qPCR 

To measure malaria prevalence by qPCR among subpopulations, a multivariate 

logistic regression model was constructed (Figure 2). To minimize selection bias, all RDT 

negative results were excluded from the model. The categorical variable for age groups was 

condensed to optimize the sample sizes of subgroups (N<14 = 616; N15+ = 765). The 

subpopulation of reported sickness was excluded from the model due to high multi-co-

linearity with reported fever (VIF > 10). Subgroups with a statistically significant association 

with malaria infection by qPCR compared to their respective reference groups include: 

individuals over 15 years of age, individuals from Baney, males, high SES, urban 

communities, and bednet users (Supplementary Table S3). Older individuals (over 15) had 

higher odds of being qPCR positive compared to younger individuals (OR = 1.31; 95% CI 

1.01 – 1.71; p = 0.04). Further, those from Baney had the 53% increased odds of being qPCR 

positive compared to individuals from Malabo (OR = 1.53; 95% CI: 1.02 – 2.36; p = 0.05). 

Interestingly, males appeared to have 43% higher odds of being qPCR positive than females 

(OR = 1.43; 95% CI: 1.11 – 1.85; p = 0.006). Individuals in urban communities were less 

likely to be qPCR positive compared to rural communities (OR = 0.55; 95% CI: 0.41 – 0.75; 

p < 0.001). As expected, individuals who slept under a bednet the previous night (i.e. bednet 

users) had lower odds of being qPCR positive compared to non-bednet users (OR = 0.65; 

95% CI: 0.50 – 0.85; p = 0.001).  



 

Figure 2. Association of subpopulations to qPCR (+) reported as adjusted odds ratios (OR) estimated from a multivariate 

logistic regression model among MIS subpopulations on Bioko Island, Equatorial Guinea. OR values are reported on a log 

scale. Dotted line represents the reference value (OR = 1). Black dots represent reference subgroups and are sized 

according to sample size. Lines on points represent 95% confidence intervals, and * symbols represent t-test p-values (* < 

0.05; ** < 0.01; *** < 0.001). Statistically significant associations are marked in blue.   

 

Subpopulation groups association to low density infections 

To measure the association of population subgroups and low density infections (< 100 

p/μl), a multivariate logistic regression model was generated with only qPCR (+) samples (n = 

1,057) (Figure 3). As observed previously, the subpopulation of reported sickness was 

excluded from the model due to high multi-co-linearity with reported fever (VIF > 10). 

Variables with a significant association to low density infections include: false negative RDT 

results, urban communities, reported fever, and high-density households (Supplementary 

Table S4). As expected, individuals with a false negative RDT had over 4 times the odds of 

having a low density infections compared to RDT positive individuals (OR = 4.63; 95% CI: 

1.92 – 11.04; p <0.001). Individuals from urban communities had 1.84 times the odds of 

having a low density infection compared to rural communities (95% CI: 1.22 – 2.80; p = 



0.004). Individuals with a reported fever in the previous 14 days had higher odds of having a 

low density infection compared to individuals with no reported fever (OR = 1.68; 95% CI: 

1.08 – 2.56; p = 0.02). Higher density households (>1 person/room) had 64% higher odds of 

having a low density infections compared to lower density households (OR = 1.64; 95% CI: 

1.14 – 2.38; p = 0.008).  

 

Figure 3. Association of subpopulations to low density infections (less than 500 p/μl) reported as adjusted odds ratios (OR) 

estimated from a multivariate logistic regression model among MIS subpopulations on Bioko Island, Equatorial Guinea. OR 

values are reported on a log scale. Dotted line represents the reference value (OR = 1). Black dots represent reference 

subgroups and are sized according to sample size. Lines on points represent 95% confidence intervals, and * symbols 

represent t-test p-values (* < 0.05; ** < 0.01; *** < 0.001). Statistically significant associations are marked in blue.   

 

Discussion 

 The BIMEP aims to eliminate malaria from Bioko Island in the near future, and the 

continuous surveillance of circulating parasites is essential for prevention of parasite 

resurgence from low density reservoirs or strains circumventing RDT diagnosis by lacking 



functional expression of hrp2 or hrp3 (4, 10). When selective pressure is highest (i.e. low 

transmission settings), these parasites may have an increased evolutionary advantage due to 

the increased difficulty to detect infections in the general population, leading to their 

continued contribution to transmission (31, 32). In the event of any interruption in malaria 

control efforts before complete elimination, these reservoirs can act as a source to undo 

progress, and lead to a return of pre-control levels in malaria morbidity and mortality (33-35). 

Molecular monitoring techniques, such as qPCR, is typically a specialized, resource rich 

laboratory technique. However PlasmoPod was designed as a more rapid, cost-efficient and 

more accessible qPCR tool for malaria monitoring in the field (19). This study is the first 

report of PlasmoPod use on a large scale screening of DBS samples for Plasmodium spp. 

from the 2023 MIS on Bioko Island, Equatorial Guinea. The majority of samples were 

selected from individuals with a positive RDT result to optimize the rate of successful 

extractions from DBS as it was the first time being performed at the Baney Reference 

laboratory. RDT (-) samples were selected from households with an RDT (+) member, so the 

actual rate of false negatives is likely lower. This selection criteria for RDT (-) individuals 

was done to improve identification of low density infections that cluster at higher rates in 

such households (36). Although these false negatives were not tested for hrp2 or hrp3 

deletions, RDT (-) results from Equatorial Guinea have been linked to strains with HRP2 and 

HRP3 deletions (8, 37, 38). However, most infections are polyclonal on Bioko so their 

expansion is likely hampered by a co-infection with a non-deletion carrying strain (8, 39). 

These strains may become a larger issue for BIMEP should Bioko reach low-transmission 

levels.  

The lower proportion of qPCR positives among RDT results highlights the occurrence 

of RDT false positives, which may overestimate malaria prevalence, and is likely linked to 

lingering parasite proteins post-clearance of P. falciparum (8, 9, 40, 41). This is also reflected 

in the regression models as individuals reporting a fever in the previous 2 weeks had much 

higher odds of having a low density infection, but this associative relationship was not 

observed with qPCR positivity (independent of parasite density). It can be assumed some of 

these individuals are recovering from a recent Plasmodium infection and recently took anti-

malaria treatment (40, 41). Also, considering malaria exposure remains high on Bioko, some 

false positive RDT results may occur among individuals who have spontaneously cleared 

parasites through naturally acquired immunity (42). Recent anti-malarial treatment is a 

question included in the MIS, but was not included in the analysis here since the question was 



not collected for all age groups and the data had high missingness. In low-transmission areas, 

differentiating between false positive RDT due to recent anti-malarial treatment or 

spontaneous clearance may offer greater detail on transmitting parasites as it may be a 

reflection of parasite virulence. Overall, using only RDT diagnostic methods to measure 

prevalence during an MIS may overestimate malaria burden, while also underestimating low 

density infections contributing to transmission (43, 44). Application of a more affordable, 

rapid, robust and user-friendly qPCR device, like PlasmoPod, into malaria surveillance 

activities can offer a finer-scaled perspective of malaria burden.  

 Several subpopulations were associated with infection by qPCR, identifying those 

groups with higher probability of malaria burden at the molecular level. Older individuals 

(15+) had strong association to infection by qPCR compared to younger individuals. This is 

likely due to the successful control measures implemented by the BIMEP, as shifts in age-

specific malaria burden can occur by delaying naturally acquired immunity as prevention, 

surveillance and treatment protect younger at-risk populations (45, 46). Older individuals 

were not more associated to low density infections as their acquired immunity over decades 

of exposure may allow for increased tolerability to higher density infections (47, 48). Higher 

density infections are more likely to result in gametocytemia (49), and this group may be an 

important reservoir of asymptomatic carriers maintaining transmission. Further, older 

children (6-15 years) often have low density infections (45) which in this study’s regression 

models was combined with under 5s to optimize the integrity of the model, but may have 

subsequently diluted the associative measurement between low density infections and age. Of 

interest, males having a higher likelihood of infection may reflect an increased occupational 

exposure to malaria-transmitting mosquitos as well as cultural characteristics (50-52), where 

on Bioko, males more frequently work outside in the jungle and outdoor biting rates of 

malaria-transmitting Anopheles mosquitos have increased (22). This is supported by the 

significant negative association between urban communities to malaria infection compared to 

rural communities, as historically there is a higher observed prevalence of malaria in rural 

areas on Bioko (25).  Although individuals in urban communities had lower odds of malaria 

infection than those in rural settings, they did have a higher probability of having lower 

density infections. This is somewhat contrary to expectations considering urban environments 

on Bioko are subject to increased human density and migration to and from the mainland of 

Equatorial Guinea facilitating malaria transmission (24, 53). The low density infections in 

urban communities may be a reflection of more accessibility to health clinics and antimalarial 



treatment, provided free of charge in Equatorial Guinea (54), subduing prevalence in urban 

environments despite its potentially higher transmission intensity. In general, low density 

infections, albeit accounting for a smaller proportion of overall infections on Bioko, likely 

contribute to transmission (55), and strategies to target these urban subpopulations may need 

to be expanded once BIMEP achieves low-transmission levels of malaria (56, 57). In addition 

to adjusting control strategies to account for imported cases, a focus on those hidden malaria 

transmission reservoirs will be required to effectively eliminate malaria from Bioko Island.  

Some limitations exist within this analysis. The majority of samples selected for 

qPCR were RDT (+) and therefore over-represent higher parasite density infections. To 

minimize the inherent bias, RDT positives and negatives were assessed separately. Further, 

RDT (-) were selected from households with a RDT(+) member, increasing the probability of 

being false negative (36) and may overestimate the rate of false negative RDTs. This 

selection criteria was used to optimize the probability of identifying positive and low density 

infections. This study’s results complement historical observations of malaria burden on 

Bioko (22, 25, 36, 53), so although there is the presence of selection bias, we believe the 

adjustments to the analysis have minimized its effect. Ultimately, this study aimed to 

illustrate PlasmoPod’s effectiveness as an accessible, robust and cost-efficient technique to 

complement malaria prevalence estimations by RDT in field studies. Here, we focused 

primarily on RDT (+) results and investigated possible reservoirs of low density infections 

among the residential population on Bioko Island. Considering the focus of the study, 

adjusting regression models accordingly, and understanding the inherent biases, the integrity 

of the overall interpretation of data remains.  

 Incorporating molecular monitoring in standard NMP surveillance has been 

recognized and is promoted by the WHO (33, 58). As malaria transmission dynamics change 

in response to effective interventions, NMPs must continuously adapt their prevention/control 

strategies and associated resource allocation. Inherent within the successfully reduction in 

malaria transmission is the subsequent shift in malaria burden (59, 60) and the need to adjust 

surveillance efforts to find unidentified transmission reservoirs, which can be challenging 

relying solely on conventional RDTs. Molecular monitoring offers an accurate alternative to 

RDTs with increased sensitivity, but comes with its challenges (61). PlasmoPod may offer a 

more accessible substitute to traditional laboratory techniques without significant investment 

in staff training, supply chain management and equipment but comparable performance. The 

lower limit of detection by qPCR using PlasmoPod was 0.2 p/μl (19), which is much more 



sensitive than HRP2 based RDTs (62). PlasmoPod is open source, and the qPCR assays run 

on the platform can be adapted to broader research questions like inclusion of drug resistance 

marker monitoring and contact tracing by targeting predefined SNPs (20). Per 20-well 

cartridge, the laboratory team ran 8 samples performed in duplicate with accompanying 

positive and negative controls, also in duplicate. The application of PlasmoPod does not 

outperform the compatibility or speed of RDTs, but it offers a more sensitive and 

complementary molecular technique for field studies. Its operation forgoes the need for 

purchasing the reagents and materials needed for more conventional laboratory protocols. 

Our data strongly suggest that it is feasible to embed PlasmoPod for regular malaria 

surveillance in moderate to low transmission settings. The qPCR assay can be run in medium 

throughput, takes only 30 minutes for obtaining results and in combination with automatized 

data analyses and uploading to cloud based storage may be very helpful for NMPs to arrive at 

highly accurate results close to real time for decision making.   

 

Conclusion  

 To eliminate malaria, NMPs must be able to detect and target malaria transmission 

reservoirs that evade RDT detection, the most commonly used diagnostic method in Sub-

Saharan African countries. PlasmoPod is a novel qPCR device that warrants further 

investigation using field samples. Within the context of the 2023 MIS conducted by the 

BIMEP, 18S RT-qPCR highlighted malaria burden on Bioko at the molecular level. By the 

observed odds ratios, individuals in urban communities or recent reported fever were more 

positively associated to asymptomatic malaria infection, suggesting that they serve as 

transmission reservoir. Individuals in urban communities may be under increased exposure, 

but have improved access to health clinics. For those individuals who reported recent fever 

events, this may reflect recent anti-malaria treatment or spontaneous clearance, which went 

undetected by RDT. This may be an interesting avenue for further investigation to 

differentiate between genomic characteristics of strains needing to be cleared by treatment 

versus those cleared via natural immunity. Ultimately, to address recent plateauing trends, 

BIMEP may need to rely more heavily on molecular monitoring in its surveillance strategy, 

identifying more elusive transmission reservoirs, trace parasite importation and the sources 

and sinks to continue their progress towards malaria elimination.  
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Plasmodium falciparum merozoite surface protein 1 as asexual blood stage malaria 
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Medicina Tropical, Universidade NOVA de Lisboa (GHTM IHMT, UNL), Lisbon, Portugal; fUniversity of Basel Basel, Switzerland; gSwiss Tropical and 
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ABSTRACT

Introduction: Malaria represents a public health challenge in tropical and subtropical regions, and 
currently deployed control strategies are likely insufficient to drive elimination of malaria. Development 
and improvement of malaria vaccines might be key to reduce disease burden. Vaccines targeting 
asexual blood stages of the parasite have shown limited efficacy when studied in human trials 
conducted over the past decades.
Areas covered: Vaccine candidates based on the merozoite surface protein 1 (MSP1) were initially 
envisioned as one of the most promising approaches to provide immune protection against asexual 
blood-stage malaria. Successful immunization studies in monkey involved the use of the full-length 
MSP1 (MSP1FL) as vaccine construct. Vaccines using MSP1FL for immunization have the potential benefit 
of including numerous conserved B-cell and T-cell epitopes. This could result in improved parasite 
strain-transcending, protective immunity in the field. We review outcomes of clinical trials that utilized a 
variety of MSP1 constructs and formulations, including MSP1FL, either alone or in combination with 
other antigens, in both animal models and humans.
Expert opinion: Novel approaches to analyze breadth and magnitude of effector functions of MSP1- 
targeting antibodies in volunteers undergoing experimental vaccination and controlled human malaria 
infection will help to define correlates of protective immunity.
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1. Introduction

The malaria disease burden batters particularly impoverished 

tropical and subtropical regions of the world [1]. The latest 

estimated number of 247 million annual malaria cases, which 

resulted in 619,000 deaths globally [2], suggests that the con-

trol strategies implemented in the last decades [3], which led 

to reduction in morbidity and mortality [4], are insufficient for 

malaria elimination. This holds true especially when facing 

unexpected challenges, such as the recent SARS-CoV-2 pan-

demic [5] or outbreaks of armed conflict haunting areas ende-

mic to malaria [6].

Vaccines are considered a potentially impactful, addi-

tional tool toward reducing and controlling the malaria 

disease burden [7], yet the history of malaria vaccine 

development has been long and tedious. In 1967, Ruth 

Nussenzweig published an important breakthrough toward 

a first concept of a pre-erythrocytic vaccine aimed at pro-

tecting from malaria infection. She immunized mice with 

the rodent malaria parasite Plasmodium berghei by expos-

ing them to sporozoites that had been attenuated by X-ray 

irradiation [8]. This approach conferred significant sterile 

protection in mice against the parasite when later chal-

lenged with fully infectious P. berghei sporozoites delivered 

by mosquito bites. Since then, progress toward developing 

an effective malaria vaccine, and especially against pre- 

erythrocytic stages (commonly known as sporozoite and/ 

or liver-stage vaccines), has faced many challenges [9]. This 

is based on a number of factors including the complex 

biology of Plasmodium species and their well-adapted 

interactions with the mosquito vector and the human 

host [10,11]. Despite these obstacles, arduous efforts 

resulted in the development of the first generation pre- 

erythrocytic malaria vaccine against P. falciparum called 

RTS,S/AS01 [9]. RTS,S/AS01 is the first licensed malaria 

vaccine (MosquirixTM) and is currently in the implementa-

tion phase in three African countries [12]. The WHO-speci-

fied malaria vaccine efficacy goal of 75% against malaria 

disease in African children [13] has recently been reported 

in a phase II clinical trial evaluating the subunit malaria 

vaccine candidate R21 [14,15]. Moreover, sterile protection 

against P. falciparum malaria infection has also been 
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accomplished by attenuated, purified sporozoite vaccine 

approaches (PfSPZ Vaccine) [16,17].

In contrast to pre-erythrocytic stage vaccines, blood-stage 

malaria vaccines are aimed at reducing or blocking asexual 

reproduction of the malaria parasite in red blood cells (RBCs). 

Several clinical trials based on blood-stage parasite antigens of 

P. falciparum have been conducted but, unfortunately, as to 

date, no vaccine has shown strong protective efficacy in phase 

II field trials [18,19]. Thus, current efforts are focused on refin-

ing liver-stage vaccines [20], while less attention is given to 

the development of new blood-stage candidates or to the 

refinement of previously tested antigens [21]. Pre-erythrocytic 

vaccines targeting the sporozoites and/or liver stage offer the 

advantage that they act from the moment the limited num-

bers of parasites transmitted by an infected Anopheline mos-

quito bite enter the host until they exit the liver as merozoites 

and reach the blood stage. However, if these vaccines are not 

extremely efficient, they will not prevent potential progression 

of liver-stage merozoites to asexual blood-stage parasites 

resulting in malaria disease and potentially death. Life-threa-

tening effects associated with P. falciparum malaria, such as 

severe anemia and cerebral malaria, are caused by asexual 

blood stages [22].

We provide insight into the potential of the merozoite 

surface protein 1 (MSP1) to become a component of a multi-

stage, multicomponent next-generation malaria vaccine. 

Development of a multistage malaria vaccine representing a 

combination of pre-erythrocytic subunit vaccines such as 

RTS’S/AS01 or R21 and asexual blood-stage proteins like 

MSP1 might have the potential to further enhance vaccine- 

induced protection against clinical disease in the field. The 

biology, genetic diversity, and preclinical studies of MSP1 in 

animal models are presented. Clinical trials in humans that 

have employed full length or parts of MSP1 alone or in com-

bination with other malaria antigens and formulations are also 

reviewed.

2. Biology of the MSP1

In 1981, a novel P. falciparum schizont-derived protein with 

relative molecular mass of around 195 kDa was reported by 

Anthony Holder [23]. Later, the gene structure and specific 

fragments resulting from the processing of the encoded pro-

tein, what was then called P195 protein, were described [24]. 

This P195 protein is the most abundant protein on the mer-

ozoite surface and is today known as MSP1. MSP1 is synthe-

sized from the onset of schizogony as a 195 kDa precursor that 

undergoes a series of proteolytic cleavages [25,26]. The first 

proteolytic processing step is performed by the P. falciparum 

subtilisin-like protease PfSUB1 at the time of merozoite egress 

from the host cell to yield four fragments, namely the p83, 

p30, p38, and p42 polypeptides [27]. The multipartite MSP1 

complex found on the surface of the free merozoite is shed at 

the time of RBC invasion in a secondary processing step 

performed by the subtilisin-like protease PfSUB2 [28]. This 

step mediates the proteolytic cleavage of p42 into two further 

fragments, p33 and p19 (Figure 1). The cleavage releases the 

complex containing p33 as soluble fragment, while the 

C-terminal, GPI-anchored p19 fragment remains on the para-

site surface as the parasite enters the RBC [29,30]. The p19 

fragment, comprised of two epidermal growth factor-like 

domains, is then transferred to the developing food vacuole 

[31]. MSP1 is thought to play a key role upon the first attach-

ment of the free merozoites to RBCs, although other compo-

nents of the macromolecular complex anchored to MSP1 such 

as MSP6 [32], MSP7 [33,34], MSPDBL1, and MSPDBL2 [35] are 

also functionally involved.

