
 

Molecular measures for declining malaria 

transmission in Papua New Guinea 

 

 

 

 

Inauguraldissertation 

 

 

 

zur 

Erlangung der Würde eines Doktors der Philosophie 

vorgelegt der 

Philosophisch-Naturwissenschaftlichen Fakultät 

der Universität Basel 

 

                                                                        von 

 

 

Maria Grünberg 

 

 

2021 

 

Originaldokument gespeichert auf dem Dokumentenserver der Universität Basel 

edoc.unibas.ch 

 

  

http://edoc.unibas.ch/


 

 

 

Genehmigt von der Philosophisch-Naturwissenschaftlichen Fakultät auf Antrag von 

Prof. Dr. Ingrid Felger, Prof. Dr. Till Voss und Prof. Dr. Georges Snounou 

 

 

 

 

 

 

Basel, den 17. Dezember 2019 

        

 

 

 

   ________________________ 

      Dekan 

      Prof. Dr. Martin Spiess



i 

TABLE OF CONTENTS  

TABLE OF CONTENTS ............................................................................................ i 

SUMMARY .............................................................................................................. iii 

ACKNOWLEDGEMENTS....................................................................................... vii 

ABBREVIATIONS ................................................................................................... ix 

CHAPTER 1: General Introduction ........................................................................ 1 

1.1. A short overview of the global malaria epidemiology ......................................... 1 

1.2. Malaria diagnostics ........................................................................................... 2 

1.3. Detection of gametoctyes and transmission of malaria ..................................... 3 

1.4. Current malaria epidemiology in PNG ............................................................... 5 

1.5. Description of the cross-sectional study in PNG ................................................ 6 

1.6. AmpSeq – A new tool for antimalarial clinical drug trials ................................... 7 

1.7. Aims and Objectives of this thesis ..................................................................... 9 

CHAPTER 2: Ultra-sensitive detection of P. falciparum and P. vivax 
infections ............................................................................................ 17 

CHAPTER 3: Molecular diagnostics for P. vivax ................................................ 35 

CHAPTER 4: Molecular diagnostics for malaria elimination.............................. 55 

CHAPTER 5: The relevance of submicroscopic malaria to transmission ......... 87 

CHAPTER 6: Amplicon deep sequencing for antimalarial clinical drug trials 109 

CHAPTER 7: General Discussion and Outlook ................................................. 133 

7.1. Research tools for detection of submicroscopic infections in epidemiological    
studies .................................................................................................................... 133 

7.2. The relevance of submicroscopic P. falciparum infections to transmission ....... 137 

7.3. AmpSeq for genotyping malaria parasites in antimalarial clinical drug trials ..... 141 

7.4. Outlook for future research ............................................................................... 146 

7.5. Conclusion ....................................................................................................... 148 

 

 

 



 

ii 

 

 

 

  



  | Summary 

 

iii 

SUMMARY 

In the last decades malaria control strategies have led to a dramatic decrease of malaria 

prevalence and many endemic countries are moving towards elimination. Despite such great 

achievements, the current control progress is challenged by a high prevalence of 

asymptomatic low density parasite infections, especially in areas of low transmission. These 

low-density submicroscopic infections can infect mosquitoes and thus contribute to malaria 

transmission, but often remain undetectable by microscopy or RDT. Molecular diagnostics are 

crucial to characterise this submicroscopic parasite reservoir. Understanding the true picture 

of submicroscopic parasite infections and their role for transmission in different transmission 

settings is vital to design adequate interventions and progress towards elimination. 

The first project of this PhD thesis aimed to explore the benefit of using ultra-sensitive qPCR 

(us-qPCR) versus standard 18SrRNA qPCR for detection of low density P. falciparum and P. 

vivax infections across different transmission settings. Archived samples from low endemic 

Thailand, Brazil and moderate endemic PNG were re-analysed by us-qPCR and standard 

18SrRNA qPCR.  

Ultra-sensitive molecular diagnostics gained a substantial number of low-density P. falciparum 

and P. vivax infections that remained undetected by standard qPCR across all three 

transmission settings. For P. falciparum, us-qPCR detected an additional 33% (Thailand), 55% 

(Brazil) and 30% (PNG) parasite infections. For P. vivax, a similar proportion of parasite 

infections remained undetected by standard 18SrRNA qPCR across all three study sites, with 

23% in Thailand, 24% in Brazil and 31% in PNG. 

Ultra-sensitive molecular diagnostics thus improved malaria prevalence estimates across 

higher and low transmission settings. Accurate monitoring of prevalence becomes particularly 

important in pre-and elimination settings, where adequate planning of elimination strategies is 

most important to prevent resurgence of malaria parasites and to sustain elimination efforts. 

For detection of P. vivax, ultra-sensitive molecular tools seem even more relevant than for P. 

falciparum, as any P. vivax infection can potentially relapse at a later time and thus contribute 

to transmission.  

The second project of this PhD thesis aimed to investigate the transmission potential of 161 

asymptomatic P. falciparum carriers with low parasite densities from a cross-sectional study in 

PNG. A large proportion of these low-density P. falciparum infections (up to 50%) were only 

detectable by ultra-sensitive molecular diagnostics and remained undetected by standard 

18SrRNA qPCR.  
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Gametocytes in these low-density P. falciparum infections were quantified in 10-fold 

concentrated RNA from 800 µL blood using the new male-specific gametocyte markers, pfmget 

and mssp, together with the established female-specific pfs25 for qRT-PCR. 58% of 161 P. 

falciparum-infected individuals carried female and/or male gametocytes. Average total 

gametocyte densities were frequently below one female and one male gametocyte/µL blood.  

Comparison between gametocyte sex-ratios by qRT-PCR and IFA in a subset of cross-

sectional field samples from PNG revealed good correlation of sex-ratios between both 

methods, even at low gametocyte densities. Therefore, molecular tools prove useful to 

generate accurate gametocyte data in epidemiological studies and can thus improve the 

accuracy for modelling of human-to-mosquito infectivity. 

To examine the transmission potential of ultra-low density P. falciparum infections in the PNG 

study community, the Poisson model was applied to the generated gametocyte data. 16% of 

161 P. falciparum-positive individuals were predicted to carry the minimum density required to 

successfully infect one mosquito, assuming at least 1 female and 1 male gametocyte per 2.5 

µL blood. All except one individual of the 16% P. falciparum carriers were detected by standard 

18SrRNA qPCR. Therefore, the diagnostic sensitivity of standard 18SrRNA qPCR suffices to 

identify potential transmitters in the study community. In conclusion, P. falciparum infections 

exclusively detected by ultra-sensitive diagnostics seem negligible for human-to-mosquito 

transmission.  

A third project of this PhD thesis examined the utility of the new amplicon deep sequencing 

technique (AmpSeq) to determine treatment failure rates of antimalarial drugs in clinical trials. 

Clinical drug trials are usually conducted in high endemic areas, where individuals often 

receive new infections during trial follow up. Genotyping of P. falciparum parasites is required 

to distinguish recrudescence (treatment failure) from re-infection in pre- and post-treatment 

samples. Traditionally, length-polymorphic genotyping is applied for PCR-correction but is 

inherently biased by preferential amplification of shorter over longer amplicons and can lead 

to misinterpretation of drug treatment outcomes. AmpSeq overcomes this pitfall by 

amplification of equally sized amplicons. Furthermore, AmpSeq is superior over length-

polymorphic genotyping for detection of minority clones and allows quantification of clonal 

densities.  

AmpSeq of five multiplexed SNP-rich P. falciparum marker genes (ama1-D3, cpmp, cpp, csp 

and msp7) was performed in independent triplicates on 34 pre- and post-treatment sample 

pairs from Asian and African patients. Haplotype diversity of the five SNP-polymorphic markers 

compared well or was higher than that of length-polymorphic markers. Markers with highest 

haplotype diversity (63 cpmp haplotypes, 51 cpp haplotypes, 43 ama1-D3 haplotypes) were 

selected for PCR-correction in 34 paired pre-and post-treatment samples. The applied 
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bioinformatic analysis pipeline HaplotypeR implemented robust quality cut-offs to eliminate 

false positives arising from polymerase and sequencing errors.  

High concordance of treatment outcomes between the three markers was observed in 26/32 

(81%) of study participants. By AmpSeq, discordant results between individual markers were 

much lower than by length-polymorphic markers (6 discordant results by AmpSeq versus 11 

by length-polymorphic genotyping). This higher accuracy and discriminatory power render 

AmpSeq a great genotyping tool with the potential to replace traditional length-polymorphic 

genotyping in clinical drug trials. Although to date AmpSeq is rather costly, these expenses 

could be further reduced by multiplexing more markers of interest. 