The gene msp1 (PF3D7_0930300) is located on chromo-

some 9 of the P. falciparum 3D7 reference genome, between 

the genomic positions 1,201,305–1,207,576. It is a single-copy 

gene with no introns within its coding region (coordinates 

1,201,812–1,206,974) and is divided into 17 blocks with vary-

ing levels of genetic diversity, where 7 blocks are highly poly-

morphic, 5 blocks are semi-conserved, and 5 blocks are highly 

conserved [37–40]. Evident from its name, msp1 expression is 

highest during the asexual blood stage of the parasite 

(Figure 2a). msp1 block 2 undergoes frequent reorganization 

from slipped strand mispairing [41,42] and possibly intragenic 

recombination [38,40,43]. Differences in fragment size and the 

presence of unique peptide repeats [44] delineate three major 

block 2 families: RO33, K1, and MAD20. Among these families, 

K1 and MAD20 alleles are the most diverse since they have 

varying numbers of unique tri-peptide repeats. RO33 alleles 

lack these tri-peptide repeats and are monomorphic. K1 and 

MAD20 alleles are observed at greater frequency globally than 
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RO33 [45–49]. Due to its variable genomic sequence [50], 

genotyping of P. falciparum infections by molecular character-

ization of msp1 can differentiate between re-infection and 

recrudescent infections [51,52] and illuminate genetic diversity 

and sub-structure in parasite populations [45–47,49,53]. 

However, also due to regions of high variability in sequence 

and the presence of insertions/deletions (indels), comprehen-

sive locus genotyping by read mapping of whole-genome 

sequencing data against a reference genome becomes 

challenging.

To overcome the challenge of genotyping by read map-

ping, 37 publicly available or reported P. falciparum whole- 

genome assemblies built from long read sequencing data 

[54,55] for strains collected from different continents (South 

East Asia (SEA) = 13; America = 3; Africa = 21) were used to 

obtain the msp1 coding region (CDS) and conduct a pre-

liminary analysis of CDS sequence diversity. The average 

CDS length across all strains was 5092 bp (range: 

4884–5166 bp) and nucleotide diversity across the entire. 

Further, 488 publically available, full-length, msp1 sequences 

from P. falciparum were downloaded from National Center 

for Biotechnology Information (NCBI) [39,56–59]. Among all 

sequences analyzed (n = 525), the average CDS length was 

5095 bp (range: 4884–5220 bp), and nucleotide diversity 

across the entire CDS was relatively low (πnucleotide per 100 

sites = 1.7%; 95% CI 1.5–1.9) despite only 80% of the 

nucleotide positions being conserved (nconserved_sites = 4168). 

The proportion of each msp1 block 2 family was consistent 

with global results obtained from Polymerase Chain 

Reaction (PCR)-generated allele fragments [45–49], where 

most strains were classified as K1 (n = 161) or MAD20 

(n = 220) (Figure 2b and Supp. Table S1). Across block 2 

family types, K1 and MAD20 were observed to have longer 

sequences on average (K1: 5121 average bp length, 

range = 4884–5220 bp; MAD20: 5094 average bp length, 

range = 4484–5172 bp), and RO33 had the shortest average 

sequence length (RO33: 5068 average bp length, 

range = 5043–5085 bp). A principal component analysis of 

the msp1 sequences shows them clustered according to 

sequence length and block 2 family designation, illustrating 

that sequence variance in the dataset is driven in large part 

by block 2 (Figure 2c and Supp. Fig 1 and 2). PC1 (not 

shown) accounted for 40% of variance in the sample set, 

driven by a small subset (n = 10) of the shortest K1 and 

MAD20 sequences. Variation among all sequences is clearer 

in PC2 and PC3, where those shorter sequences are still 

observed as separate from their respective, more frequent, 

block 2 family clusters. The MAD20 sequences separated 

from their larger cluster have a larger number of SNPs in 

downstream msp1 blocks (Supp. Fig XX). Previous analyses 

of msp1 sequence diversity have shown sequence length 

polymorphism in block 2 as key to msp1 variation among 

P. falciparum strains, consistent with our results [42,60,61]. 

Interestingly, most African strains encode K1 variants, while 

Figure 1. Consecutive enzymatic processing steps of MSP1 protein. MSP1 is produced at the end of schizogony as a precursor protein of around 196 kDa. Once the 
merozoite reaches maturity, PfSUB1 cleaves MSP1 at specific cleavage sites (shown here in gray squares), leading to formation of four fragments named p83 (MSP1- 
83), p30 (MSP1-30), p38 (MSP1-38), and p42 (MSP1-42). A second cleavage event of the p42 fragment by PfSUB2 leads to the formation of fragments p33 (MSP1-33) 
and p19 (MSP1-19). MSP1 is divided in 17 domains [37] based on sequence polymorphisms, whereby 7 domains are highly polymorphic, 5 are semi-conserved, and 5 
are highly conserved which are color-marked in red, orange, and pink, respectively. MSP1 has been historically characterized by two prototypic sequences: the 
MSP1-D from the P. falciparum MAD20 strain and the MSP1-F from the WELLCOME strain. These two forms are found in African parasite populations, with distinct 
distributions observed between East and West Africa [36,148].
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Southeast Asian and Oceania strains encode primarily 

MAD20 variants. This geographical differentiation is tenta-

tive due to the temporal and study differences among 

analyzed strains.

3. Naturally acquired humoral immune responses 
against MSP1

Immuno-epidemiological studies have shown that residents 

from malaria-endemic areas, after repeated exposure to P. 

falciparum infections, are able to attain strain-transcending 

immunity, allowing for partial protection against clinical dis-

ease [64]. One of the key mediators of this acquired immunity 

seems to be the presence of antibodies targeting asexual 

blood-stage parasites [65]. Antibodies against MSP1 have 

been often, but not always, correlated with protection against 

clinical malaria [66–71]. Contradicting findings might be par-

tially attributed to the organization of the protein, consisting 

of an alternation between conserved and more polymorphic 

regions (Figure 1). The early focus of research was set on 

understanding antibody responses against different subunits 

of MSP172. MSP1-specific antibody responses in Mali were 

found to be predominantly directed against the dimorphic 

parts of MSP1 [72].

One important aspect to clarify was whether antibodies 

against specific regions, and especially against dimorphic 

regions of MSP1, have a preponderant role in naturally 

acquired protection. Using sera from individuals residing in 

malaria-endemic regions of West Africa, as well as sera from 

German patients with acute malaria, a correlation between 

antibodies targeting specific MSP1 regions and a protective 

immune response against P. falciparum when stratified accord-

ing to age and parasitemia levels was observed [73]. For 

example, serum samples from adults were more reactive 

against the dimorphic F5 region of the K1 strain (Figure 3), 

which is located near the enzymatic processing site between 

p83 and p30, several months after recovering from an infec-

tion when compared to children [73]. Another study in Mali 

led to more ambiguous results in that no correlation between 

MSP1 antibody titers and protection against infection was 

observed in children. Yet, in adolescents, the presence of 

antibodies to dimorphic fragment M6, pertaining to the 

N-terminal p83 subunit of MSP1 (MSP1-83) (from MAD20 iso-

late) correlated with a 50% reduced risk of P. falciparum 

infection and increased ability to control parasitemia [74]. In 

contrast, in adults living in the same region, the humoral 

immune response to some of the MSP1 polymorphic regions 

was associated with an increased risk of infection [74].

In Papua New Guinea, positive correlations of antibody 

titers against the partially dimorphic C-terminal MSP1-42 

(including the conserved MSP1-19) with protection against 

clinical malaria and severe parasitemia in children were 

observed [66]. Interestingly, responses to conserved regions 

such as the C-terminal MSP1-19 subunit only [67] were also 

shown to correlate with protection when analyzing serum 

antibodies from Gambia and Sierra Leone in an enzyme-linked 

immunosorbent assay (ELISA). A systematic review with meta- 

analysis on the relationship between anti-merozoite antibo-

dies and incidence of P. falciparum malaria corroborated that 

one of the largest protective effects came from IgG against the 

Figure 2. Genetic diversity of MSP1 field isolates. (A) UMAP single cell expression profile of the merozoite surface protein gene PF3D7_0930300; https://www.sanger. 
ac.uk/tool/mca/mca/. Each dot represents a cell. The four quadrants represent the transcriptomes of sporozoites (salivary glands, top left quadrant), sporozoites 
(hemolymph, lower left quadrant), and ookinetes (lower right quadrant). The top right quadrant, containing the cells in which MSP1 is most highly expressed, is 
asexual blood-stage parasites. (B) Geographic origin of P. falciparum strains from which MSP1 sequences were obtained and frequency of representative alleles 
based on block 2 classification. Lower rows (in gray) are stratified African samples according to WHO regional delineations. (C) Principal component analysis (PCA) of 
msp1 sequences aligned with MUSCLE in MegaX v10.0.5. PCA values were calculated using multi-sequence alignment with Rv.4.1.3 library adegenet.
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conserved MSP1-19 [75]. These findings supported the 

research shift from focusing mainly on dimorphic regions to 

also considering conserved regions of the protein.

In The Gambia, the reactivity of antibodies from children 

aged 3–7 years against the MSP1 block 2 (harbored within the 

N-terminal MSP1-83 subunit) was tested [76]. MSP1 block 2 is 

the locus with the lowest inter-population variance in allele 

frequencies in different regions in Africa and Southeast Asia, 

indicating immune selection in this part of MSP1 [77]. 

Antibodies to MSP1 block 2 were strongly associated with 

protection from P. falciparum malaria [76]. Similar results 

were found when analyzing children from Ghana, with anti-

bodies to MSP1 block 2 being significantly associated with a 

reduced risk of subsequent clinical malaria [78]. Following data 

corroborated that the MSP1-83 subunit in the N-terminal end 

of the protein is a major target of opsonizing antibodies 

acquired during natural exposure to malaria [79]. In summary, 

several immune-epidemiological studies suggested that anti-

bodies against C-terminal MSP1-42 subunit, but also to the 

N-terminal MSP1-83 subunit of MSP1 (both harboring 

dimorphic and conserved regions), may be relevant to 

mount a protective humoral response. Yet, despite some initial 

interest [80–83], the N-terminal part of the protein has not 

been the focus as a component of an immunization strategy in 

humans, until recently [84]. Recent findings suggest that 

MSP1-specific humoral immunity undergoes a progressive 

maturation process from infants to adults characterized by 

an augmentation in both quantities but also functional 

potency as individuals age. This is particularly pronounced in 

the context of blood-stage antibody-dependent neutrophil 

functionality [85], which underscores specific antibody Fc- 

effector profiles correlating with the ability to control malaria.

A common, shared high-throughput immunomonitoring 

platform using well-defined reagents and read-outs might 

help in future to better understand the association between 

anti-MSP1 antibodies in serum samples tested and clinical 

malaria in different age groups residing in a range of 

malaria-endemic countries. The availability of ever increasing 

data on the parasite genotypes circulating in different regions 

of sub-Saharan Africa will help to improve and adapt these 

immunomonitoring platforms further by using reagents 

reflecting the parasite populations better than prime MSP1- 

specific immunity to be measured.

4. Experimental vaccine studies in non-human 
primates

Initial experiments using animal models in 1984 consisted in 

the immunization of Saimiri sciureus monkeys with the para-

site-purified full-length MSP1 (MSP1FL) protein followed by a 

subsequent intravenous challenge with infected red blood 

cells (iRBCs) [86]. All immunized monkeys self-resolved the 

infection following a peak parasitemia of ~4%. However, 

results were not fully conclusive as two out of four monkeys 

from the control group spontaneously cleared the infection as 

well (although their peak parasitemia was much higher at 

~11%) [86]. Shortly after, a side-by-side comparison on the 

protective effect of an immunization with MSP1FL versus 

rhoptry proteins was performed [87]. Immunization with 

MSP1FL completely protected Aotus lemurinus griseimembra 

monkeys against P. falciparum malaria. Monkeys were immu-

nized either with MSP1FL and subunits or with rhoptry pro-

teins (n = 3) from the Uganda Palo Alto Knob + strain (FUP) 

versus controls and later challenged with a lethal infection of 

homologous P. falciparum FUP strain 3 weeks after last immu-

nization. No patent parasitemia was detected in all monkeys 

immunized with MSP1, but only one out of three monkeys 

immunized with rhoptry proteins was partially protected [87].

Supported by immune-epidemiological data pointing at 

conserved regions as potentially protection-mediating por-

tions of MSP1, a recombinant vaccine construct was created 

[88]. It contained two conserved regions of MSP1 involving the 

N-terminal amino acids 146–312 from MSP1-83, together with 

amino acids 1059–1196 from the MSP1-38 subunit, covering 

~20% of the total length of MSP1. The vaccine was used to 

immunize Aotus trivirgatus griseimembra monkeys resulting in 

two out of five monkeys being protected against iRBC chal-

lenge using the highly virulent P. falciparum Vietnam Oak- 

Knoll (FVO) strain. Control animals immunized with recombi-

nant P. falciparum aldolase were not protected. Yet, intrigu-

ingly, B-cell and T-cell responses were reported to be 

comparable in protected versus non-protected animals [88].

To further proof the capacity of conserved regions of MSP1 

to induce protective immunity in the monkey model, Etlinger 

et al. [89] used the Saimiri non-human primate model. 

Monkeys were immunized either with native MSP1FL protein 

or with the so-called ‘recombinant protein 1’ of MSP1 (repre-

senting the N-terminal amino acids 147–321 from the MSP1- 

83 subunit) belonging to the K1 strain. The subsequent intra-

venous challenge was performed with iRBC from the Palo Alto 

strain expressing the MAD20 sequence (heterologous chal-

lenge). Whilst all control monkeys required drug treatment, 

half of the monkeys immunized with ‘recombinant protein 1’ 

were protected. Of interest, two out of three Saimiri animals 

immunized with native MSP1FL cleared the heterologous infec-

tion [89]. The third monkey was removed from the study 

8 days after challenge and, although speculative, could likely 

be protected as well. All control monkeys required malaria 

drug therapy 12 days after challenge. These data suggested 

that the conserved regions from the N-terminal end of MSP1 

may be important for heterologous protection in the Saimiri 

monkey model and that the best results in terms of protection 

were obtained by using MSPFL protein for immunization.

The development of the synthetic peptide-based vaccine 

named SPf66 by Manuel Patarroyo involved immunizing wild- 

caught Aotus trivirgatus monkeys with merozoite-derived pro-

teins, followed by challenging the monkeys with the asexual 

blood stages of the P. falciparum FVO strain [90,91]. The 

proteins that provided some levels of protection were partially 

sequenced, and synthetic peptides were created from these 

sequences to immunize additional monkeys [92]. The most 

promising peptides were merged, and the most potent com-

bination was synthesized as a single hybrid polypeptide which 

was reported to incorporate amino acids from 35 kDa, 55 kDa, 

and 83 kDa proteins linked by an amino acid sequence repro-

ducing one repeat region of the Circumsporozoite Protein 

(CSP). The amino acid sequence of the 83 kDa peptide 
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included in the SPf66 vaccine was demonstrated to be derived 

from the N-terminal end of MSP1 (MSP1-83). Among the 

group of six monkeys immunized with the three peptides 

comprising SPf66, three monkeys did not exhibit complete 

protection and experienced mild parasitemia reaching a max-

imum of 5%. Parasitemia peaked 10–15 days later compared 

to the control group, but the monkeys eventually underwent 

spontaneous recovery. Conversely, the remaining three mon-

keys in the same group demonstrated no signs of disease, and 

no parasites were detected in their blood smear samples up to 

180 days of follow-up [90]. Later, SPf66 from two different 

sources of production (Colombia versus USA) was tested in 

Aotus nancymai, and results underlined that the 83 kDa pep-

tide was one of the less immunogenic of the components of 

the vaccine [93]. Two separate research teams were later 

unable to replicate these findings [93,94], but the vaccine 

proceeded further with human efficacy trials in Latin 

America, sub-Saharan Africa, and Asia [95–105].

Following experiments in monkeys focused on protein sub-

units, especially on the C-terminal fragment of MSP1. This was 

based on immune-epidemiological studies pointing at MSP1- 

42 and MSP1-19 as immunodominant subunits associated 

with reduced clinical malaria incidence. Directing the induced 

immune responses to a specified, immunodominant region 

would enhance protective responses and might avoid immune 

evasion mechanisms of the parasite. Moreover, the expression 

of full-length Plasmodium proteins poses technical challenges 

due to their intricate structural conformations and substantial 

size. Thus, by shifting from MSP1FL to subunits of MSP1, the 

large-scale antigen production under good manufacturing 

practice became feasible. Immunization of Aotus nancymai 

and Aotus vociferans monkeys with either recombinant 

MSP1-42 or MSP1-19 led to distinct protection outcomes 

[106]. Monkeys immunized with the partially dimorphic 

MSP1-42 using Freund’s adjuvant and later challenged with 

lethal FVO strain of P. falciparum required treatment similarly 

to the control monkeys. In contrast, monkeys immunized with 

the conserved MSP1-19 subunit self-resolved an otherwise 

lethal infection [106]. Unexpectedly, sera from the protected 

animals had no effect on in vitro invasion of P. falciparum into 

RBCs, questioning the dogma considering invasion-blocking 

antibodies as the main contributors to protection [106]. Yet, 

opposite results, this time in favor of the role of invasion 

blocking mechanism in protection, were reported a decade 

later when Aotus nancymai monkeys immunized with recom-

binant MSP1-42 were protected against the P. falciparum FVO 

strain. Protection strongly correlated with the anti-MSP1-42 

antibody titer and with in vitro growth inhibition activity 

(GIA) [107,108]. These findings definitively promoted the com-

bination of ELISA and GIA as key immune-monitoring assays to 

predict protective immunity induced by blood-stage vaccines 

in human clinical trials. More recently, a chimeric recombinant 

PfMSP1/8 vaccine fusing MSP1-19 together with the 

N-terminus of P. falciparum merozoite surface protein 8 

(MSP8), lacking its low-complexity Asn/Asp-rich domain, was 

explored [109,110]. As found in previous mice experimenta-

tion [111,112], the vaccine elicited antibody responses to both, 

MSP8 and the conserved MSP1-19 domains in Aotus nancymai. 

The antibodies generated showed significant cross-reactivity 

between the FVO and 3D7 alleles of MSP1 and exhibited 

strong in vitro parasite growth inhibitory activity [109,110].

Immunization of Rhesus macaques with the polymorphic 

MSP1 block 2 construct (the MSP1 hybrid antigen) elicited 

antibodies against epitopes shared between all three block 

two serotypes, namely K1, MAD20 and RO33 types, but IgG 

was found to be non-inhibitory in the GIA [113]. Subsequent 

immunization of Aotus lemurinus griseimembra with the same 

construct, followed by a challenge with P. falciparum FVO 

strain, resulted in 50% of the immunized monkeys protected. 

Protected animals had four times higher parasite-specific 

serum antibody titers and different antibody epitope specifi-

cities compared to unprotected monkeys [114]. In summary, 

experimental immunization experiments in monkey animal 

models suggested that combining conserved domains of 

both the N- and the C-terminal regions of MSP1, or alterna-

tively using the entire MSP1FL for immunization, promoted 

Table 1. Subunit and viral vectored MSP1 vaccine constructs evaluated in clinical trials.

Vaccine candidate Constructs
Expression 

system Adjuvant Ref.

SPf66 35 kDa, 55 kDa, and 83 kDa (MSP1) of P. falciparum blood stages 
antigens

Synthetic Aluminum hydroxide [62-90-95-97- 
105-107-109- 

112]
Combination-B 195 L-Block 3 of KI strain MSP1, full-length 3D7 MSP2 and 70% 

C-terminal of FCQ-27 RESA
E. coli Montanide ISA720 [80–83]

MSP1-19 3D7 or FVO strain MSP1-19 fused to tetanus toxoid epitopes 
amino acids B-1631 to S-1723 with P30 and P2 epitopes of Th

S. cerevisiae Aluminum hydroxide [118]

MSP42 3D7 or FVO strain MSP1-42 External domain of MSP1-42 E. coli Alhydrogel [124]
FMP1 3D7 strain MSP1-42 designed to include T-cell epitopes E. coli AS02A oil-in-water emulsion, 

MPL, and immunostimulant 
QS21

[119–123]

ChAd63-MVA MSP1 MSP1 insert consisting of blocks 1, 3, 5, 12, Wellcome MSP1-33, 
Wellcome MSP1-19, Mad20 MSP1-33, Mad20 MSP1-19

Cloned into 
ChAd63 and 
MVA

None [126,128]

MSP1-42-C1 MSP1-42 FVO and 3D7 strain mixture (50:50) E. coli Alhydrogel ±CPG7909 (TLR9) [125]
BSAM2 3D7 and FVO strain alleles of MSP1-42 and AMA1 mixtures E. coli and P. 

pastoris
Alhydrogel + CPG 7909 [63]

JAIVAC-1 PfF2 (binding domain of EBA175 of pfCAMP strain) MSP1-19 of 
FVO strain

Not mentioned Montanide ISA [130]

SumayaVac-1 3D7 strain full-length MSP1 E. coli GLA-SE (TLR4) [84,146]
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higher protection levels against asexual blood-stage chal-

lenge. These findings essentially corroborated results obtained 

from immune-epidemiological studies mentioned above.