This PhD thesis provides improved molecular diagnostic tools for detection and quantification 

of submicroscopic and low-density parasite infections. The novel P. vivax ultra-sensitive qPCR 

assay, together with the established P. falciparum qPCR assay, provide more accurate 

prevalence data and improve malaria diagnosis in epidemiological studies across all 

transmission settings. Mapping of accurate malaria prevalence is particularly relevant in pre- 

and elimination settings to plan and evaluate the impact of interventions in order to prevent the 

resurgence of the malaria parasite.    

The development of new highly sensitive male-specific gametocyte assays allows to study the 

transmission potential of ultra-low density P. falciparum infections. Quantification of male and 

female gametocyte densities in P. falciparum infections improves the precision of mathematical 

models to predict human-to-mosquito infectivity. Identification of the infectious parasite 

reservoir in endemic communities can guide targetted interventions to reduce transmission 

and accelarate elimination.  

The third project of this thesis presents a new AmpSeq-based approach to determine drug 

treatment outcome in antimalarial clinical trials. AmpSeq overcomes drawbacks inherent to 

standard length-polymorphic genotyping and permits robust characterisation of clone 

dynamics during trial follow up. AmpSeq also provides a valuable tool for genomic surveillance 

of malaria parasites and can fundamentally contribute to understand the spread of drug-

resistant malaria parasites. 
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TARE-2 telomere-associated repeat element 2 
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CHAPTER 1: General Introduction 

1.1. A short overview of the global malaria epidemiology 

Despite the scale up of malaria control and a substantial reduction of malaria cases in the last 

decade, malaria remains one of the most serious infectious diseases in developing countries 

(World Health Organization, 2018). In 2017 the WHO reported an estimated 219 million cases 

and 435.000 million deaths caused by malaria worldwide. The majority of global cases (92%) 

was attributed to the African region with the most affected being children under the age of five 

years (World Health Organization, 2018).  

Re-intensified malaria control efforts substantially reduced malaria incidences and mortality 

rates. As a result, 46 out of 91 countries with on-going transmission are now moving towards 

malaria elimination (Bhatt et al., 2015; World Health Organization, 2018). In addition, the WHO 

identified 21 countries with the potential to eliminate malaria by 2020. Although for 11 of the 

21 countries this goal seems attainable (World Health Organization, 2018), major challenges 

exist to sustain achievements and accelerate elimination in many endemic countries. 

Up to 20%-80% of all Plasmodium infections in high and low transmission areas are 

asymptomatic, with a particular high prevalence at low transmission (Cheng et al., 2015; Okell 

et al., 2012; Wu et al., 2015). To sustain elimination efforts, particularly in countries with low 

endemicity, the infectious reservoir in asymptomatic carriers has to be identified to interrupt 

the transmission cycle. This requires a shift from treating only those who feel ill and seek care 

to actively detecting and treating those who are asymptomatic and remain undetected by 

currently used diagnostic detection tools. Thus, malaria control strategies need to be adapted 

to combat transmission that arises from asymptomatic and submicroscopic parasite carriers.  

Currently human malaria is caused by six species of the genus Plasmodium, P. falciparum, P. 

vivax, P. malariae, P. ovale curtisi, P. ovale wallikeri and P. knowlesi that are transmitted by 

Anopheline mosquitoes.  

P. falciparum accounts for 99% of all malaria cases in Africa (World Health Organization, 

2018). Outside of Africa, in regions of South East Asia, the Western Pacific and the Americas 

malaria is pre-dominantly caused by P. vivax (Gething et al., 2012). Although often regarded 

as benign, P. vivax can cause severe infection resulting in morbidity and mortality (Anstey et 

al., 2012; Price et al., 2007). A key characteristic of P. vivax is the ability to form hypnozoites, 

dormant liver stages, which can relapse weeks to years after primary infection without any 

additional mosquito bites (White, 2011). In addition, 5-10 times lower parasite densities than 

P. falciparum and the early emergence of gametocytes following blood stage infection make 
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P. vivax more resilient to current malaria control measures than P. falciparum (Cotter et al., 

2013). As a result, in co-endemic countries, where P. falciparum prevalence rates have been 

successfully reduced by malaria control interventions, the relative contribution of P. vivax 

infections has increased and poses an extra challenge to elimination efforts (Carrara et al., 

2006; Cotter et al., 2013; Feachem et al., 2010). 