5. MSP1-based vaccination studies in human 
populations

MSP1 has undergone a series of clinical trials in different 

populations, age groups, dosing, and formulations (Table 1, 

Supp Table 2). An overview of the MSP1 fragments tested in 

these clinical trials is provided in Figure 3.

The SPf66 vaccine, which includes amino acid sequences 

from a conserved region of MSP1-83, was the first malaria 

vaccine to be evaluated in a phase III study. SPf66 was eval-

uated extensively for safety, immunogenicity, and efficacy in 

Colombia [95–97], Ecuador [98], Venezuela [99], Tanzania 

[100–102], The Gambia [103], Thailand [104], and Brazil [105]. 

Despite a reported estimated vaccine efficacy of 31% (with a 

95% confidence interval of 0–52%) [101], overall conclusions 

of these trials suggested that SPf66 vaccine-induced immunity 

did not mediate malaria protection [115]. Of interest for this 

manuscript, knowledge of the detailed immune responses that 

were induced against the MSP1-83 vaccine component in 

SPf66-vaccinated individuals remained unclear. Amador et al. 

[95] reported that sera from vaccines with high antibody titers 

recognized the 83 kDa protein. However, immune responses 

against the different components of this synthetic construct 

have not been described in greater detail [78–88,116,117].

A phase I vaccine trial investigated the safety and immu-

nogenicity of a vaccine candidate called Combination B [80]. 

This vaccine combined an N-terminal block 3 conserved frag-

ment of MSP1 (190LCS.T3), the full-length MSP2 protein, and a 

part of the ring-infected erythrocyte surface antigen (RESA) 

formulated in Montanide ISA720 adjuvant and was tested first 

in Australian malaria-naïve volunteers. The results of the trial 

showed a strong T-cell response triggered by the MSP1 frag-

ment and RESA, but generally, the antibody responses were 

weak. No protection against the P. falciparum 3D7 iRBC chal-

lenge 4 weeks after immunization was observed [82]. The 

same vaccine was later explored in a malaria pre-exposed 

population from Papua New Guinea with similar results [83]. 

The study suggested that MSP1 was not the component 

accounting for the observed 62% reduction in parasitemia 

triggered by Combination B vaccination in the phase I–IIb 

trial [83].

Another phase I trial evaluated an alum-adsorbed vaccine 

containing MSP1-19 subunit from either the P. falciparum 3D7 

or FVO strain fused to tetanus toxoid T-helper epitopes P30 

and P2 in healthy adults [118]. Both vaccines were immuno-

genic with serum antibody responses increasing with the dose 

administered. Yet, modifications to the formulation were sug-

gested to be necessary to improve safety and immunogenicity 

profiles. The work of the MSP1 Malaria Vaccine Working Group 

focussed on the development of a MSP1 vaccine called ‘falci-

parum malaria protein 1’ (FMP1) derived from the MSP1-42 

fragment (3D7 strain) using AS02A as adjuvant [119]. A phase I 

trial demonstrated the vaccine to be safe and immunogenic 

Figure 3. Overview of MSP1-based vaccine constructs evaluated in preclinical and early phase clinical development studies. Arrows point at the MSP1 subunit or 
epitopes within the subunit contained in the vaccine candidate. Highlighted: block 2, dimorphic fragments M6 (amino acids 671–833 from the K1 strain in yellow) 
and F5 (amino acids 384–595 from the MAD20 strain in orange).
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when tested in malaria pre-exposed residents from western 

Kenya. The elicited antibodies showed GIA activity in vitro. 

Cellular immunity was induced as shown by T-cell proliferation 

and Enzyme-Linked Immunosorbent Spot (ELISPOT) responses 

[120]. Thus, this vaccine moved ahead for testing in children 

aged 12–47 months [121] showing comparable outcomes to 

adults and with a statistically significant effect of dosage level 

on immune responses. The FMP1 was further tested under a 

seasonal malaria setting by the Mali FMPI Working Group. 

FMP1 was also found to be highly immunogenic in Malian 

adults (n = 40) exposed to intense seasonal malaria transmis-

sion, with elicited immune responses binding to genetically 

diverse parasite clones [122]. The levels of anti-MSP1-42 anti-

bodies exhibited a seasonal pattern that was significantly 

enhanced and prolonged by the vaccine. Yet, despite being 

one of the MSP1 candidates with a longer history in human 

malaria clinical vaccine testing, the vaccine did not progress 

further [123]. The reason was that in a phase IIb trial in Kenya 

including children that received three immunizations, and fully 

completing the follow-up period, the overall vaccine efficacy 

was 5.1% (95% CI: −26% to +28%), and thus, further develop-

ment was halted [123] .

To further assess safety and immunogenicity of two addi-

tional MSP1-based vaccine candidates encompassing the 

C-terminal MSP1-42 subunit (FVO vs 3D7 strains) and formu-

lated with Alhydrogel, a phase I clinical trial enrolling malaria- 

naïve volunteers from Kansas (USA) was conducted [124]. Both 

vaccines were regarded as safe and well tolerated, but they 

did not generate a significant functional humoral immune 

response in vitro when tested by GIA. To improve the vaccine 

effectiveness, the addition of other immunostimulants to the 

formulation was proposed. Ellis et al. [125] conducted a phase 

I study with a vaccine formulation of Alhydrogel complemen-

ted with the adjuvant CPG 7909. Following the third round of 

immunization, an in vitro GIA was performed. The level of 

inhibition observed was dependent on the antibody titer, 

with slightly higher inhibition (14%, range 3–32%) in the 

CPG 7909 group compared to the non-CPG 7909 group [125].

Other vaccine delivery approaches were developed over 

time to induce stronger cellular immune responses. A prime- 

boost approach was followed using the chimpanzee adeno-

virus 63 (ChAd63) and Modified Vaccinia Ankara (MVA) as 

delivery vectors including all conserved regions of MSP1 plus 

the MSP1-42 subunit from the 3D7 and WELLCOME strain 

[126]. Sixteen malaria-naïve volunteers were immunized, and 

a strong CD4+ and CD8+ T-cell response was induced [126]. 

MSP1-specific antibody responses were induced binding as 

well to native parasites. Antibodies could not inhibit P. falci-

parum growth in vitro, and it was speculated that antibody 

titers were not high enough to mediate growth inhibition, 

although other antibody functionalities were not tested. 

Possibly, with the intention of strengthening the ability to 

block RBC invasion by vaccine-elicited antibodies, a recombi-

nant fusion of the domain III of P. falciparum Apical Membrane 

Antigen 1 (AMA1) together with MSP1-19 was produced, com-

bined with adjuvant Montanide ISA 720 and tested in a phase 

Ia trial [127]. The vaccine called PfCP2.9/Montanide ISA 720 

was evaluated in healthy Chinese malaria-naïve volunteers. 

The high antibody titers measured to the PfCP2.9 immunogen 

did not result in in vitro inhibition of parasite growth, and 

there was limited recognition of cultivated asexual blood- 

stage parasites in an immunofluorescence assay [127]. Later, 

the same antigenic combination MSP1-AMA1, although not 

including the conserved regions (as in [126]), and delivered 

by ChAd63 and MVA in a prime-boost approach, was tested in 

phase Ia trial involving malaria-naïve volunteers [128,129] and 

phase IIa trial involving naturally immune Kenyan adults 

[128,129]. As immunological read out ELISA antibody titers, 

GIA, IgG avidity, and isotypes were measured. The moderate in 

vitro GIA observed was mainly attributed to responses binding 

to AMA1 (>20% GIA activity). The phase IIa trial called VAC039 

showed limited protection against a natural mosquito bite 

challenge [128]. Only one out of 38 volunteers showed protec-

tion, although some non-protected volunteers presented a 

longer parasite pre-patent period. Induction of cellular immu-

nity against MSP1 and AMA1 did not appear to impact para-

site growth rates in vivo [128].

Safety and protective efficacy of the vaccine candidate 

JAIVAC-1 were also assessed in healthy Indian males aged 

18–45 years in a phase Ia trial [130]. JAIVAC-1 is composed 

of two recombinant proteins formulated with adjuvant 

Montanide ISA720, namely MSP1-19 and PfF2, representing 

the amino-terminal, conserved, cysteine-rich region of EBA- 

175 (with receptor-binding sites for glycophorin A in RBCs). 

All subjects seroconverted for PfF2, but the immune response 

to MSP1-19 was poor. A dose–response relationship was 

observed between the vaccine dose of PfF2 and antibody 

responses, but the vaccine failed to elicit significant antibody 

responses against MSP1-19130.

The latest phase I clinical study evaluating MSP1 took place 

between 2017 and 2018 in malaria-naïve volunteers. For the 

first time in humans, the safety and immunogenicity of MSP1FL 

formulated together with the potent Toll-Like Receptor-4 

(TLR4) agonist glucopyranosyl lipid A in an oil-in-water nano- 

emulsion (GLA-SE) as adjuvant, named SumayaVac-1 was 

tested [84]. The main difference of the MSP1FL protein 

included in SumayaVac-1 compared to the MSP1FL tested in 

monkeys is that while Saimiri or Aotus monkeys were immu-

nized with MSP1FL isolated from parasites [86,87,89,131], 

SumayaVac-1 is based on MSP1FL produced recombinantly in 

E. coli by a codon optimization of the msp-1 gene to reduce 

the AT content. SumayaVac-1 uses pZE expression plasmids 

[132] to separately express two halves of the MSP1 protein 

(p83/30 and p38/42) that are refolded together at a later step 

to reconstitute the full-length protein, structurally resembling 

the native MSP1 protein [133,134]. In this dose escalation, 

phase Ia clinical trial, the vaccine was safe and all malaria- 

naïve vaccinees sero-converted independent of the vaccine 

dose applied. High MSP1-specific antibody titers of IgG and 

IgM isotype peaked at 4 weeks after last vaccination, exceed-

ing the antibody level seen in semi-immune populations from 

Kenya [84].

6. Humoral immunity against MSP1 and antibody 
effector function

Antibody-mediated effector functions against merozoites have 

proven to be highly correlating with protection against clinical 
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disease [135–141]. Fc receptor-dependent functionality is the 

result of interaction of antibody-opsonized merozoites with 

the complement system [136,137], as well as with a variety 

of circulating immune effector cells, namely, neutrophils 

[135,142,143], monocytes [138,139], and Natural Killer (NK) 

cells [141]. In a controlled human malaria infection study in 

Kenya, the breadth of Fc-mediated effector functions against 

merozoites, but not GIA, delineated grades of clinical manifes-

tations and parasite replication rates [144]. Importantly, effec-

tor functions against MSP1FL recapitulated the results 

achieved when these effector mechanisms were tested against 

purified merozoites, indicating that MSP1FL is indeed a key 

target of naturally acquired opsonizing antibodies [145]. To 

the best of our knowledge, serum samples collected neither in 

MSP1 trials in monkeys nor in humans have tested for Fc- 

mediated functionality except recently [84,146]. In the 

SumayaVac-1 trial (EudraCT 2016–002463-33), antibodies 

from malaria-naïve vaccinees promoted activation of the clas-

sical complement pathway, opsonic phagocytosis by both 

neutrophils and monocytes, as well as the production of 

IFNγ and degranulation of NK cells. These multi-functional 

antibodies were sustained above baseline level months after 

immunization [146]. Interestingly, antibodies against both, the 

C-terminal MSP1-42 and the N-terminal MSP1-83, displayed 

the highest levels of opsonization-mediated functions. The 

use of MSP1FL could aid in the design of future MSP1-based 

vaccine constructs through systematic identification of epi-

topes that are targets of functional, protective antibodies 

when assessed in Controlled Human Malaria Infection (CHMI) 

studies in malaria pre-exposed volunteers. However, MSP1FL 

could divert the immune response leading to insufficient 

achievement of functional antibody titers, a possibility that 

will be explored in upcoming studies. MSP1-83 harbors the 

highly conserved MSP1 blocks 1, 3, and 5, of great importance 

for strain-transcending immunity [147]. The two prototypic 

MSP1 sequences, namely MSP1-D and MSP1-F, are recognized 

by antibodies produced after immunization with MSP1FL and 

antibody-mediated effector functions showed cross-strain 

variability [84]. This is of paramount interest for trials in 

African populations exposed to a variety of parasite strains 

[84,148].

7. Conclusion

For MSP1, as for other malaria blood-stage vaccine candidates, 

the key mechanism mediating immune protection has been 

attributed to elucidation of high titers of antibodies capable of 

inhibiting in a Fab-mediated manner merozoite invasion into 

RBCs [67,149]. Thus, the first in vitro surrogate of blood-stage 

vaccine efficacy has been testing of serum antibodies for 

mediation of GIA. This is the case for the most advanced 

blood-stage vaccine candidate PfRH5 [150] that leads to 

induction of high levels of parasite neutralizing serum antibo-

dies in the GIA [151–153], although no sterile protection was 

found in a recently conducted phase I trial followed by 

CHMI [154].

Immune-epidemiological data regarding MSP1 immunity 

suggest that both the N- and C-terminal ends of MSP1 play 

an important role in protection. The technical possibility of 

Good Manufacturing Practices (GMP) production of MSP1FL 

preserving the natural protein conformation of both the N- 

and C-terminal end will be essential for generating protective 

humoral immune responses based on growth inhibitory anti-

bodies or Fc-mediated effector functions [146]. The MSP1 

structure of the Sumaya-Vac1 has recently been re-solved 

[133], highlighting that MSP1 forms dimers in a concentra-

tion-dependent manner and that dimerization is affected by 

the presence of the erythrocyte cytoskeleton protein spec-

trin [133].

Conserved regions of MSP1-19 and MSP1-83 were included 

in an MSPFL vaccine construct, which was proven to be highly 

protective in monkey trials. Recently, antibodies elicited by 

MSPFL vaccination in malaria-naïve humans were shown to 

promote a wide range of antibody Fc-dependent effector 

function in vitro. The availability of a well-characterized CHMI 

model in adult African populations will allow as next step to 

dissect the correlation between the breath of antibody effec-

tor functions induced by MSP1FL vaccination, their interaction 

with preexisting MSP1-specific immunity, and impact on asex-

ual blood-stage parasite growth rates and pre-patent period 

under highly controlled conditions.

Testing of MSP1FL in humans has also the potential to 

significantly improve the development of future potentially 

preventive or even therapeutic anti-MSP1 monoclonal antibo-

dies (mAbs) isolated from vaccinated and CHMI protected 

volunteers similar to already established antibodies against 

CSP [155,156]. Some well-described mAbs against MSP1 are 

known to react with epitopes on the MSP1-42 and MSP1-19 

C-terminal processing fragments and to recognize the first 

growth factor-like domain of MSP1 [157,158]. Yet, not all 

mAbs have been characterized as inhibitory and some of 

them deploy an interfering or blocking activity [159,160]. Of 

interest, some mAbs able to inhibit P. falciparum growth in 

vitro reacted with epitopes on the MSP1-83 N-terminal proces-

sing fragment [161] included in MSP1FL vaccines [84].

8. Expert opinion

Our main existing deployed tools for malaria control, 

including drugs and insecticides, lose their activity to 

increasingly resistant parasites and mosquitoes and raise 

the challenge of further improving other tools to avoid an 

increase in morbidity and mortality after decades of suc-

cessful efforts. The CSP-based pre-erythrocytic RTS,S/AS01 

malaria vaccine or its R21 biosimilar has shown that vac-

cines targeting the major surface protein of P. falciparum 

sporozoites do significantly reduce clinical malaria espe-

cially in children living in sub-Saharan Africa. Building also 

on evidence obtained from naturally acquired protective 

humoral immunity, further improvement of the protection 

level of malaria vaccines might depend on the development 

of a multistage, multicomponent vaccine targeting both, 

sporozoites and asexual blood-stage parasites, as these lat-

est stages are the responsible for the clinical manifestations, 

and tackling the blood stage contributes to the reduction of 

the reservoir of transmissible sexual stages.
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Until a multi-stage vaccine against malaria is generated, 

the addition of an anti-merozoite blood-stage vaccine 

based on the recombinantly expressed MSP1FL to vaccina-

tion strategies already in place using pre-erythrocytic vac-

cines is a valuable way to go. MSP1FL delivered with safe 

adjuvants like GLA-SE has proven to be safe and highly 

immunogenic in a recently conducted first in human 

phase 1a clinical trial in naïve volunteers. The capacity of 

MSP1FL to elicit functional and strain-transcending antibo-

dies is worth exploring in future clinical studies in combina-

tion with pre-erythrocytic vaccines such as RTS,S/AS01 

or R21.

Antibodies play a central role in protection against malaria 

infection and clinical malaria. The dissection of antibody Fc- 

mediated effector functions has shed more light on the range 

of effector functions mediated by parasite-binding antibodies 

and their interaction with immune players such as neutrophils, 

monocytes, NK-cells, and the complement system. These Fc- 

mediated effector mechanisms are dependent on opsoniza-

tion in order to trigger inhibition of parasite invasion, anti-

body-dependent cellular cytotoxicity, respiratory burst of 

neutrophils, complement fixation, deposition, and membrane 

attack complex formation, as well as antibody-mediated pha-

gocytosis by neutrophils and monocytes.

Malaria pre-exposure levels impact on the quality, quantity, 

and duration of malaria vaccine-induced immunity and pro-

tection. The availability of clinical research facilities able to 

perform CHMI studies in malaria pre-exposed populations 

based on the application of defined dosages of live, non- 

attenuated purified, cryopreserved P. falciparum sporozoites 

or iRBC has opened the opportunity to evaluate under highly 

controlled conditions the protective potential of novel vaccine 

combinations in the relevant target population. The deploy-

ment of system serology studies as immune-monitoring tool 

in serum samples collected from these clinical trial participants 

with known protection status against CHMI will help to unra-

vel the functionally most relevant antibody-binding sites on 

their target antigens and the effector functions mediated. 

Dissection of vaccine-induced antibody fine specificity and 

their association to preexisting antibody levels and fine speci-

ficity will shed much needed insight on the impact of levels of 

malaria pre-exposure on vaccine-induced immunity and the 

resulting immune protection in the different age groups. This 

knowledge will help to understand how to improve already 

existing malaria vaccines for different malaria pre-exposed 

populations.
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Abstract 

Discovery of new protective malaria antigens will enable the development of novel vaccine 

formulations with potentially higher efficacy. While several high-throughput experimental 

approaches enable the identification of novel immunogens, none so far has been designed to 

selectively identify protective antigens. Here, we propose that whole-genome sieve analysis 

(wgSA) can be used specifically for this purpose. We review available high-throughput methods 

for antigen identification and contextualize the need for the identification of protective antigens. 

We then provide the rationale for why wgSA is ideally suited for the identification of protective 

antigens in recombining pathogens with large genome size, describe necessary conditions for 

optimal use, and discuss potential pitfalls. Most importantly, this approach can be applied to the 

discovery of new protective targets in any recombining organism for which there is a whole 

organism-based vaccine that can be safely deployed in a disease-endemic region. 
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Introduction  

The roadmap to malaria eradication requires vaccines with a minimum of 75% protective 

efficacy [1]. Eukaryotic pathogens in the genus Plasmodium are the deadliest mosquito-borne 

infectious pathogens infecting humans. Plasmodium falciparum exerts an immense burden 

globally, causing the vast majority of the 249 million malaria cases and resulting in 619,000 

deaths estimated to have occurred worldwide in 2022 [2]. After over half a century of malaria 

vaccinology research, the World Health Organization (WHO) has now recommended two 

vaccines against P. falciparum, RTS,S/AS01 (commercialized as MosquirixTM) and R21/Matrix-

M® [3]. Notwithstanding this momentous development, the formulation of both vaccines is 

based on P. falciparum circumsporozoite protein (PfCSP), which has shown allele-specific 

efficacy as part of RTS,S field trials [4, 5], demonstrating susceptibility to vaccine escape. This 

raises the possibility that widespread distribution of these vaccines may lead to selection and 

concomitant increase in frequency of strains capable of evading the cross-protection induced by 

these vaccines, and leading to decreased vaccine efficacy --a threat that has been discussed 

for well over a decade [6]. Therefore, it is imperative to identify additional parasite proteins that 

can impart effective protection, to enable the development of the next generation of malaria 

vaccines with broader protective efficacy. Here, we argue that allele-specific vaccine efficacy, 

while a detrimental phenomenon for any one vaccine, can be leveraged to identify new antigens 

that contribute to protection, in infectious organisms that satisfy specific conditions. These 

conditions include a pathogen that undergoes recombination, a vaccine based on the whole 

organism, testing conducted in high-transmission field settings, and against natural exposure, 

and where there is evidence of allele-specific vaccine efficacy. P. falciparum is a pathogen that 

satisfies all these criteria; therefore, we describe the use of allele-specific efficacy for the 

identification of protective antigens in the context of malaria. 

Allele-specific vaccine efficacy in advanced malaria vaccines 
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Malaria vaccines can be broadly classified into pre-erythrocytic, blood stage, and transmission-

blocking vaccines based upon their mechanism of action, including, respectively, the prevention 

of infection within the liver, the blocking of erythrocytic infection, or the prevention of successful 

transmission within or by the mosquito vector [7, 8]. Of the many malaria vaccines currently 

undergoing Phases 1 - 4 clinical trials [9], so far two have been endorsed by the WHO for use in 

malaria-endemic regions with moderate to high malaria transmission. These are sub-unit 

vaccines targeting the most abundant protein on the surface of the P. falciparum sporozoite, 

circumsporozoite protein (PfCSP). The first to be recommended for implementation in children 

aged 5-17 months was MosquirixTM (RTS,S/AS01) in 2021, followed recently by R21/Matrix-M in 

2023 [10, 11]. Both are pre-erythrocytic-stage vaccines, targeting the estimated 5 to 100 

sporozoites transferred into the human skin during mosquito feeding [12, 13]. The most 

developed alternatives to RTS,S/AS01 and R21/Matrix-M are two pre-erythrocytic whole-

organism vaccines based on sporozoites (SPZ) of the P. falciparum strain NF54: PfSPZ 

Vaccine, based on radiation-attenuated, metabolically active, non-replicative sporozoites, and 

PfSPZ CVac, which uses fully infectious, non-attenuated sporozoites administered under the 

cover of a chemoprophylactic. These two SPZ-based vaccines are now in late development 

stages with promising results [14].  

RTS,S has been shown to induce allele-specific protection, the phenomenon by which vaccines 

are most efficacious against pathogen strains that encode an antigen identical to that used in 

the vaccine formulation but have lower efficacy against strains that encode distinct variants of 

the same protein [4, 15]. Allele-specific efficacy, by preferentially preventing infection by strains 

with vaccine-like genotypes (immunologically homologous strains), provide a selective 

advantage to strains that escape vaccine-induced protection, leading to their increase in 

frequency and, presumably, an eventual decrease in vaccine efficacy. In malaria, this 

phenomenon has been most extensively characterized in the context of an apical membrane 
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antigen 1 (AMA)-based vaccine, AMA1/AS02A [16, 17]. This vaccine uses the AMA1 variant 

encoded by Pf3D7, the reference P. falciparum strain, adjuvanted to GlaxoSmithKline’s AS0 

adjuvant platform, and was shown to have >60% efficacy against homologous parasite strains. 

However, this locus is highly variable in P. falciparum populations, and the vaccine showed 

minimal protection against most circulating Malian P. falciparum strains encoding variants of 

AMA1 that differed from Pf3D7 at key residues within B cell epitopes [18-20].  

Unlike sub-unit vaccines, the whole organism vaccine approach provides greater breadth in 

antigenic presentation, characterized by numerous antigens for immune priming and a much 

larger B and T cell epitope pool. This diversity of immunogens within whole organism vaccines 

may overcome two key potential challenges: genetic differences between the vaccine strain and 

all circulating strains against which the vaccine is intended to protect (which, in the presence of 

allele-specific vaccine efficacy, result in vaccine escape by a subset of strains), as well as  

differences in HLA-based antigen recognition, which result in host-related variability in 

protection [21]. By addressing these challenges, whole organism vaccines may have a higher 

likelihood of protection against the diversity of pathogen strains circulating in natural 

populations. Identification of allele-specific efficacy for whole organism malaria vaccines is not 

straightforward, since the sporozoite expressed over a thousand proteins [22], and yet it is 

unclear which subset of those is recognized by the immune system and is responsible for the 

protective response. Initial clinical trials where efficacy was assessed by exposure to P. 

falciparum laboratory strains via controlled human malaria infection (CHMI), found protection to 

be lower in heterologous CHMI (where the strain used for challenge differs from the one in the 

vaccine) than in homologous CHMI, where a strain immunologically identical to the one in the 

vaccine is used for challenge [23]. These results are consistent with protection that is contingent 

on genotype, i.e., allele-specific vaccine efficacy. We note, however, that this relationship is 

nuanced. More recent CHMI studies have been performed protection to be in part dose-
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dependent. These variable effects of dose were attributed to the increasing dose eliciting a 

broader T-cell response which may overcome a degree of allele-specific efficacy; however, 

protection against heterologous strains still did not meet the 75% durable efficacy predicted to 

allow malaria eradication through vaccination. Additionally, the authors clarify that all 

participants in these CHMI studies were malaria-naïve US adults not representative of 

individuals living in malaria endemic regions [24]. Multiple prior studies have demonstrated that 

the dynamics of immune response are heavily modified by age, ethnicity, prior exposure and 

hemoglobinopathies, and thus further investigation is required to better understand if traditional 

methods can overcome allele-specific efficacy in endemic regions [25, 26]. Considering this, to 

overcome allele specificity, the next generation of vaccines can combine multiple variants of 

several protective antigens, as either multivalent or multi-strain vaccines [15, 27]. To this end, 

the identification of novel, protective antigens is essential. 

Experimental approaches to identify novel malaria antigens 

The development of highly efficacious vaccines is contingent on the identification of antigens 

that are both immunogenic and, principally, protective against infection. A variety of 

experimental approaches currently exist to identify and validate immunogenic targets. Here, we 

briefly describe recent, medium- or high-throughput approaches for the rapid, simultaneous 

experimental screening of a large number of potential candidates. These approaches include 

peptide/protein-based assays and novel in vitro and ex vivo techniques. Both humoral and cell-

mediated immunity are important in the context of malaria; however, antibody responses are 

particularly pertinent during blood stage malaria as well as against sporozoites, prior to 

hepatocyte invasion, while T cell responses are key during the liver stages of infection. 

Assessment of Humoral Immunity  

Protein arrays have allowed the validation and discovery of novel immunogens, while peptide 
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arrays have enabled more granular knowledge such as the confirmation of immunogenic sites 

and the mapping of epitopes within known antigens. High-density peptide arrays used for the 

discovery and characterization of immunogenic parasite targets were described in 2016, though 

peptide arrays have been used to investigate humoral response to malaria infection as early as 

2008 [28, 29]. This method involves the development of peptide arrays containing 103 to >105 

individual peptides per array that represent known or suspected antigens or epitopes involved in 

immune response to infection [30]. These arrays are then probed with serum from study 

participants, at least a fraction of whom have had natural infections or have been immunized. 

Detection of peptide-antibody binding is usually done in a label-dependent manner, most 

commonly by addition of a secondary antibody with a fluorescent tag [30, 31]. This process 

allows the interrogation of responses to immunogenic proteins involved in naturally acquired or 

vaccine-induced humoral (B-cell) immunity. Additionally, these methods can incorporate 

antibodies specific to IgG, IgM or IgA coupled to fluorescent dyes to investigate binding and 

prevalence of antibody classes in a participant’s serum [28]. Peptide arrays have been used to 

successfully validate epitopes, determine differences in the strength of epitope recognition and 

location of epitopes between variants of the same protein, and compare the immune response 

elicited by infection vs. vaccination, as well as to identify novel antigens [32-35].   

A novel, peptide-based method known as PepSeq combines in-solution antibody recognition of 

DNA-barcoded peptides with high-throughput sequencing to identify epitopes in a semi-

quantitative, highly-multiplexed approach [36]. In the PepSeq approach, nucleotide sequences 

that encode up to hundreds of thousands of peptides of interest are transcribed and translated 

en masse, with each newly synthesized peptide being covalently bound to the cDNA (which will 

serve as a specific barcode) which is reverse transcribed from its encoding mRNA, to form the 

individual PepSeq probes. Incubation of these barcoded PepSeq probes with serum samples to 

be queried results in the recognition of specific peptides by the antibodies present, in a process 
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that is dependent both on the frequency of antibodies and their affinity for their target peptides. 

PepSeq probes that remained unbound, in solution, are removed, and the remaining cDNAs, 

barcoding the antibody-bound PepSeq probes, can subsequently be PCR amplified and high-

throughput sequenced. In this way, the resulting DNA sequences are a semi-quantitative 

measure of peptide immunogenicity [36]. PepSeq is a highly specific and customizable 

approach which can be applied to investigate humoral responses in a myriad of infectious 

targets, with the tremendous advantage that antibody responses to >105 specific peptides can 

be assayed jointly, using as little as <1 L of serum [36]. Its application in the context of SARS-

CoV-2, and to characterize infection history and antibody dynamics across several dozen viral 

species simultaneously have already been reported [37, 38].  Applications to the study of 

responses to malaria infection and immunization are underway (A. Berry, personal comm.). 

Assessment of Cell-Mediated Immunity  

Despite an established and critical role of T cell-mediated protection following immunization with 

P. falciparum sporozoites [39-41], significantly less investigation has been done using proteins 

or peptide pools to identify P. falciparum targets of cell-mediated immunity (CMI) owing to the 

requirement of large amounts of peripheral blood mononuclear cells (PBMC) from human 

participants. Additional challenges posed by assays to query CMI include the requirement for 

antigen-presenting cells (APCs), primed T cells and detection of cytokines as markers of 

activation [42]. Despite these limitations, it is still possible to identify T-cell antigen targets 

through several platforms including flow cytometry and mass spectroscopy; however, the most 

sensitive of methodologies remains the T cell ELISpot assay [43-46]. This assay is a modified 

version of traditional ELISpot that involves incubating T cells, APCs and proteins or peptides of 

interest in wells that are coated with capture antibodies which can selectively bind secreted 

cytokines of interest. These cytokines are usually markers of activation, which indicate 

successful binding and presentation of antigens to T cells following cellular stimulation, and 
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include interferon gamma (IFN-γ) and tumor necrosis factor alpha (TNF-α) for CD8+ T cells and 

IFN-γ, interleukin-2 (IL-2), and interleukin-4 (IL-4) for CD4+ T helper type 1 and type 2 cells [47]. 

After binding of the cytokine of interest to the capture antibody, a secondary biotinylated 

detection antibody is added which binds the capture antibody-cytokine complex. Lastly, 

streptavidin-enzyme conjugate which selectively binds the secondary antibody and converts the 

substrate in each well to countable spots [48]. 

Preliminary studies investigating cell-mediated immunological responses in malaria have been 

performed [49, 50]. In one study the authors generated peptides corresponding to epitopes 

within malaria antigens previously known to elicit an HLA A2-specific cytotoxic CD8+ T 

lymphocyte responses, and stimulated PBMCs from malaria-positive Malian children aged 3 

months to 14 years and healthy controls (age- and residence-matched, asymptomatic, 

aparasitemic individuals), for T cell activation using ELISpot [49]. This study provided evidence 

of functional CMI targeting pre-erythrocytic malaria antigens, and that HLA A2 supertypes were 

defined as such to mitigate the limitations of HLA restriction. A more recent study assessed the 

reactivity of CD8+ T cells in PBMCs from malaria naïve adults after administration of a 

recombinant adenovirus vector expressing P. falciparum AMA1. This was achieved by creating 

pools of overlapping peptides, each of 15 amino acid residues in length (15-mers), covering the 

entire length of AMA1, to stimulate participants PBMCs and then assessed reactivity using IFN-

γ ELISpot. This study investigated seven HLA alleles within four HLA supertypes [51]. 

Additionally, the authors predicted MHC-I epitopes, bioinformatically, using NetMHCpan [52], 

which were then confirmed via ELISpot [51]. This study expanded upon previous work by 

combining peptide pools with ELISpot and in silico prediction methods to investigate CD8+ T 

cell responses across multiple HLA types. While ELISpot enables accurate epitope validation, it 

is not amenable, logistically or cost-wise, to antigen discovery in a meaningful scale. 
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Though in preliminary stages of development, recent advancements may enable the high-

throughput investigation of CD8+ T cell responses using peptide microarrays in a not-too-distant 

future. In 2023, Kramer and colleagues published an exciting, novel approach to evaluate T cell 

receptor (TCR) binding to potentially thousands of peptide-human leukocyte antigen (pHLA) 

complexes [53]. This method involves printing peptides and spotting them, is suspension, 

across distinct wells in a microarray. This peptide suspension can be allowed to dry and stored 

for future use. Once specific HLAs are introduced in each well, in a small volume, the pHLA 

complexes form. These pHLAs are immobilized onto a slide, applied on top of the chip such that 

it closes the wells, using a biotin-streptavidin conjugation system. After the slide is removed and 

washed, the binding dynamics of each fixed pHLA to a specific TCR to be queried is quantified, 

using single color reflectometry, by flowing the TCR in suspension over the slide [53]. This and 

similar approaches may pave the way for broad and agnostic querying of CD8+ T cell responses 

to target peptides. 

Trogocytosis, the process by which cells share membrane and membrane-associated proteins 

during binding, has been leveraged to identify target cells which have been engineered to 

present epitopes specific to TCR-transduced T cells [54, 55]. This process allowed researchers 

to generate libraries of known epitopes from public databases, transduce them into artificial 

antigen presenting cells, and then expose these to T cells transduced with a known TCR to 

assess antigen-TCR specific trogocytosis via fluorescent activated cell sorting (FACS). This 

process allowed for TCR-specific ligand discovery in a high throughput fashion that did not 

require prior knowledge of epitope structure. This process was able to assess MHC I 

interactions but could be adapted to MHC II – a considerably understudied aspect of malaria 

immunity. The approach offers the potential to identify protective epitopes at a higher frequency 

compared to alternative methods, given the increased occurrence of trogocytosis in high-avidity 
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interactions between MHC/ligands pairs and TCRs, thereby facilitating enhanced CD8 T cell 

cytolytic activity [56].  

A recently proposed method, known as T-scan, provides a higher throughput approach to T cell 

targeted epitopes relative to trogocytosis, with less cell culture requirements. It consists of co-

culturing a participant’s T cells with antigen presenting cells that have been engineered using 

lentiviral-transfected proteins to display the proteome of a target pathogen on endogenous MHC 

I. Antigen binding by cognate TCRs on the participant’s T cells are then monitored through a 

fluorescent reporter activated by granzyme B in target cells expressing a given antigen. These 

are then sorted and isolated by FACS. Lastly, polymerase chain reaction (PCR) and next 

generation sequencing are used to identify the antigens that the respective target, sorted cell is 

expressing.  This method provides a high throughput agnostic approach for the identification of 

antigens eliciting responses in participant’s samples [57].  

Limitations of existing approaches 

The peptide-based approaches discussed are considered medium- to high-throughput, in that 

they allow the screening of immune responses to many dozens to hundreds of thousands of 

potential epitopes. Nevertheless, those still represents only a limited number of all potential 

targets, given all existing protein variants encoded by different alleles of each of the ~5,500 

protein-coding loci in the genome of P. falciparum.  

To investigate B cell responses, protein and peptide arrays are currently limited to linear B cell 

epitopes. Methods do exist to investigate discontinuous, or conformational, B cell epitopes using 

structures derived from crystallographic analysis, but these are expensive and time consuming, 

though studies have demonstrated that discontinuous B-cell epitopes do exist and warrant 

investigation [58].   
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Additionally, in the context of T cell responses, there is the tremendous diversity of HLA alleles 

to which different pathogen epitopes are restricted, such that different HLA alleles may 

recognize distinct epitopes in each antigen as well as in each of their respective variants. Given 

this, for any studies investigating ex vivo T cell responses, the HLA genotype of participants 

involved must be obtained so that responses can be interpreted which mandates additional 

financial and ethical considerations.  Of note is that HLA loci are some of the most diverse in the 

human genome and their frequency distribution, particularly in developing countries, is not well 

characterized [59]. In this context, the approaches discussed above for T cells are not entirely 

agnostic, as a set of potential HLA allele(s) and targets are selected a priori. Additionally, the 

high throughput peptide microarray method for investigating pHLA-TCR binding is limited to 

investigating individual TCRs. In investigating natural CD8+ T cell responses it is essential that a 

broad variety of TCRs be able to be screened in combination with an even broader repertoire of 

pHLA complexes. This profoundly diverse combinatorial binding continues to pose serious 

challenges in investigating CD8+ mediated immunity using peptide microarrays.  

Above all, and despite the exciting technological progress in throughput, the acute need for 

agnostic approaches that identify antigens are both immunogenic and, most of all, protective, 

remains.  

Leveraging allele-specific vaccine efficacy to identify new protective antigens 

Sieve analysis and allele-specific vaccine efficacy 

In 2001, Gilbert and colleagues proposed an approach, which was coined “sieve analysis”, to 

determine the extent to which the genotype of the infecting pathogen impacts vaccine efficacy. 

This is achieved by quantifying the relative risk of infection, post-vaccination, associated with 

pathogens encoding each variant of the vaccine immunogen [60]. In other words, sieve analysis 

quantifies the risk of vaccine evasion by each antigenic variant relative to the vaccine variant. 
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When that risk differs significantly from 1, for one or more variants, the vaccine is said to have 

allele-specific efficacy. This quantification relies on the characterization of the frequency of each 

variant of the target antigen among unvaccinated participants (i.e., placebo recipients), which is 

assumed to reflect the frequency of these variants in the pathogen population. Then quantifying 

how those frequencies are altered in vaccinees who get infected, under the assumption that 

observed differences in the two study arms are due to a sieve-like process effected by the 

primed immune system, which “catches” variants immunologically similar to the vaccine variant 

but has more limited protection against other variants (Figure 1). The authors applied sieve 

analysis to studies testing the efficacy of vaccines against cholera, HIV-1, hepatitis B, rotavirus 

and pneumococcus, demonstrating broad applicability to pathogens despite vast taxonomic 

distances, as well as differences in etiology and protection mechanism [60].  
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Figure 1. Sieve effect associated with vaccination. A) Participants in a malaria vaccine trial are either immunized 
with a “red genotype” or receive a placebo, such as saline solution. B) Vaccine trial participants are exposed to vector 
transmitting a genotypically diverse parasite population, represented by multiple colors. C) The frequency of different 
variants differs in infections from vaccinees and controls, due to the sieve effect associated with the immune system, 
shown as immune cells on a sieve, which was trained through vaccination to recognize a “red” genotype and others 
immunologically similar. Therefore, “red” and “deep red” genotypes are absent from malaria isolates collected from 
vaccinees. Figure prepared with BioRender. 

Modifications to the initial sieve analysis have been introduced, aimed at testing hypotheses 

related to the mechanism of vaccine-induced protection, or host factors that contribute to modify 

vaccine efficacy [5, 61-64]. Sieve analyses are now regularly conducted on vaccine efficacy 

data for a variety of viral pathogens, including most recently HIV-1 and SARS-CoV-2 vaccines. 

These analyses help interpret vaccine efficacy outcomes by determining if vaccines are 

allele/genotype-specific, how pathogen genetic diversity impacts efficacy, and to shed light on 

epitopes or specific amino acid residues that are important for protection [65-68].  
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In malaria, sieve analysis was applied to study the cross-protective efficacy of a malaria 

vaccine, FMP2.1/AS02A, based upon a single variant of the apical membrane antigen-1, AMA1. 