1.2. Malaria diagnostics 

Prompt and accurate diagnosis and treatment of symptomatic and asymptomatic malaria 

parasite infections is critical for disease management and to reduce transmission in order to 

accelerate elimination (WHO guidelines for treatment of malaria, 2010). Microscopy and RDT 

are the main tools to diagnose clinical malaria and to monitor disease burden. However, 

microscopy and RDT are not sufficiently sensitive and frequently fail to detect asymptomatic 

low-density Plasmodium infections (Okell et al., 2009). Light microscopy (LM) of Giemsa-

stained thick and thin blood smears display a limit of detection of 200 parasites/µL under field 

conditions, which can be increased to 10 parasites/µL blood by expert microscopists in 

reference laboratories (Wonsrichanalai et al., 2007). 

The development of RDT in the 1990s has greatly enhanced clinical management of malaria 

(Bell et al., 2006). RDTs are lateral immunochromatographic flow devices that can detect one 

or more Plasmodium antigens histidine-rich proteins 2 (HRP2), lactate dehydrogenase (pLDH) 

or aldolase (Jimenez et al., 2017; Mouatcho and Goldring, 2013). RDTs display a similar 

sensitivity to LM in the field (100 parasites/ µL), but currently insufficiently detect P. vivax and 

low-density Plasmodium infections (Ding et al., 2017; Hofmann et al., 2018; Mouatcho and 

Goldring, 2013).  

In epidemiological studies molecular methods, such as quantitative PCR (qPCR) have 

increasingly been used to investigate malaria epidemiology. The most widely applied 

molecular assays rely on species-specific amplification of the 18S rRNA gene in the 

Plasmodium parasite and can detect parasite densities around or below 1 parasite/µL 

(Hofmann et al., 2015; Singh et al., 1999; Wampfler et al., 2013). Meta-analysis of global 

prevalence data by PCR and microscopy revealed that microscopy underestimated P. 

falciparum prevalence on average by 50.8% compared to PCR. The proportion of 

submicroscopic infection missed by microscopy reached up to 80 % in areas of low 

transmission (Okell et al., 2012). Similarly, a meta-analysis for P. vivax showed that on average 

69.5% of PCR-positive P. vivax infections remained undetected by microscopy (Chen et al., 

2015), with a particular high prevalence of submicroscopic parasite infections in low 

transmission areas (Chen et al., 2015).  
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The development of ultra-sensitive molecular diagnostic tools with 10-fold improved sensitivity 

compared to standard 18SrRNA qPCR assays have demonstrated an unexpectedly larger 

proportion of submicroscopic infections across high and low transmission settings than 

previously thought (Hofmann et al., 2015; Imwong et al., 2014). In a cross-sectional study in a 

high endemic area in Tanzania 43% of P. falciparum infections positive by varATS qPCR were 

missed by LM. In the same study cohort standard 18SrRNA qPCR failed to identify 16% of all 

varATS-qPCR-positive P. falciparum infections (Hofmann et al., 2015). Similar results were 

obtained in cross-sectional surveys along the Thai-Myanmar border, Cambodia, and Vietnam, 

areas of low transmission intensity. Using high volume blood sampling and 18SrRNA qPCR 

revealed that 15% of parasite infections remained undetected by LM (Imwong et al., 2015). 

These studies highlighted the great extent of submicroscopic infections that were 

underestimated even by standard molecular 18SrRNA qPCR in epidemiological studies.  

Enhanced diagnostic sensitivity can be achieved by i) concentrating extracted DNA from large 

volumes of blood, by ii) using molecular diagnostic assays targeting multi-copy sequences in 

the parasite genome instead of single-copy genes, or by iii) targeting highly abundant mRNA 

transcripts (Hofmann et al., 2015; Imwong et al., 2014; Wampfler et al., 2013). Sampling of 

large volumes of blood by venipuncture or RNA preservation is laborious and often technically 

challenging in the field (Jones et al., 2012; Wampfler et al., 2013). In addition, qRT-PCR assays 

are more expensive than DNA-based PCR assays. Therefore, these methods do not seem 

practicable for large-scale surveys. In contrast amplification of multi-copy sequences can be 

performed on DNA from finger prick samples, which is easier to collect in community-based 

surveys.  