The locus encoding AMA1 can exhibit extreme variability in malaria-endemic regions with hyper-

endemic transmission, making this vaccine susceptible to vaccine escape [20]. The authors 

observed that while the vaccine exhibited >60% efficacy against parasites that encoded an 

AMA1 variant identical to the vaccine strain at immunologically relevant loci, overall efficacy was 

very low due to the limited frequency of the vaccine variant in the region where the vaccine was 

deployed. Key amino acid residues and epitopes were identified as important for protection [16, 

17, 69]. More recently, the sieve analysis approach has been applied to samples from field trials 

of the RTS,S/AS01 malaria vaccine, demonstrating that the vaccine has allele-specific 

protection, with efficacy being highest against P. falciparum strains with alleles identical to the 

vaccine. Efficacy decreased with increasing genetic distance, between the vaccine and 

challenge strains, in amino acid residues in the Th3R T cell epitope region of PfCSP, but found 

no modification of the sieve effect by host age [4, 5, 61, 62]. 

These observations have led to a large number of molecular epidemiological studies in P. 

falciparum in recent years, which aim to characterize genetic diversity in, and the selective 

pressures acting on, Plasmodium vaccine candidates to assess the possibility of vaccine 

escape, and to attempt to identify conserved antigens – or, at minimum, the most abundant and 

geographically distributed variants of each antigen [18, 70-72]. Due to the advanced stage of 

several CSP-based vaccines, many studies have focused on the CSP encoding gene, 

assessing genetic diversity in parasite populations around the globe, not only P. falciparum, but 

also other species of human-infecting Plasmodium [73-76].  

Identification of protective targets of vaccination thought whole-genome sieve analysis (wgSA) 

Traditional sieve analysis, where the immunogen is known, enables the assessment of how 

parasite genotype and host factors contribute to modify vaccine efficacy. In 2015, sieve analysis 
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was extended to the whole genome of HIV-1, termed whole-genome sieve analysis, wgSA [64]. 

A wgSA consists in the identification of “target sites”, i.e., genomic sites that differed significantly 

in genotype between vaccinees and controls and in which the vaccine genotype is depleted 

among vaccinees. Target sites were identified both in regions contained in the vaccine 

immunogen and in regions that were not. The signal from the former regions was likely 

associated with vaccine-induced protection; the difference in allele frequency in vaccinees vs. 

controls, with the reduction of the vaccine variant among vaccinee infections, was likely due to 

the immune system’s sieve effect, which blocks infection by strains encoding residues similar to 

those in the vaccine. Conversely, “target sites” (or perceived positives) in regions that were not 

part of the vaccine immunogen could be due to genetic linkage between those and variants in 

truly protective sites [64]. Therefore, genetic linkage can be a source of noise in a wgSA and 

should be evaluated in wgSA applications.  

Here, we contend that wgSA can be applied successfully to pathogens of large genome size, 

provided recombination is high to minimize linkage disequilibrium, to identify genomic sites 

associated with vaccine-induced protection and, in this way, enable the identification of 

protective loci. In particular, when the vaccine immunogen is the whole organism, when 

protection is assessed against natural challenge in a region of high attack rate (i.e., rate of 

challenge is high), when disease transmission intensity is high (resulting in high pathogen 

genetic diversity), and when rate of effective recombination is high, such that genetic linkage is 

low, the “target sites” identified are likely to be enriched for protective sites (Figure 2). P. 

falciparum, a parasite with high effective recombination rate in geographic regions where 

malaria transmission is high [77-79], and for which there are whole-organism vaccines [80], is 

an ideal pathogen with which to test wgSA.  
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Figure 2. Schematic of a whole-genome sieve analysis (wgSA) study. a) Participants in a field trial to study 
efficacy of a whole-organism vaccine receive a vaccine (nV) or a placebo (nP), according to study arm. b) During the 
observation period, participants are challenged by natural infection and while some are never infected (i vaccinees 
and k controls), others become infected once or more during this time (NV vaccinees and NP placebo recipients). c) 
A blood sample, corresponding to first infection post immunization, is obtained from each infected participant and (c) 
processed, to obtain whole genomic DNA. e) If leukocytes were not removed during blood collection, total DNA can 
be subjected to selective (parasite) whole genome amplification to enrich the sample for the desired DNA. f) A library 
is prepared for each sample, and libraries are multiplexed for high-throughput sequencing. g) wgSA is conducted on 
whole genome sequencing data to identify significantly differentiated sites, genome-wide, between infections from 
vaccinees and placebo recipients, in which the vaccine allele is depleted in vaccinee samples. Figure prepared with 
BioRender. 

By screening the entire genome, wgSA provides a high-throughput approach to identify 

potentially protective sites. It requires no prior knowledge of antigen targets and, by surveying 
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the entire genome, it is both agnostic and, in principle, able to identify a full list of protective 

targets. To add power to genome-wide statistical analysis, wgSA can be limited to genomic sites 

likely to be causative, such as protein-coding regions, non-synonymous sites within these 

regions, or even coding regions with predicted epitopes, much like proposed before with the 

analysis of HIV-1 sequences [64]. For experimental validation, any comprehensive list of “target 

sites” can then be prioritized according to parameters known to be associated with 

immunogenicity, such as target sites that fall in known antigen-encoding loci, loci encoding 

proteins with predicted subcellular localization that exposes them to the host’s immune system, 

or loci in which target sites fall preferentially in epitope-encoding regions. Lastly, because wgSA 

is entirely agnostic, it can investigate non-coding regions, and uncover regulatory mechanisms 

that influence vaccine escape. While most vaccinology research focuses on antigens, evidence 

suggests that genetic regulatory mechanisms can confer fitness advantages associated with 

immune evasion [81].  

 

Limitations of whole-genome sieve analysis 

While potentially powerful, wgSA is limited by features of the data that can lead to both false 

positive and false negative target sites. Target sites and “target loci” (the loci containing one or 

more target sites) correspond to genomic sites or loci with significantly different allele or variant 

frequencies in samples from vaccine and placebo recipients, and in which the vaccine allele is 

depleted in vaccinees. For the purpose of this discussion, alleles (nucleotide-based) and 

variants (amino acid-based) are broadly defined and can vary in length from individual genomic 

sites to long haplotypes and from individual amino acid residues, to epitopes, or complete 

polypeptides.  
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False positives results can emerge when alleles or variants are present in significantly different 

frequencies between the two study arms of a vaccine trial simply due to chance. This can easily 

occur in small studies. Other potential sources of false positive target sites include: (i) alleles or 

variants that are not protective but that are in linkage disequilibrium with true protective sites; (ii) 

genotyping errors in members of multigene families (e.g., when loci across strains do not have 

an orthologous relationship and sequence reads map across paralogs); or (iii) differential 

assortment of alleles or variants by study arm due to their association with an unknown 

covariate (e.g., time of sample collection).  

Conversely, false negative results can also occur. The most obvious example are loci that 

confer partial protection and that are invariant in sequence, either due to strong selective 

constraints or due to lack of time for mutations to accrue. If all sequences are identical, they 

cannot be differentiated between study arms. False negative results can also emerge (i) when 

genetic variation in the pathogen population is very high relative to the number of study 

participants; or (ii) due to disconnect between host immune system and the sequence variants 

circulating in the pathogen population (e.g., when protection is T cell-dependent and the host 

populations HLA alleles cannot functionally distinguish between circulating epitope variants). 

Concluding remarks 

The identification of protective antigens represents a holy grail in vaccinology research, 

particularly for parasitic infectious diseases. The application of wgSA presents a unique and 

potentially powerful approach to identify new candidate pathogen targets that induce a 

protective response, resulting in new vaccine formulations with improved efficacy. The definite 

risk for false negatives implies that true protective targets can be missed; more importantly, the 

presence of potential false positives necessitates the experimental validation of target loci using 

immunological assays and eventually in vivo pre-clinical studies in non-human animal models. 

Malaria caused by P. falciparum represents an excellent test case for the application of wgSA, 
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given the presence of whole-organism vaccines such as PfSPZ Vaccine, and the availability of 

samples from efficacy field trials of these vaccines in malaria-endemic areas with high, seasonal 

transmission. 
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Figure Legends 

Figure 1. Sieve effect associated with vaccination. A) Participants in a malaria vaccine trial are 

either immunized with a “red genotype” or receive a placebo, such as saline solution. B) 

Vaccine trial participants are exposed to vector transmitting a genotypically diverse parasite 

population, represented by multiple colors. C) The frequency of different variants differs in 

infections from vaccinees and controls, due to the sieve effect associated with the immune 

system, shown as immune cells on a sieve, which was trained through vaccination to recognize 

a “red” genotype and others immunologically similar. Therefore, “red” and “deep red” genotypes 

are absent from malaria isolates collected from vaccinees. Figure prepared with BioRender. 

Figure 2. Schematic of a whole-genome sieve analysis (wgSA) study. a) Participants in a 

field trial to study efficacy of a whole-organism vaccine receive a vaccine (nV) or a placebo (nP), 

according to study arm. b) During the observation period, participants are challenged by natural 

infection and while some are never infected (i vaccinees and k controls), others become 
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infected once or more during this time (NV vaccinees and NP placebo recipients). c) A blood 

sample, corresponding to first infection post immunization, is obtained from each infected 

participant and (c) processed, to obtain whole genomic DNA. e) If leukocytes were not removed 

during blood collection, total DNA can be subjected to selective (parasite) whole genome 

amplification to enrich the sample for the desired DNA. f) A library is prepared for each sample, 

and libraries are multiplexed for high-throughput sequencing. g) wgSA is conducted on whole 

genome sequencing data to identify significantly differentiated sites, genome-wide, between 

infections from vaccinees and placebo recipients, in which the vaccine allele is depleted in 

vaccinee samples. Figure prepared with BioRender. 
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Abstract (250 words) 

  

Background. Identification of protective antigens is a central quest in malaria vaccinology. 

Whole-genome sieve analysis (wgSA) in samples collected from placebo-controlled field trials of 

Plasmodium falciparum (Pf) sporozoite (SPZ) whole organism vaccines may enable their 

identification. 

  

Methods. We applied wgSA to parasite genomic data generated from Pf parasites collected 

during two field trials measuring the efficacy in malaria-exposed African adults of two PfSPZ 

vaccines. These randomized, double-blind, placebo-controlled trials were conducted in regions 

of Mali and in Burkina Faso characterized by high seasonal transmission, where parasite 

genetic diversity is high. Genomic sites in which the vaccine allelic state was significantly 

underrepresented among breakthrough infections in vaccinees relative to placebo recipients 

were termed “target sites”. Protein-coding loci containing target sites that changed amino acids 

were termed “target loci”.  
  

Findings. The wgSAs of genomic data from clinical trial samples collected in Burkina Faso and 

Mali resulted in the identification of 165 and 93 target loci, respectively, with 18 loci present in 

both data sets (expectation, E = 5·0, with 99% confidence interval between [0, 10]). Among all 

target loci, 138 and 80 were single-copy protein-coding genes in the Burkinabe and Malian data 

sets, respectively, with twelve common to both (E = 3·9; 99%CI = [0, 9]). Among the target 

genes common to both studies was the thrombospondin-related anonymous protein locus, 

which encodes PfSSP2/TRAP, one of the most well-characterized pre-erythrocytic stage 

antigens. 

  

Interpretation. wgSA is a potentially powerful tool for the identification of protective vaccine 

antigens in recombining pathogens with large genome size. 

  

Funding. This work was supported by the National Institutes of Health through grants 

R01AI141900, U01AI112367, U19AI110820, and HHSN272201300022. 

 

  

Research in context. 

Currently, most antigen discovery tools utilize immune responses to identify targets. Medium- 

and high-throughput approaches utilize anti-sera to identify targets in peptide or protein 

microarrays, and pools of peptides are used to identify targets of T cell responses. However, 

there has been little progress in utilizing an agnostic, high-throughput approach to identify 

protective targets of immunization. Whole-genome (or comprehensive) sieve analysis (wgSA) 

was applied previously to samples collected from placebo-controlled efficacy trials of vaccines 

against HIV-1 to discern potential protective mechanisms of vaccine-induced protection. The 

study identified target sites in vaccine immunogens (antibody or T cell epitopes) as well as 

some non-immunogenic targets that were possibly in linkage disequilibrium with protective sites. 

These studies were based on vaccines containing a known immunogen and were designed 

against a pathogen with a small genome (~15 kb) encoding a small number of well-
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characterized protein-coding genes (~10 genes). The present study represents the first 

application of wgSA with the intent of identifying protective novel targets of immunization and its 

first application to samples from a vaccine trial against a eukaryotic parasite, with a much larger 

genome size (~23.3 Mb) than the previously studied viruses, and with a potentially large number 

(several hundreds to a few thousand) unknown immunogens. We previously applied a similar 

rationale to identify putative targets of natural acquired immunity to malaria. This promising 

approach requires the availability of a whole organism-based vaccine for a pathogen with high 

genetic diversity, to provide abundant genetic markers throughout the genome, and a high rate 

of effective recombination, such that those markers segregate independently. Plasmodium 

falciparum, the deadliest eukaryotic pathogen of humans and the most virulent agent of human 

malaria, satisfies these conditions. 

 

Evidence before this study 

In 2001, Gilbert and colleagues proposed an approach, which was coined “sieve analysis”, to 

determine the extent to which the infecting pathogen is susceptible to vaccine-induced 

protection, given its genotype. This is achieved by quantifying the relative risk of infection, post-

vaccination, associated with pathogens encoding different variants of the vaccine immunogen. 

The authors applied sieve analysis to studies testing the efficacy of vaccines against viral and 

bacterial species, demonstrating broad applicability to pathogens despite vast taxonomic 

distances, as well as differences in etiology and protection mechanism. We and others applied 

this approach to genotype data of additional organisms including those that cause malaria, in 

the context of single antigen vaccine efficacy (VE) studies, to identify key antigenic residues 

involved in protection. Modifications to the initial sieve analysis have been introduced, aimed at 

testing hypotheses related to the mechanism of vaccine-induced protection, or host factors that 

contribute to modify VE. Literature searches on PubMed revealed no articles in which sieve 

analysis was applied to the entire genome as an agnostic tool that leverages allele-specific VE 

to identify targets of vaccine-induced protection. Earlier this year we wrote a review (Scalsky et 

al.; under review in Vaccine) in which we proposed that this might be a productive approach to 

identify novel targets of vaccine-induced protection in parasitic diseases. 

 

Added value of this study 

In addition to establishing whole-genome sieve analysis as a new approach to identify novel 

protective targets of whole organism-based immunization for pathogens of genome size in the 

order of megabases, this study identified novel potential protective antigens. These candidates 

should be confirmed with wgSA in independent data sets and validated experimentally to show 

that they are both immunogenic and protective. 

 

Implications of all the available evidence 

The results of this study support the often-stated hypothesis that multiple parasite proteins 

contribute to the protective immune responses induced by vaccination with PfSPZ vaccines. 

The results also indicate that, as expected for T-cell mediated immunity, these responses are, in 

many cases, allele/epitope-specific. Thus, one approach to optimizing the protection induced by 

PfSPZ vaccines would be to include multiple variants of protective antigens by (i) mixing 

complementary strains of Pf in the vaccine, (ii) creating hybrid parasites through crosses of 
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different strains of Pf, and/or (iii) expressing the sequences of multiple variants of key proteins in 

the same PfSPZ to overcome the antigenic diversity of P. falciparum strains circulating in 

malaria-endemic areas. 

 

Background. 

 

The World Health Organization (WHO) recommended the very first malaria vaccine, 

RTS,S/AS01, in October 2021, reflecting decades of research. The formulation of RTS,S/AS01 

is based on the variant of Plasmodium falciparum (Pf) circumsporozoite protein (CSP) encoded 

by the 3D7 strain. In 2023, a second malaria vaccine, R21/Matrix-M, was endorsed by the WHO 

that is based on the same variant of CSP. While this momentous advance will reduce malaria 

morbidity and mortality, it is clear that neither vaccine will meet the current WHO strategic goal 

of achieving >90% efficacy against Pf infection.1 Furthermore, RTS,S/AS01 has been shown to 

induce allele-specific protection2 and is, therefore, susceptible to vaccine escape, highlighting 

the need for additional vaccines to protect against breakthrough infections. 

  

Whole organism vaccines based on Pf sporozoites (PfSPZ) are in late stage of development,3 

and are highly promising as pre-erythrocytic candidate vaccines that can prevent malaria 

disease and interrupt malaria transmission by preventing parasites from ever leaving the liver. 

They possess highly desirable features,4 including (i) the stimulation of human immunity to 

multiple Pf antigens present during the pre-erythrocytic phase of parasite development; ii) 100% 

protection against controlled human malaria infection (CHMI) with parasites homologous to the 

vaccine and >75% efficacy against CHMI with heterologous parasites; and (iii) durable efficacy 

without boosting in malaria-experienced adults in highly endemic settings in sub-Saharan Africa. 

These features represent an extremely high achievement for a malaria vaccine that must 

overcome a lifetime of immune exhaustion resulting from repeat malaria infection to stimulate a 

protective antimalarial human immune response. Efficacy in adults living in a high transmission 

setting with limited ability to respond strongly to a malaria vaccine suggests that PfSPZ vaccines 

may be able to achieve higher efficacy in pediatric populations with less preexisting immunity to 

malaria. Nevertheless, the generally lower protection against heterologous relative to 

homologous challenge is also consistent with genotype- (or allele)-specific efficacy. 

  

Knowledge of Pf antigens that induce a protective response is required to advance malaria 

subunit vaccine development and could be used to enhance PfSPZ vaccines. New multivalent 

subunit vaccines or multi-strain PfSPZ vaccines, where the multiple components complement 

each other, may reduce or eliminate vaccine escape and provide broad, strain-transcending 

protection against malaria. As we recently outlined,5 identification of putative protective targets 

may be achieved with a whole-genome sieve analysis (wgSA) performed on parasite isolates 

collected from participants in randomized, placebo-controlled field trials of a whole-organism 

vaccine, when several conditions are met: in particular, i) when trials are conducted in a 

geographic region of high disease transmission, such that genetic diversity in the parasite 

population is high; ii) when the pathogen has a high rate of effective recombination, such that 

genetic linkage is limited to only a few hundred base pairs; and (iii) vaccine efficacy (VE) is 

genotype-specific. 
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Two such clinical trials were completed in regions with intense, seasonal malaria transmission 

of sub-Saharan Africa. One assessed the efficacy of PfSPZ Vaccine, a radiation-attenuated 

whole sporozoite vaccine versus saline placebo in 80 adults living in Burkina Faso, West Africa, 

who were cleared of parasites pre-vaccination.6 Efficacy against infection was determined by 

thick blood smear microscopy during illness and every 4 weeks for two malaria seasons (72 

weeks total). VE (1 – hazard ratio) was 48% and 46% after 6 and 18 months of follow-up, 

respectively (p = 0·061 and 0·018). A second study tested PfSPZ-CVac (CQ), a 

chemoattenuated PfSPZ vaccine in which live, infectious PfSPZ are administered to participants 

who are receiving chloroquine to eliminate blood stage infection.7 Participants were not cleared 

of parasites prior to immunization. VE in this study was assessed by thick blood smear during 

illness and every 4 weeks for a single malaria transmission season (24 weeks). VE compared to 

saline placebo in 62 participants in this study was 34% (p = 0·21). Both studies randomized 

participants 1:1 to receive either the malaria vaccine or placebo. The PfSPZ in both vaccines 

were from the PfNF54 isolate, the parent stock from which the reference 3D7 was cloned.8 In 

protein-coding regions, PfNF54 and 3D7 differ in fewer than 100 non-synonymous sites, mostly 

in members of multigene families.9 

 

Here, we report the outcome of wgSAs performed on Pf isolates collected from vaccinees and 

control subjects (placebo recipients) from these two vaccine clinical trials when they first 

became positive. We identified, in each trial, a set of parasite genes in which vaccine genotypes 

were significantly under-represented in infections from vaccinees relative to controls and 

prioritize genes identified in both studies. We describe these genes and show enrichment for 

features expected from protective antigens, consistent with identification of true protective 

candidates by wgSA. 

 

Methods.   

  

Samples 

Samples originated from two clinical trials assessing the efficacy of malaria vaccines against 

natural infection in West Africa, one in Burkina Faso (NCT02663700) and one in Mali 

(NCT02996695). Samples analyzed correspond to the timing of the first thick blood smear-

positive malaria infection occurring at least two weeks after the last immunization dose, 

corresponding to 33 and 40 participants, respectively, in the Burkinabe and Malian trials. 

Samples consisted of a 2 mL venous blood draw which was leukocyte-depleted, pelleted and 

stored at -20oC or -80oC. DNA was extracted from each sample, using the Qiagen Blood DNA 

Midi Kit (Valencia, CA, USA). Total DNA extracted varied between 8·0-1031·2 g (median: 75·9 

g) for Burkinabe samples and between 0·0-78043·3 g (median: 10·3 g) for Mali samples. 

Nine out of 40 samples from Mali had unusually high DNA amounts, likely due to contamination. 

All samples with <100 g of total DNA or those with likely contamination underwent selective 

whole genome amplification (sWGA) with Pf-specific primers to increase the relative amount of 

parasite DNA. Three out of 40 Malian samples had insufficient DNA for library construction. 

 

Sequencing and variant identification 
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DNA sequencing and sequence variant identification were done as before9 and details are 

presented in the Appendix. For each sample, sequencing data was generated to reach a 

minimum of 75% breadth of coverage of the 3D7 genome with5X depth of coverage. When 

that coverage level was unfeasible, due to a high proportion of human DNA, samples were 

removed from downstream analysis (Appendix Tab1). In addition to data from samples from 

the two clinical trials described, whole genome shotgun sequencing (WGS) data for 1,289 Pf 

isolates collected from other 20 malaria-endemic countries was used in joint SNP calling 

(Appendix Tab2). 

  

Multiplicity of infection. 

Multiplicity of infection was assessed with the statistic FWS, estimated with the R package 

moimix.10 Difference in FWS difference between study arms was tested with a Wilcoxon Rank 

Sum test. The number of clones per infection was estimated with dEploid-IBD (v0.5)11 with 

default parameters, and significance tested with a chi-square test. 

  

Whole genome sieve analysis (wgSA). 

A wgSA was conducted separately using WGS data generated from isolates collected in each 

clinical trial, and in each case was based on all polymorphic sites that passed filters, as 

described above. A wgSA consists of two steps: i) identification of parasite genomic sites 

significantly differentiated between study arms (vaccinees and controls), and (ii) identification of 

sites from (i) where the vaccine allele is depleted among vaccinee infections. For each genomic 

site, difference in allele frequency distribution between study arms (step i) was quantified using 

Wright’s Fixation Index, FST (Weir and Cockerham’s implementation in vcftools v0.101512). For 

each analysis, FST value significance was determined by randomization of samples across study 

arms, with 5000 replicates. Sites found to be significantly differentiated between vaccinee and 

control infections, and in which the vaccine (PfNF54) allele was underrepresented in vaccinee 

infections, were termed “target sites”. Deviation of expected frequency of target sites per study 

arm was tested with a chi-square test.  

 

Loci were termed “target loci” if they contained non-synonymous target sites. The 99% 

confidence interval and p-value for the number of target loci found, by chance, in both wgSA 

(given m and n targets genes, one set in each study), given the total number of genes g with 

variable non-synonymous sites across studies, were both determined by Fisher's exact 

conditional test for 2x2 independence (fixed row and column sums, m and n), which is a 

conservative version of a multinomial (unconditional) test. The multinomial test is more 

appropriate (fixed g but variable number of target loci, m and n) but it is computationally 

expensive. The expected number of target loci that overlap between studies, E, is given by E = 

m*n/g. 

 

Feature Identification and enrichment analyses  

CD8+ T cell epitopes were predicted across target loci using netMHCpan (v4.1)13 using default 

parameters. Only strong binding epitopes were considered in downstream analysis. The HLA 

alleles used for epitope prediction were the 22 most common among those identified in Mali and 

Burkina Faso.14 Enrichment analyses of gene ontology (GO) terms among different gene sets 
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were done using ShinyGo (v0.741).15 In target loci, enrichment of target sites in strong binding 

epitope-encoding regions was tested using a chi-square test. 

 

Results.  

 

Thirty-three participants (13 and 20 in the vaccine and placebo study arms, respectively) in the 

Burkinabe PfSPZ Vaccine trial were infected at least once with Pf during the follow up period 

starting two weeks after the last immunization. Total DNA was isolated for each participant’s first 
infection. An average of 43 million Illumina reads were generated per sample (Appendix Tab1). 

On average, 18 million reads per sample mapped to the parasite genome (range: 65,600 – 

30,890,811). Two samples, one each in the vaccine and placebo arms did not reach desired 

coverage threshold and were not used further. Complexity of infection, measured by number of 

clones per infection or by FWS, did not differ significantly between study arms (Appendix F1). In 

the Malian PfSPZ-CVac (CQ) trial, 40 participants (17 vaccinees and 23 who received a 

placebo) experienced one or more Pf infections during follow up. An average of 605 million 

sequence reads were obtained per sample, and 23 million mapped to the parasite genome 

(range: 85,469 – 43,912,950) (Appendix Tab1). Four samples from vaccinees and five from 

placebo recipients did not pass the coverage threshold; 13 and 18 isolates from vaccinees and 

placebo recipients, respectively, were used in downstream analyses. Once more complexity of 

infection did not differ significantly between study arms (Appendix F2). A total of 31,122 and 

31,659 SNPs in the Pf nuclear genome passed quality filters, respectively, for the Burkinabe 

and Malian samples (Appendix Tab3) and were used for downstream analyses. 

 

Since the efficacy of PfSPZ Vaccine is partly genotype-specific,16 we conducted a whole-

genome sieve analysis (wgSA) on Pf isolates from each trial, to identify putative protective 

targets. A wgSA, by revealing genomic sites in which the vaccine allele (here, the allele in 

PfNF54) is significantly underrepresented among vaccinee infections, identifies “putative 

protective sites”, or “target sites”.5,17  Also, we term “target loci” (encoding putative protective 

proteins) the protein-coding genes that contain non-synonymous target sites.  

 

Among the samples from the Burkinabe PfSPZ Vaccine trial, 684 significantly differentiated 

SNPs were identified between vaccinees and controls, 508 of which were target sites (Table 1). 

Of those, 202 were non-synonymous SNPs, which mapped to 165 protein-coding loci or “target 
loci” (Table 1; Appendix Tab4). These loci included several that encode well-established 

sporozoite antigens, most notably PF3D7_0304600, which encodes CSP, and 

PF3D7_1335900, which encodes the thrombospondin-related anonymous protein 

(PfSSP2/TRAP). In Mali, 314 target sites were identified. Among those were 110 non-

synonymous target sites, mapping to 93 target loci (Table 1; Appendix Tab5), including 

sporozoite antigens PfSSP2/TRAP and E140 (encoded by PF3D7_0104100), among others. 

The target sites identified in each wgSA were distributed across all 14 chromosomes (Figure 1). 
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Figure 1. Whole-genome sieve analysis of P. falciparum isolates from field trials of two PfSPZ vaccines, in 
Burkina Faso and in Mali. Site-wise FST values between placebo and vaccinee parasites are shown for Burkina 
Faso and Mali vaccine trials, separately. Significantly differentiated genomic sites (permutation method; k=5000; p-
value<0 05) are shown for each trial (non-grey), including sites where the vaccine allele was underrepresented in 
isolates in controls (light blue) and those where the vaccine allele was underrepresented among vaccinee isolates 
(target sites; dark blue, and non-blue). Non-synonymous target sites (tan) are further highlighted they were observed 
in the same target locus in both studies, and the locus is a member of a multigene family (dark green diamond); and 
when they are observed in same single-copy target locus in both studies (brown triangle). The latter (n=12; shown in 
roman numerals) are shown across the genome (red, vertical line): PF3D7_0113800 (I),  PF3D7_0421700 (II), 
PF3D7_0518700 (III), PF3D7_0609600 (IV), PF3D7_0703900 (V), PF3D7_0711200 (VI), PF3D7_0713600 (VII), 
PF3D7_0808100 (VIII), PF3D7_0826000 (IX), PF3D7_1324300 (X), PF3D7_1335900 (XI), PF3D7_1361800 (XII). 
Variable sites in E140 (in chromosome 1), LSAP2 (in chromosome 2) and CSP (in chromosome 3) are shown 
(purple). In each of these three loci, one non-synonymous target site is present in one study but not the other. 

Several factors can lead to potential false positive signals in wgSA, i.e., polymorphic sites 

identified as “target sites” which are not protective,5 including differential genotype assortment 

into study arms by chance, a common challenge for studies with relatively small sample size, 

such as the two studies here, as well as genomic sites in linkage disequilibrium with protective 

sites.17 In addition to contributing to false positives, these factors can also explain the presence 

of significantly underrepresented vaccine alleles in placebo recipients (Table 1, blue columns; 

Figure 1, blue dots). To determine if these wgSAs were likely to have revealed functionally 
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protective proteins, we sought to determine whether the target sites and associated target loci 

displayed patterns expected from antigens. Several lines of evidence suggest this to be the 

case, as follows. 

 

Analyses of the 262 significantly differentiated non-synonymous sites in the Burkinabe wgSA 

revealed that the vaccine allele was depleted significantly more among samples from vaccine 

(n=202; 771%) versus placebo recipients (n=60; 229%) (Table 1; Appendix Tab6; p<0001), 

as would be expected from the genotype-specific sieve effect of a vaccine-primed immune 

system. In the Malian study, the vaccine allele was again significantly more depleted among 

samples from vaccine (615%) versus placebo recipients (38.5%) (Table 1; Appendix Tab6; 

p<0001). Additionally, a GO term enrichment analysis among 165 target loci identified with the 

Burkinabe clinical trial samples revealed a significant enrichment of membrane-associated 

proteins and proteins involved in host-parasite interactions, traits common to antigens 

(Appendix F3). A similar analysis of the 93 target loci identified in the Malian study, in which VE 

was not significant, did not reveal GO term enrichment, and neither did enrichment analyses on 

the loci with significantly differentiated non-synonymous SNPs in which the vaccine allele was 

depleted in controls, in either study (Appendix F3).  

 

Eighteen loci were present among target loci in both studies (Table 2), a set larger than 

expected by chance (E = 50; p-value ~ 37x10-7), given the number of loci (n = 3326; 

(Appendix Tab3) with non-synonymous variable SNPs across studies (Appendix Tab3). 

Among these 18 target loci, twelve were single copy genes and six were members of multigene 

families. Since wgSA false positives could arise from read mapping artifacts among members of 

multigene families, we focused further on single copy genes. Given 138 and 80 single copy 

target loci in the Burkinabe and Malian studies, respectively, and a total of 2848 single copy 

genes with non-synonymous variable sites, the probability of finding twelve single copy target 

loci in common between studies is also significantly higher than expected (E = 39; p-value ~ 

36x10-4). Finally, as expected for targets of pre-erythrocytic vaccines, transcripts for all twelve 

target loci are present in sporozoites, and again during the liver stage, although one is only 

detected by day 6 (Table 2).18,19  

 

The current vaccine development pipeline for malaria includes twelve pre-erythrocytic antigens, 

including CSP (PF3D7_0304600) and PfSSP2/TRAP (PF3D7_1335900).20 We found 138 and 

135 variable sites among these twelve antigens in Burkinabe and Malian sample sets, 

respectively, but only a small subset of those are target sites (Appendix Tab4 and Tab5). 

Among Burkinabe samples, three non-synonymous target sites mapped to three of those 

antigens, one each in LSAP2 (PF3D7_0202100), CSP, and TRAP/PfSSP2 (Figure 1), and the 

target sites in CSP and PfSSP2/TRAP fall within predicted CD8+ T cell epitopes recognized by 

the 22 most prevalent HLA alleles in Burkina Faso and Mali. Among Malian samples, two target 

sites were identified among these twelve vaccine antigens, one of which maps to a predicted 

CD8+ T cell epitopes in PfSSP2/TRAP (Figure 2).  
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Figure 2. Genetic variation and distribution of predicted CD8+ T-cell epitopes at PF3D7_1335900, the locus 
encoding PfSSP2/TRAP. A) Variable genomic sites in the coding sequence of PF3D7_1335900 among clinical 
isolates (rows, alternating in white, and pink) from vaccinees and controls, from each clinical trial. 3D7 was used as 
reference sequence and its allelic state at each variable is shown below the alignment (grey). In sequences for each 
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clinical isolate (rows), nucleotides (shown in different colors) denote differences from the 3D7 allelic state; if identical 
to reference allele, no nucleotide is shown. Target sites identified by wgSA in at least one study are shown (solid box; 
dotted box in study where site is not a target site). Target sites in the Malian study are not significantly differentiated 
between vaccinee and control infections in the Burkina Faso trial samples, and vice-versa. Alignment visualization 
generated with SNIPIT (https://github.com/aineniamh/snipit). B) Protein data bank files for the 3D structure of TRAP, 
obtained from AlphaFold (https://alphafold.ebi.ac.uk/). Amino acid residues containing target sites are noted, with 
residue coordinate (L66I; R181L; L277I). Color spectrum shows to the count, from zero (blue) to 13 (red), of predicted 
strong binding CD8+ T-cell epitopes overlapping each residue. Display generated with UCSF Chimera v1.15. 

 

Discussion 

  

In 2001, Gilbert and colleagues21 proposed an approach they termed “sieve analysis” to 

determine if VE is allele-specific, and to quantify the relative risk of infection, post-vaccination, 

associated with strains encoding different variants of a vaccine immunogen. Our group 

conducted the first sieve analysis in malaria, to identify residues associated with protection post-

immunization with Pf apical membrane antigen 1 (AMA1).22 We previously proposed that 

extension of the sieve analysis concept to the entire genome of a highly variable, recombining 

pathogen species such as Pf, using samples from a placebo-controlled vaccine trial, could 

identifying genomic sites in which the vaccine allele is significantly under-represented in 

vaccinees relative to placebo recipients, thereby identifying targets of vaccine-induced 

protection.5 Here, we conducted two wgSA on Pf isolates collected from VE trials of PfSPZ 

vaccines conducted in malaria-endemic areas, with the explicit purpose of identifying potential 

targets of PfSPZ vaccine-induced protection. The wgSA conducted on the Burkinabe study 

isolates revealed 165 target loci (138 of which are single-copy genes) while the Malian wgSA 

revealed 93 target loci (80 single-copy genes). A total of 18 target loci were identified in both 

analyses, including twelve single-copy genes.  

 

Several lines of evidence are consistent with the possibility that these twelve target loci are 

targets of PfSPZ vaccine induced protection. Most notably, PF3D7_1335900 encodes one of 

the most well-established pre-erythrocytic sporozoite stage antigens, PfSSP2/TRAP.23 Also, 

PF3D7_0113800 encodes a DBL domain known to activate Rho GTPases involved in 

hepatocyte invasion during Pf infection,24,25 and PF3D7_1361800 encodes the glideosome-

associated connector (GAC), a crucial component of the gliding machinery that enables host 

tissue transversal, cell invasion and egress.26 GAC connects actin fibers and surface adhesins 

(such as TRAP), playing a pivotal role in the forward movement of the parasite. Interestingly, 

GAC becomes exposed and is shed as parasites migrate through host tissue,26 providing an 

opportunity for immune system priming as well as subsequent parasite detection. 

PF3D7_0703900 and PF3D7_1324300 encode conserved, membrane-associated proteins of 

unknown function, but may be accessible to either cell-mediated or humoral immunity if present 

on the sporozoite surface. The relationship between some genes identified by the wgSA and 

vaccine-induced protection is less clear. PF3D7_0518700 encodes the mRNA-binding protein 

PUF1, likely regulating stability and translation efficiency of specific mRNAs important for 

gametocyte development.27 PF3D7_0808100 encodes AP-3 complex subunit delta, with a role 

in endosomal protein trafficking and vesicle formation within the parasite.28,29 PF3D7_0713600 

encodes a putative mitochondrial ribosomal protein S5. The wgSA revealed four additional 

parasite genes encoding conserved proteins of uncharacterized function (Table 2). One of 
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these, PF3D7_0421700, has been identified as a likely target of allele-specific naturally-

acquired immunity to malaria,30 suggesting an overlap between protective targets of sporozoite-

based vaccination and natural infection. Finally, within these 12 target loci, most non-

synonymous target sites are located within predicted CD8+ T cell epitopes, consistent with cell-

mediated immunity (Table 2; Appendix Tab7). 

 

The two wgSAs yielded different numbers of target loci, which partially overlapped between 

studies. Differences can result from several factors, including pre-treatment (or lack thereof), the 

vaccine tested and VE outcome. The Burkinabe clinical trial tested three doses of 2.7x106 

PfSPZ of PfSPZ Vaccine, which consists of radiation attenuated, non-replicating PfSPZ that 

arrest early in the liver stage. The Malian trial assessed three doses of 2x105 PfSPZ of PfSPZ-

CVac (CQ), which consists of non-attenuated, fully replicating PfSPZ that are eliminated by 

chloroquine after rupture of liver schizonts when the parasites reach the blood.4 Therefore, 

different antigen sets are presented by the two vaccines, and for different periods of time, likely 

inducing responses to different, and only partly overlapping, sets of targets. Patients were 

treated to clear blood stage parasitemia pre-immunization in the Burkinabe study, but not in 

Mali. It is unclear if an ongoing infection with a genotype different from PfNF54 could have 

impacted protection outcome in a genotype-specific manner, hence contributing to an increase 

in noise to signal ratio, with a larger proportion of the differentially distributed genotypes being 

due to chance in the Mali study. In addition, the two studies differed in protection outcome, with 

the Burkinabe trial (but not the Malian trial) resulting in significant VE. Lack of significant VE 

likely also increases noise to signal ratio. This is consistent with the lower signal observed in 

enrichment analyses in Malian relative to Burkinabe samples, including a smaller proportion of 

differentially distributed non-synonymous sites in which the vaccine allele was underrepresented 

among vaccinee samples relative to controls, and a lack of GO term enrichment among target 

loci. Therefore, the studies almost certainly differ in power to detect an association between 

genetic variants and protection. Finally, differences between host populations, including in HLA 

allele frequencies, previous malaria exposure, as well as previous exposure to different Pf 

genotypes could all have led to differences in the target sites detected. 

 

Overall, these results are consistent with wgSA’s utility as an agnostic approach to identify novel 

potential targets of whole-organism-based vaccines. Analysis of additional PfSPZ-based VE 

trials in malaria-endemic areas can be used to further explore this approach, potentially 

strengthening identification and prioritization of candidate loci. Importantly, it is essential to 

validate these results for any targets intended for vaccine formulations, by demonstrating that 

they are both immunogenic and protective. The evidence presented suggests that multiple 

parasite proteins contribute to the protective immune response induced by vaccination with 

PfSPZ vaccines, and that these protective immune responses are often allele-specific, as is the 

case, by definition, of the target loci identified here. Therefore, to achieve strain-transcendent, 

broad protection, PfSPZ vaccines will need to induce optimal protective immune responses to 

multiple epitopes from multiple proteins, including subdominant epitopes, and could potentially 

be improved by including mixtures of PfSPZ, genetic crosses of parasites from different regions, 

and/or expression by PfSPZ of multiple variants of known protective epitopes from multiple 

strains. 
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Tables 

 

Table 1. Classification of significantly differentiated sites between samples from vaccinees and placebo-

recipients. The country and vaccine used in each case are mentioned in the header, for each study. Significantly 

differentiated sites in which the vaccine allele was underrepresented among vaccinee samples are termed “target 
sites” (dark blue columns); the loci to which non-synonymous (NSYN) target sites (tan) map are termed “target 
loci” (brown).  

 Burkina Faso, PfSPZ Vaccine trial Mali, PfSPZ CVac trial 

 PfNF54 allele 

depleted in 

vaccinee 

samples (target 

sites and target 

loci) 

PfNF54 allele 

depleted in 

placebo 

recipient 

samples 

PfNF54 allele 

depleted in 

vaccinee 

samples (target 

sites and target 

loci) 

PfNF54 allele 

depleted in 

placebo recipient 

samples 

Significantly differentiated 

sites 
508 176 314 196 

    Synonymous (SYN) 94 34 47 47 

    Non-Synonymous 

(NSYN) 
202 60 110 69 

    Other (intergenic, 

intronic, etc.) 
212 82 157 80 

Protein-coding loci with 

differentiated NSYN sites 
165 48 93 58 

 

 

Table 2. Target loci identified in both studies. The 18 target loci are shown, each containing at least one non-

synonymous (NSYN) target site (i.e., significantly differentiated NSYN SNPs between samples from vaccinees and 

controls, with the vaccine allele depleted in the former) in both the studies and associated gene expression. Single-

copy genes (not shaded) and members of multigene families (shaded rows) are shown. 

Gene ID Gene product 

Protei

n 

length 

(AA) 

No. 

NSYN 

target 

sites 

(BF / M)a 

No. NSYN 

target sites 

in CD8+ T 

cell 

epitopes 

(BF / M)b 

SPZ 

expressi

onc 

Liver 

expressio

nd 

PF3D7_0113800 DBL-containing protein 2900 2 / 1 2 / 1 + - - + 

PF3D7_0421700 
Conserved Plasmodium 

protein 
1936 1 / 1 1 / 1 + + + + 

PF3D7_0518700 mRNA-binding protein PUF1 1894 1 / 1 1 / 1 + + + + 

PF3D7_0609600 
Conserved Plasmodium 

protein 
1257 1 / 1 1 / 1 + - + + 
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PF3D7_0703900 
Conserved Plasmodium 

membrane protein 
4358 2 / 1 2 / 1 + + + + 

PF3D7_0711200 
Conserved Plasmodium 

protein 
1000 1 / 1 0 / 1 + - + + 

PF3D7_0713600 
Ribosomal protein S5, 

mitochondrial, putative 
917 1 / 1 0 / 1 + + + + 

PF3D7_0808100 AP-3 Complex subunit Delta 1609 1 / 1 1 / 1 + - + + 

PF3D7_0826000 
Conserved Plasmodium 

protein 
1172 1 / 1 1 / 1 + - + + 

PF3D7_1324300 
Conserved Plasmodium 

membrane protein 
5415 1 / 1 1 / 0 + + + + 

PF3D7_1335900 
Thrombospondin-related 

anonymous protein, TRAPe 
574 1 / 2 1 / 1 + + + + 

PF3D7_1361800 
Glideosome-associated 

connector, GAC 
2605 1 / 1 1 / 0 + - + + 

PF3D7_0402200 

surface-associated 

interspersed protein 4.1 

(SURFIN 4.1), pseudogene 2217 

4 / 1 4 / 1 + - - - 

PF3D7_0424400 

surface-associated 

interspersed protein 4.2 

(SURFIN 4.2) 2380 

2 / 3 1 / 2 + - - + 

PF3D7_0713000 rifin 346 6 / 4 5 / 4 + NA 

PF3D7_0808800 rifin 388 1 / 1 1 / 1 + - - - 

PF3D7_0830800 

surface-associated 

interspersed protein 8.2 

(SURFIN 8.2) 2049 

6 / 2 4 / 1 - - + + 

PF3D7_1200600 

erythrocyte membrane 

protein 1, PfEMP1 3056 
3 / 2 2 / 2 + - - + 

a Number of non-synonymous (NSYN) target sites in a locus, in each of the two studies; BF: Burkina Faso; M: Mali. b NSYN target sites in both 

studies, overlapping with predicted CD8+ T-cell epitopes corresponding to 22 most prevalent HLA alleles in Burkina Faso (BF) and in Mali (M). 
c Presence of transcripts in the sporozoite stage was classified dichotomously (presence/absence). d Liver stage expression is classified into five 

groups based on CPM values18 (ubiquitously expressed: +++; present by day 4: -++; present by day 6 --+; not expressed in liver: --- ; and 

information not available: NA). e TRAP (but none of the other gene products) has a signal peptide.   

 

 

 

Figure legends 

 

Figure 1. Whole-genome sieve analysis of P. falciparum isolates from field trials of two 

PfSPZ vaccines, in Burkina Faso and in Mali. Site-wise FST values between placebo and 

vaccinee parasites are shown for Burkina Faso and Mali vaccine trials, separately. Significantly 

differentiated genomic sites (permutation method; k=5000; p-value<005) are shown for each 

trial (non-grey), including sites where the vaccine allele was underrepresented in isolates in 

controls (light blue) and those where the vaccine allele was underrepresented among vaccinee 

isolates (target sites; dark blue, and non-blue). Non-synonymous target sites (tan) are further 

highlighted they were observed in the same target locus in both studies, and the locus is a 

member of a multigene family (dark green diamond); and when they are observed in same 

single-copy target locus in both studies (brown triangle). The latter (n=12; shown in roman 

numerals) are shown across the genome (red, vertical line): PF3D7_0113800 (I),  

PF3D7_0421700 (II), PF3D7_0518700 (III), PF3D7_0609600 (IV), PF3D7_0703900 (V), 

PF3D7_0711200 (VI), PF3D7_0713600 (VII), PF3D7_0808100 (VIII), PF3D7_0826000 (IX), 
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PF3D7_1324300 (X), PF3D7_1335900 (XI), PF3D7_1361800 (XII). Variable sites in E140 (in 

chromosome 1), LSAP2 (in chromosome 2) and CSP (in chromosome 3) are shown (purple). In 

each of these three loci, one non-synonymous target site is present in one study but not the 

other. 

 

Figure 2. Genetic variation and distribution of predicted CD8+ T-cell epitopes at 

PF3D7_1335900, the locus encoding PfSSP2/TRAP. A) Variable genomic sites in the coding 

sequence of PF3D7_1335900 among clinical isolates (rows, alternating in white, pink) from 

vaccinees and controls, from each clinical trial. 3D7 was used as reference sequence and its 

allelic state at each variable is shown below the alignment (grey). In sequences for each clinical 

isolate (rows), nucleotides (shown in different colors) denote differences from the 3D7 allelic 

state; if identical to reference allele, no nucleotide is shown. Target sites identified by wgSA in at 

least one study are shown (solid box; dotted box in study where site is not a target site). Target 

sites in the Malian study are not significantly differentiated between vaccinee and control 

infections in the Burkina Faso trial samples, and vice-versa. Alignment visualization generated 

with SNIPIT (https://github.com/aineniamh/snipit). B) Protein data bank files for the 3D structure 

of TRAP, obtained from AlphaFold (https://alphafold.ebi.ac.uk/). Amino acid residues containing 

target sites are noted, with residue coordinate (L66I; R181L; L277I). Color spectrum shows to 

the count, from zero (blue) to 13 (red), of predicted strong binding CD8+ T-cell epitopes 

overlapping each residue. Display generated with UCSF Chimera v1.15.  

 

https://github.com/aineniamh/snipit
https://alphafold.ebi.ac.uk/
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5 DISCUSSION 

5.1 Placing molecular monitoring and next-generation whole genome 

sequencing into malaria control activities in the field  

Historically, malaria has caused significant loss of human life, to the point of impacting the 

evolution of our collective DNA, selecting for certain genomic traits (Kariuki and Williams, 

2020). Haemoglobinopathies, or mutations leading to abnormal hemoglobin structure or 

function, are believed to have increased in frequency through natural selection in malaria-

affected human populations, as these variants provide a degree of protection from malaria 

death (Taylor et al., 2012, Weatherall, 2008). In recent decades, advancements in malaria 

control and treatment have reduced malaria-related morbidity and mortality. In many malaria-

endemic countries the lowest socioeconomic groups now bear the highest burden (Degarege 

et al., 2019). Malaria remains a significant contributor to death for children under 5-years in 

low-middle income countries (LMIC), particularly in sub-Saharan Africa, despite significant 

investment in global funding for malaria control and drive towards eventual elimination (Cohen 

et al., 2022, WHO, 2023). As NMPs make progress, it is becoming increasingly challenging to 

achieve further reduction in malaria prevalence. Parasites reservoirs become harder to 

identify, and continuous P. falciparum and its vectors adapt rapidly to interventions, and 

competition with other global health priorities limits funding for malaria control (Cohen et al., 

2022).  With the progression of global warming and high population connectedness through 

national and international travel, malaria expansion or re-introduction into previously malaria-

free regions becomes a serious possibility (Li and Managi, 2022, Fischer et al., 2020). Most 

recently, in 2023, autochthonous P. vivax cases were detected in Texas and Florida, and an 

autochthonous P. falciparum case in Maryland was confirmed by RDT, microscopy and qPCR 

(Blackburn, 2023, Duwell et al., 2023). These US cases were acquired locally, in each state, 

among individuals with no reported malaria risk, such as recent travel, or contact with a recent 

traveler, from a malaria-endemic region. For the malaria-free, or low-transmission regions, any 

interruption of malaria control, or surveillance activities could lead to severe spikes in malaria 

mortality, if unchecked, as population-level immunity wanes over time, leading to an increase 

in susceptibility to malaria disease and death (Ghani et al., 2009). One of the challenges is 

generating detailed, accurate data and acting quickly enough to make evidence-based 

decisions in malaria control policy. Decentralization of NMPs to a provincial-level approach to 

control implementation (Gosling et al., 2020) or decentralizing data generation to laboratories 

in malaria-endemic regions have been suggested as faster, more economic paths to prevent 

malaria expansion (Tessema et al., 2019).  
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With the presented doctoral work, I aimed to advance knowledge of P. falciparum as it relates 

to malaria diagnostics, transmission dynamics and vaccine development. Underlying the 

presented work is the additional effort to improve accessibility of the appropriate molecular 

techniques, when possible – and in this context, within collaborating laboratories in Equatorial 

Guinea. As malaria endemic countries experience higher malaria burden (WHO, 2023), the 

faster NMPs can monitor Plasmodium transmission with advanced surveillance techniques, 

the more effective control and prevention interventions can be deployed in response.  

In this PhD thesis, a significant proportion of the molecular data generated originated from 

Bioko Island, Equatorial Guinea. All results assessing ultrasensitive RDTs were generated on 

Bioko Island (Mpina et al., 2022). The first ever application of the Diaxxo PlasmoPod device in 

Equatorial Guinea was conducted at the Baney District Reference Laboratory on Bioko Island 

by the local staff (Stabler et al., Manuscript in preparation-b). All the presented epidemiological 

data and DBS samples used were collected and processed by local teams. Ideally, the entire 

process of NGS data generation and downstream analysis will be completed locally. Hindering 

this goal in LMICs is the lack of infrastructure for computational science, NGS and 

bioinformatics, as there are few opportunities to learn and apply these concepts. The 

development of the GC3 approach was meant to facilitate the generation of already existing 

NGS coverage files and subsequent interpretation of results by non-NGS specialists, with 

limited bioinformatics experience  (Stabler et al., 2022). Some knowledge of UNIX command 

lines or Python/R is required to operate GC3; however, publically available, detailed 

documentation provide instructions for the required input files and to facilitate running the 

program locally, on a personal laptop. GC3’s function semi-automates the processing of 

coverage files and automatically outputs informative visuals and databases with commonly 

used software (e.g., excel). Generally, as molecular methods and NGS technologies become 

more accessible, their integration into NMP’s core approach to malaria control strategy, as 

recommended by the WHO (Carter et al., 2022), becomes more feasible.  

Plasmodium spp. NGS can be challenging, in part, due to the need to account for low parasite 

quantities in relation to human/host DNA, which limits downstream analyses  (Oyola et al., 

2013). Exacerbating NGS issues is AT-rich composition of some Plasmodium genomes, which 

leads to biased representation of genomic segments during sequence library construction (Lan 

et al., 2015). The application of hybrid selection, digestion or amplification techniques can 

reduce the effect of these biases (Melnikov et al., 2011, Oyola et al., 2016, Oyola et al., 2013). 

As part of my work, we have successfully applied an in-house DNA extraction method, 

developed by the Malaria Research Program at the University of Maryland School of Medicine, 

to field and clinical samples, and generated high-quality data - mostly through the application 

of sWGA techniques (Oyola et al., 2013, Shah et al., 2020, Stabler et al., Manuscript in 

preparation-a). Further, we also applied this extraction method in Equatorial Guinea (Stabler 
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et al., Manuscript in preparation-b). Comparatively, whole blood samples have a much higher 

DNA yield than DBS (Holzschuh and Koepfli, 2022). However, in the context of active 

surveillance of Plasmodium and transmission dynamics, DBS (i.e. blood drops on filter paper) 

are an ideal field sample as they remain stable for a significant amount of time and do not 

require cold chain logistics (Färnert et al., 1999, Bereczky et al., 2005). An active surveillance 

approach, based on field samples, is best to obtain reliable parasite prevalence estimates, as 

passive surveillance can underestimate malaria prevalence, especially among malaria immune 

adults (Zhou et al., 2015, Tiono et al., 2014, malERA, 2017). Ultimately, DNA yields from DBS 

are lower than whole blood extractions; however, we and others have successfully 

demonstrated that high-quality WGS can be generated from DBS and this approach was used 

to describe for the first time the P. falciparum population on Bioko Island (Stabler et al., 

Manuscript in preparation-a). These WGS results provide a holistic representation of 

circulating malaria strains through accurate analysis of molecular data.  

Standard library preparation protocols are biased against AT-rich genomic regions, and care 

needs to be had with genomes such as that of P. falciparum  (Lan et al., 2015); advancements 

in library preparation and Illumina sequencing platforms have improved sequencing results (Le 

Roch et al., 2012, Van Vliet, 2010). Within the presented work, both long- and short-read 

sequencing data was used. Ideally, both long- and short-read data are generated for each 

sample to generate the highest quality coverage and read data (Rhie et al., 2021). However, 

this typically requires a much greater investment, and is not always feasible given limited 

resources. Bioinformatic methods can minimize sequence errors by mapping raw reads to a 

reference genome, like P. falciparum 3D7 (Pf3D7), using GATK HaplotypeCaller and bowtie2, 

which uses the reference genomes as a template to assign descriptive quality values to each 

called SNP (Van der Auwera et al., 2013, Langmead and Salzberg, 2012). In this way, low-

quality Plasmodium data can be excluded, such as a sample with low target coverage, reads 

mapping to multiple loci, or SNPs with low quality scores. Polyclonal infections add another 

complication for molecular monitoring of Plasmodium as these infections can mask the 

genotypes of lower-frequency strains, particularly important when assessing hrp2 deletions 

(Watson et al., 2019, Hosch et al., 2022). Bias from polyclonal infections can be mitigated by 

either calling major alleles or by deconvolution. When calling major alleles, a distinct, 

predefined threshold is assigned (e.g. 70%) and at each genomic site only the most frequent 

allele is assigned, disregarding low frequency alleles. Whereas deconvolution includes 

differentiating polyclonal isolates by the allele frequency, and assigning algorithmic scores to 

then reconstruct each strain separately (Zhu et al., 2017). Both of these methods have been 

used to handle polyclonal infections in downstream analyses, to reduce noise and provide 

accurate genetic variation estimates (Ruybal-Pesántez et al., 2024, Neafsey et al., 2021). This 

extends to my doctoral work where all sequence data was processed accordingly to account 

for polyclonal infections (Stabler et al., 2022, Stabler et al., Manuscript in preparation-a).   
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During the progress of this doctoral work, short-read WGS samples were generated for P. 

falciparum from Bioko Island for the first time. WGS is becoming the gold standard for pathogen 

epidemiology, allowing for simultaneous analysis of multiple genes, which other sequencing 

methods lack (Auburn and Barry, 2017, Akoniyon et al., 2022). Targeted sequencing (amplicon 

sequencing), does not have the versatility of WGS, but is a more affordable, informative 

method to sequence genomic segments of interest (Satam et al., 2023). WGS has been used 

to measure Plasmodium population structure (Shen et al., 2018, Hupalo et al., 2016), identify 

structural variants (Obaldia et al., 2014, Osborne et al., 2021), monitor for drug resistance 

(Cravo et al., 2015) and advance malaria vaccine development (Conway, 2015). Further, WGS 

provides the best method for resolving linkage disequilibrium (LD) (Pengelly et al., 2015). LD 

refers to a non-random association between SNPs or segments of DNA that may be conserved 

solely due to their genomic proximity to a selected SNP or DNA segment (Lewontin, 1988). 

Within the Plasmodium genome, the length of DNA segments in LD can vary between 1.5 kbp 

(~0.1 cM) and 17 kbp (~1 cM) (Volkman et al., 2007), which requires “pruning” to accurately 

conduct gene association studies (Martin and Chung, 2021). Especially in the context of my 

thesis work, the first description of a, so far, uncharacterized population, WGS provided 

appropriate data to best understand diversity, structure and transmission dynamics (Stabler et 

al., Manuscript in preparation-a). Although there is a higher up-front cost (in the order of USD 

$75-$150 per sample), the return on investment from WGS may be higher than other NGS 

methods due to the versatility, public availability in open access databases in combination with 

the volume of the data generated.  

Despite decreasing costs, accessibility to WGS technology remains difficult for LMIC as 

significant investment in electrical infrastructure, powerful computational systems and 

laboratories is required (Adebamowo et al., 2018, Neafsey et al., 2021). Opportunities and 

experience for local staff is also needed to appropriately apply previously described 

bioinformatics methods and NGS data processing at the local level. Although the ONT 

sequencing technology was not used in the presented doctoral work, there are available units 

at the Baney reference laboratory in Equatorial Guinea. Due to its increased accessibility and 

ability to generate WGS for P. falciparum (Meulenaere et al., 2024), ONT may be an improved 

sequencing technology for WGS generation from field samples, but further validation is 

required. In summary, NGS and WGS can offer high-throughput sequence data that provide 

high-quality, detailed data applicable within a variety of various malaria research areas due to 

its unbiased analysis and coverage of the entire genome.  
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5.2 Adapting RDT diagnostics to identify P. falciparum parasites that 

escape routine surveillance 

Our reliance on malaria RDTs to accurately diagnose Plasmodium spp. infections is apparent, 

in part due to their wide-spread use, low cost and user-friendly design. However, an issue with 

RDTs is their relatively high limit of parasite detection (Berzosa et al., 2018, Laban et al., 2015), 

leading to difficulty identifying low-parasite density infections (Bousema et al., 2014). From a 

controlled human malaria infection (CHMI), we analyzed whole blood samples from 48 

individuals using various diagnostic methods, including an ultrasensitive, HRP2-based RDT 

(uRDT). With a lower limit of detection than conventional RDTs, uRDTs had a similar sensitivity 

to microscopy (Mpina et al., 2022); however, the higher cost of uRDTs, compared to 

conventional RDT’s very low price point, may prevent them from being more readily adopted 

by NMPs at present (Wittenauer et al., 2022). The uRDT’s performance with field samples has 

also shown its usability as a diagnostic tool in Malaria Indicator Surveys (MIS) and field 

diagnostic studies (Yimam et al., 2022, Danwang et al., 2021), and may prove useful for 

surveys conducted in low-transmissions areas. An apparent drawback to uRDTs is the 

continued use of HRP2 as their target antigen, which is not robust to hrp2 and hrp3 (hrp2/3) 

deletion-carrying strains, particularly in multi-clonal infections. 

Understanding diagnostic escape via hrp2 and/or hrp3 deletions poses a complex question 

that remains partially unaddressed in the field. Analysis of WGS data with GC3, and other 

studies of hrp2 and hrp3, all have documented that partial gene deletions can be identified 

(Stabler et al., 2022, Gamboa et al., 2010, Dharia et al., 2010b, Molina - de la Fuente et al., 

2022). Many studies only consider complete deletions or lack of a HRP2 antigen (Poti et al., 

2020). This neglects the effect of a partial deletion which may also affect the HRP2 and HRP3 

protein structure and function to a point where RDT diagnosis is compromised. Interestingly, a 

decrease in HRP2 or HRP3 function seem to not significantly impact P. falciparum viability and 

transmissibility in the field (Sepúlveda et al., 2018, Poti et al., 2020). Therefore, the inclusion 

of monitoring for partial hrp2 and hrp3 gene deletion strains is warranted in diagnostic evasion 

monitoring as much as complete deletions. However, the proportion of a partial deletion 

affecting function, the location of a partial deletion, and the role they may play in diagnostic 

evasion of malaria RDTs remains to be determined. 

Monitoring for hrp2 and hrp3 deletions is complicated by the presence of polyclonal infections. 

Within a polyclonal infection, strains with hrp2 deletion may be masked by the presence of 

another strain with an intact hrp2 gene (Hosch et al., 2022). When analyzing 19 samples with 

known and unknown hrp2 and hrp3 deletion status, a qPCR assay was used that can also 

account for polyclonal infections based on the difference of Cq values between a control gene 

(Pfrnr2e2) and hrp2 and hrp3 (Schindler et al., 2019, Stabler et al., 2022). Using this method, 
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deletions can be detected among polyclonal infections, however partial deletions may be more 

difficult to identify. A complement of this hrp2/3 detecting assay is applying deconvolution, 

where NGS data and GC3 can be used to also assess for hrp2 and hrp3 deletions among 

reconstructed strains in polyclonal infections. Of the 90 WGS samples generated in Bioko, 

none were identified to have hrp2 or hrp3 deletions by GC3. Although no deletions were found, 

strains with hrp2/3 deletions have been observed in Equatorial Guinea, including Bioko Island 

(Hosch et al., 2022, Berzosa et al., 2020, Molina-de la Fuente et al., 2024). Further, PlasmoPod 

assessment of the 1,479 samples from the 2023 MIS show a proportion of samples as false 

negative by RDT despite high parasite density, which may suggest the presence of hrp2 

deletions. However, the ability to identify polyclonal infections using 18S RT-qPCR with 

PlasmoPod remains to be developed in the context of this equipment.  

Whereas GC3 can be used to facilitate analysis of sequence coverage data, qPCR techniques 

are the most sensitive and appropriate method for monitoring hrp2/3 deletions. Clearly, 

polyclonal infections complicate monitoring efforts, and as such, molecular techniques need to 

account for such infections when monitoring for the frequency of deletions, or risk 

underestimating the presence of RDT diagnostic evading strains. Neglecting to monitor for 

hrp2/3 deletions may result in the selection and expansion of these strains as observed in 

Eritrea and Ethiopia (Mihreteab et al., 2021, Golassa et al., 2020). Especially in Eritrea, HRP2-

based RDTs are significantly compromised and the NMP requires non-HRP2 RDTs to be used 

(WHO, 2023). Further hindering the Eritrean NMP control strategy is the observation of strains 

with both ART-resistance markers and hrp2/hrp3-deletions deletions (Mihreteab et al., 2023). 

The importance of proper surveillance of Plasmodium populations and appropriate responses 

to evolutionary adaptations cannot be understated.  

As evident by the hrp2-specific qPCR assay (Schindler et al., 2019), molecular assays can be 

successfully designed to detect various targets. This versatility in molecular monitoring assays 

further support their incorporation into NMP malaria control strategies. The design of the 

PlasmoPod device aims to simplify and increase accessibility to such molecular assays while 

maintaining sensitivity and specificity comparable to more traditional qPCR techniques 

(Bechtold et al., 2023). On a larger scale, 1,500 blood samples collected from 1,500 volunteers 

were used to generated molecular results during the month of February 2024, with activities 

ranging from extracting DNA from DBS to running RT-qPCR, all while conducting the 

associated training of laboratory staff. In the context of this thesis, PlasmoPod was used to 

identify low-density infections using an 18S RT-qPCR assay, and can detect low-density or 

suspected hrp2-deletion infections. Although PlasmoPod is yet to substitute the ease and use 

of RDTs in the field, PlasmoPod offers a unique alternative that can generate results within 30 

minutes of running qPCR. Its application as an easily implementable molecular method for 

Plasmodium diagnosis or surveillance is apparent.  
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The work presented here illustrates how NGS and novel technology tools (both software and 

hardware) can be used to improve monitoring of Plasmodium. Ideally in the near future, the 

sample collection and data generation will be followed entirely conducted at the local level in 

malaria endemic regions, cutting down on costs and shortening the turnaround needed for 

processing of samples (Golumbeanu et al., 2023). Advancements in malaria diagnostic 

methods and their affordability may allow for NMPs to better understand transmission 

dynamics and case tracking. Ultrasensitive RDTs may be a more appropriate option for field 

studies in low-transmission areas as they provide a similar level of sensitivity to that of 

microscopy without investment in laboratory specialization. However, their more widespread 

use is hampered by the cost and the lack of a different diagnostic antigen apart from HRP2. 

Using GC3 can facilitate analysis of publicly available NGS data, as access to the nucleic 

material of samples is not always feasible. This can in turn be used as another method of 

estimating diagnostic escape if NGS data is available. Further, alternative diagnostic tools, like 

the 18S RT-qPCR assay with PlasmoPod, can offer relief in areas where the reliability of RDTs 

has become significantly compromised due to RDT escaping parasite populations.  

5.3 Measuring connectedness and transmission dynamics to improve 

malaria interventions  

Understanding transmission dynamics of Plasmodium spp. depends on various factors 

including mosquito biting behavior (Nzioki et al., 2023, Epopa et al., 2019), selective pressure 

and parasite fitness (Rosenthal, 2013, Lefevre et al., 2018, Schneider, 2021), and population 

genetics (Neafsey et al., 2021, Arnott et al., 2012, de Oliveira et al., 2020). In the context of 

Bioko Island, annual MIS data provides a granular epidemiological view of malaria 

transmission on the island beginning on 2004 (Cook et al., 2018), repeatedly noting higher 

odds of malaria infection among travelers to mainland Equatorial Guinea (Guerra et al., 2019, 

Bradley et al., 2015, García et al., 2023, Citron et al., 2021). As part of my doctoral work, the 

P. falciparum population structure was described using WGS data whole and the impact of 

importation on Bioko island was analyzed and linked to available epidemiological data. A 

significant proportion of infections on Bioko were polyclonal infections, a proxy measurement 

of transmission intensity (Galinsky et al., 2015), and evidence of moderate levels of 

transmission (Nchama et al., 2021, Gatton and Cheng, 2010, Lopez and Koepfli, 2021). The 

relatedness between Bioko, Cameroon and Gabon illustrated the connectedness between 

malaria on Bioko Island and its mainland neighbors. Further evidence of how importation may 

be preventing sustainable elimination efforts. Interestingly, the Bioko parasite population 

appeared slightly more closely related to the Gabonese population than Cameroonian, 

possibly hinting at stronger connectedness between mainland Equatorial Guinea and Gabon 

that extends to Bioko (Stabler et al., Manuscript in preparation-a). The predominant tribal group 
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in Equatorial Guinea and Gabon are the Fang, which represented 85% of Equatoguineans and 

25% of Gabonese (Stokes, 2009, CIA, 2024b). Fang populations exist in Cameroon, but do 

not make up as significant proportion of the inhabitants (CIA, 2024a). Although speculative, 

the shared language and cultural links through Fang tribes present in both Equatorial Guinea 

and Gabon may promote increased border crossing and trade. In similar geographically 

isolated contexts, such as Zanzibar, São Tomé and Príncipe and Senegal, human migration 

(and the concomitant malaria importation) appears to be a significant obstacle to malaria 

elimination as island parasites have a significant proportion of their genome in IBD with 

parasites from the mainland (Fakih et al., 2023, Morgan et al., 2020, Wang et al., 2022, Daniels 

et al., 2020). Applying genetic data in conjunction with epidemiological data demonstrates the 

capability of detailing local and imported malaria transmission pathways, including those 

characterized in Equatorial Guinea. This first time population genetics analysis of malaria on 

Bioko Island suggests screening and treatment of travelers is likely needed to make continued 

progress towards malaria elimination. 

Sustained surveillance of Plasmodium transmission is necessary as progress towards 

elimination continues. Malaria burden can change rapidly in response to effective malaria 

control (Cook et al., 2018, Kigozi et al., 2020). An active monitoring approach is considered 

advantageous, especially in regions nearing elimination (Nasir et al., 2020). Active surveillance 

on Bioko Island has demonstrated malaria prevalence is typically higher in rural communities 

than urban communities (García et al., 2023, Cook et al., 2018). However, based on population 

genetics analyses of Bioko P. falciparum isolates, parasites in Malabo, the capital city, appear 

to have more segments in IBD than rural parasites on average, suggestive of a more panmitic 

population (Salla et al., 2020, Ajogbasile et al., 2021). This is further supported by the higher 

frequency of polyclonal infections among individuals from Malabo, where more polyclonal 

infections are observed in regions with higher transmission intensity (Gatton and Cheng, 2010, 

Lopez and Koepfli, 2021). The presence of polyclonal infections is not unexpected as 

prevalence measurements have not decreased to a level where monoclonal infections would 

predominate (Lopez and Koepfli, 2021). Bioko Island has not yet reached a pre-elimination 

phase of malaria; however, once it does, evidence of low transmission in rural communities 

prior to urban communities may be expected, due to lower connectivity from rural communities 

to the mainland via Malabo (Stabler et al., Manuscript in preparation-a). It is clear that malaria 

spread is not constrained by geopolitical boundaries, either between countries or communities, 

and targeted control efforts at border crossing with high human traffic may be needed to 

prevent the import or export of malaria.  

Merging epidemiological data and molecular data in real time offers valuable detail toward 

identifying reservoirs of low parasite-density infections. Low parasite-density reservoirs can 

contribute to local transmission while being hard to detect in time (Okell et al., 2012, Slater et 
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al., 2019, Whittaker et al., 2021). Low-density, asymptomatic infections appear often in adults 

(Heinemann et al., 2020, Topazian et al., 2020), as adults have more robust naturally acquired 

immunity against malaria and suppress infections better than younger age groups (Buchwald 

et al., 2018). Omitting malaria surveillance of adults potentially misses a key source of 

transmission. Using PlasmoPod, we showed that older age groups had higher association to 

malaria infection measured by RT-qPCR (Stabler et al., Manuscript in preparation-b). In the 

context of Bioko Island, the transmission dynamics between urban and rural communities differ 

(García et al., 2023). If RDTs are used as the diagnostic method during MIS, an 

underestimation of malaria may occur in urban environments, which are often associated with 

low density infections on Bioko (Stabler et al., Manuscript in preparation-b). In urban 

environments, there is higher population density, higher frequency of human migration and 

greater opportunities for mosquitos to transmit malaria (Olusegun-Joseph et al., 2019, Santos-

Vega et al., 2016, Tatem et al., 2008). However, in Malabo, where most urban communities in 

Bioko Island are located, the population also has much greater access to health clinics and 

antimalarial treatment free of charge (Rehman et al., 2013). In areas with more robust health 

care systems, symptomatic infections are more likely to be diagnosed, treated and eliminated 

(Björkman and Morris, 2020), thus lower density infections may have greater chances of 

survival in urban areas like Malabo. Ultimately, as shown by our work on Bioko Island, utilizing 

both epidemiological and molecular data illuminates those under-detected malaria 

subpopulations present in the human population and which groups may be hidden 

transmission reservoirs only detectable at a molecular level.  

5.4 Developing the next generation of malaria vaccines with improved 

protective efficacy 

With the recent WHO approvals of the RTS,S/AS01 and R21/Matrix-M malaria vaccines, their 

widespread use is expected to alleviate malaria-related deaths, especially among children 

under 5 years old (Hammershaimb and Berry, 2024). Despite these advances, the need for 

other vaccine iterations with improved efficacy is pressing (Beeson et al., 2019). Efficacy 

measurements of approved malaria vaccines use clinical malaria as an endpoint (symptomatic 

malaria and diagnosis confirmation by microscopy), however their protection does not 

significantly prevent infection and subsequent transmission (Laurenson and Laurens, 2024, 

Lambach et al., 2024). Further, much like natural immunity, vaccine protection wanes over 

time, requiring regular boosting doses (Datoo et al., 2024, Chandramohan et al., 2021), which 

can complicate adherence to vaccine regimens especially in countries with weaker health 

systems (Deen and Clemens, 2006). Considering that RTS,S and R21 target a single gene 

product, PfCSP, and RTS,S elicited protection has been shown to be allele-specific (Neafsey 

et al., 2015), variants that evade vaccine-induced protection may minimize the positive impact 
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of those vaccines. It remains prudent to continue developing other malaria vaccine candidates, 

particularly focusing on other potential targets, applying novel techniques for discovery to 

create a vaccine capable of preventing malaria infection.  

Plasmodium’s complex life cycle and relatively high antigenic diversity necessitate a broader 

vaccine development approach as many gene products can fulfill redundant biological 

functions, especially those associated with erythrocyte attachment and invasion (Alves-Rosa 

et al., 2024). The merozoite surface protein 1 (msp1) of P. falciparum is one such gene whose 

product is thought of as a potential vaccine target due to its function as a facilitator of 

erythrocyte invasion of merozoites and high immunogenicity (Ferreira et al., 2003). The 

presented doctoral work reviewed the potential of msp1 as a whole gene target (Thomson-

Luque et al., 2024). Previous vaccine candidates explored MSP1 subunit vaccines, but did not 

elicit desired results (Tolle et al., 1993, Sheehy et al., 2012, Früh et al., 1991, Chauhan et al., 

2010). The msp1 gene is made up of several conserved, semi-conserved and highly 

polymorphic regions (Takala et al., 2002, Tanabe et al., 2007, Kiwanuka, 2009). Among these 

gene segments, the block 2 segment of msp1 appears to be a primary immunological target 

among malaria-exposed individuals, and a potential vaccine target (Cavanagh et al., 2004, 

Cowan et al., 2011). However this segment is also highly polymorphic with tri-peptide repeats 

and accounts for most of the observed genetic variance between parasite populations 

(Thomson-Luque et al., 2024). The hypothesis for pursuing recombinant, full-length MSP1 as 

a vaccine candidate, despite previous suboptimal results for subunit vaccines, is that by using 

the full-length MSP1 product, a vaccine will induce broad immunity with various T-cell and B-

cell epitopes, improving elicited, strain transcending protection (Thomson-Luque et al., 2024). 

This review compiles the previous clinical study outcomes and understand the genetic diversity 

and structure, and potential protective efficacy of full-length msp1 for planned clinical trials in 

East and West Africa. 

Of the approximately 5,500 genes in the P. falciparum genome, an estimated 40% are still 

annotated as putative proteins or proteins of unknown function (Gardner et al., 2002, 

Aurrecoechea et al., 2008). Although naturally acquired immunity is achievable through 

multiple episodes of sustained malaria exposure (Barry and Hansen, 2016), a direct correlate, 

or correlates, of protection is yet to be discovered. Available data are conflicting and the 

hypotheses of protective immune correlates differ on whether protection is mainly B-cell or T-

cell mediated (Scalsky et al., Under review). Sieve analysis, the comparison of allele 

frequencies between infected vaccinated and infected unvaccinated individuals, has been 

used to describe allele specific immunity of PfCSP-based malaria vaccines (Neafsey et al., 

2015). We hypothesized that protective antigens can be identified by way of differential 

frequency of gene variants in parasites collected from blood samples in controls (i.e. placebo 

recipients) and vaccinated individuals (Scalsky et al., Under review). We applied for the first 
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time in malaria a whole genome sieve analysis (wgSA) of P. falciparum in the context of an 

irradiation attenuated whole-sporozoite vaccine trial (i.e. PfSPZ Vaccine) and a non-attenuated 

form (PfSPZ-CVac). WGS data was generated from samples collected during two field trials in 

high seasonal transmission regions of Mali and Burkina Faso (Dwivedi et al., Manuscript in 

preparation). Mali and Burkina Faso sieve analyses results shared 18 target loci, 12 of which 

were single-copy genes, including the well-described Thrombospondin-related anonymous 

protein (TRAP) (Dwivedi et al., Manuscript in preparation). Previously developed TRAP-based 

vaccines reported suboptimal results (Tiono et al., 2018, Bejon et al., 2006), but it is clear this 

protein product plays an important role in acquired immunity, either naturally acquired or 

vaccine-induced. Another identified target includes PF3D7_0113800, a DBL domain that is 

associated to Rho GTPase activation involved in hepatocyte invasion (Aghazadeh et al., 1998, 

Schepis et al., 2023). PF3D7_1361800 encodes a glideosome-associated connector (GAC), a 

component involved in the movement of parasites through tissue, and cellular invasion and 

egress (Jacot et al., 2016). Many of the identified targets were conserved, membrane-bound 

or membrane-associated, which if present on the sporozoite surface may reflect why cellular-

mediated or humoral immunity was elicited (Dwivedi et al., Manuscript in preparation). 

Ultimately, this is the first instance of applying wgSA as an agnostic approach for target 

discovery of next-generation vaccines. Due to its novelty, this approach requires further 

exploration and subsequent immunological examination in humans and mouse models to 

assess its validity to identify new relevant immune targets.  

With the advent and large scale deployment of the single-target and single allele (PfCSP from 

the 3D7 reference strain) malaria vaccines, RTS,S and R21, and preliminary observations of 

induction of allele-specific immunity, we might expect to see vaccine escaping strains 

appearing and eventually expanding. Vaccine protection using PfCSP remains incomplete and 

short-lived, and a combination with non-PfCSP (e.g. msp1) targets are necessary to improve 

protection. Sustained surveillance of infecting strains is essential to optimizing vaccine effects 

and prevent the expansion of resistance strains. It is clear other iterations of malaria vaccines 

are needed. Leveraging WGS for wgSA of clinical samples among infected vaccinated and 

infected unvaccinated individuals can identify those variants involved in acquired immunity. 

This type of sieve analysis can inform malaria vaccine developers of antigen targets and their 

allelic variants that may elicit broader and more sustained vaccine-mediated protection in 

different populations globally. 

 

6 CONCLUSION AND FUTURE DIRECTIONS 

Through this doctoral work, I have successfully employed molecular methods and sequencing 

data to investigate key aspects of malaria control. A core objective was to enhance the 
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accessibility and application of these methods in malaria-endemic regions, offering more 

accurate surveillance and faster results. This work has contributed to capacity-building efforts 

in Equatorial Guinea, particularly at the national reference laboratory in Baney on Bioko Island. 

I hope to further scientific development and the understanding of malaria, to enable its progress 

towards eradication, in Central and West Africa by demonstrating the relevance and feasibility 

of integrating advanced molecular techniques in local, malaria-endemic settings. 

Whole genome sequencing (WGS) provides the most comprehensive NGS data, applicable in 

various ways, as evidenced in this thesis. It supports the monitoring of P. falciparum for 

diagnostic escape, molecular epidemiology and vaccine development. Despite higher upfront 

costs and infrastructure demands, advancements in WGS technology are reducing these 

barriers, potentially broadening its application in support of evidence-based decision-making 

in NMPs. 

The detailed and informative data derived from molecular methods make them ideal for 

incorporation into NMP control and prevention strategies. Further development of these tools 

should be prioritized to reduce costs and promote investment in infrastructure. In particular, 

enhancing bioinformatics and computational analyses of molecular data is crucial. Although 

local utilization of these data may be hindered by limited availability of human resources, the 

potential benefits are substantial. By integrating these tools into existing public health 

frameworks, we can improve the detection and monitoring of malaria, leading to more effective 

control strategies. The portable nature of the PlasmoPod and the scalability of WGS make 

these tools suitable for resource-limited settings, enabling decentralized and rapid responses 

to any change in malaria transmission dynamics. Moving forward, we plan to extend this 

technology within Equatorial Guinea, fostering local expertise and preparing for future 

outbreaks of emerging or re-emerging pathogens, even beyond malaria. This proactive 

approach will ensure that public health authorities can make informed decisions quickly, 

enhancing the effectiveness of intervention strategies and contributing to global health 

security. 

Future projects are also in preparation to build upon the achievements of this work. Further 

development of GC3 aims to identify gene duplications associated with drug resistance using 

NGS data. Additionally, the next GC3 iteration aims to simplify the input data required by users, 

facilitating its use to an even broader audience of investigators. Other projects include the 

generation of WGS from the 2020 MIS conducted on Bioko Island, when a travel moratorium 

was in place in Equatorial Guinea during the SARS-CoV-2 pandemic, potentially sharply 

reducing the importation of parasites from the mainland (Rio Muni). This will ideally provide the 

most accurate representation of the local P. falciparum population, and improve the 

foundational knowledge to predict imported cases and rollout targeted malaria control 

interventions. Finally, similar samples to those used in the wgSA were collected on Bioko 
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Island and with their sequencing, these can be used to explore the versatility of wgSA and 

facilitate the identification of targets offering broader protection among varying African 

populations.  

Many aspects of this doctoral work represent pioneering efforts in unexplored areas, including 

the first whole genome description of P. falciparum in Equatorial Guinea, the large-scale 

implementation of a novel qPCR device using MIS samples, and the first use of WGS to 

conduct a genome-wide selection analysis (wgSA). While the full impact of these contributions 

remains to be seen due to their novelty, they may provide valuable insights for molecular 

surveillance and vaccine development. 

Ultimately, significant obstacles remain in the way for malaria eradication efforts. However, 

under the risk of increased mortality if efforts are stopped, the only way for the global 

community is constant adjustment of approaches and pushing forward.  
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