Two ultra-sensitive P. falciparum qPCR assays targeting the TARE-2 sequence, a highly 

repetitive telomere-associated repetitive element 2 (TARE-2) (∼250 copies/genome) or the var 

gene acidic terminal sequence (varATS) (59 copies/genome) sequences in the P. falciparum 

genome were recently developed (Hofmann et al., 2015). Currently a DNA-based ultra-

sensitive qPCR for P. vivax is not available. Such an assay is urgently needed in particular to 

detect the true prevalence of submicroscopic P. vivax infection in countries of low transmission 

outside of Africa (Chen et al., 2015). To date, the benefit of us-qPCR over standard 18SrRNA 

qPCR in epidemiological studies has not been systematically assessed across different 

transmission settings and requires further studies. 

 

1.3. Detection of gametoctyes and transmission of malaria  

Transmission of malaria parasites is mediated by mature gametocytes circulating in the blood 

of an infected human host. Female and male gametocytes are needed for the development of 
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a parasite progeny in the mosquito. In the mosquito midgut a male and female gametocyte 

fuse to form a zygote that then transforms into an ookinete and subsequently an oocyst, which 

migated to the outer surface of the midgut. At maturation, the oocyst releases thousands of 

infective sporozoites. These sporozoites can be then be transmitted by a mosquito bite to infect 

the human host.  

Gametocyte density, gametocyte maturity and sex-ratio are critical determinants for the 

sucessfull transmission of the parasite (Bradley et al., 2018; Churcher et al., 2013; Mitri et al., 

2009; Robert et al., 1996). The sex-ratio is usually female-biased ranging from 3-5 female to 

1 male gametocyte for P. falciparum (Robert et al., 1996; Sowunmi et al., 2009). Gametocyte 

sex-ratios can vary during an infection (Collins et al., 2018) and change in response to co-

infecting parasite clones, host immunity, anaemia or gametocyte density (Mitri et al., 2009; 

Reece et al., 2008; Paul et al., 2000; Ramiro et al., 2011). A recent human-to-mosquito 

infectivity model based on molecular female and male gametocyte data illustrated that male 

gametocyte density in low density P. falciparum infections becomes the limiting factor for the 

transmission of the malaria parasite (Bradley et al., 2018). In this model, male gametocyte 

densities below 10 gametocytes/µL resulted in 50% less infected mosquitoes than higher male 

gametocyte densities (Bradley et al., 2018). This highlighted the importance of quantifying 

female and male gametocyte, particularly in low-density infection, in order to better understand 

the transmission potential of natural low-density parasite infections (Bradley et al., 2018).  

Previous studies on controlled human malaria infections showed that less than 10% of all 

asexual blood stage parasites commit to gametocytes (Collins et al., 2018; Reuling et al., 

2018). Mature stage V gametocytes comprise fewer than 5% of the detectable parasites in 

natural P. falciparum infections (Taylor and Read, 1997). These low gametocyte densities are 

often missed by microscopy, the commonly used diagnostic tool for parasite detection 

(Bousema et al., 2014). Magnetic enrichment of gametocytes can increase the detection limit 

of microscopy by 100-fold but requires high volumes of blood, which is often difficult to sample 

in epidemiological studies (Karl et al., 2009). In contrast molecular tools such as quantitative 

nucleic acid sequence-based amplification (QT-NASBA) and quantitative reverse transcriptase 

PCR (qRT-PCR) can be applied on fingerprick blood volumes. Molecular diagnostic tools 

display 100-times higher sensitivity than LM and detected an additional 50% of gametocyte 

positive Plasmodium infections compared to LM in community surveys (Hofmann et al., 2015; 

Koepfli et al., 2015; Ouédraogo et al., 2009; Schneider et al., 2007). Molecular assays target 

sexual-stage gametocyte-specific mRNA transcripts, the most commonly used is the female-

specific pfs25 mRNA transcript (Babiker and Schneider, 2008; Schneider et al., 2004; 

Wampfler et al., 2013). Based on RNA-Seq analysis, pfmget (PF3D7_1469900) and mssp 

(PF3D7_1311100) transcripts were recently discovered as novel male-specific gametocyte 
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markers with 50-200-fold higher expression levels in male as compared to female gametocytes 

(Lasonder et al., 2016; Santolamazza et al., 2017; Stone et al., 2017). 

Simultaneous detection of female and male transcripts improves precision for gametocyte 

quantification and is crucial to investigate the transmission potential of parasite carriers with 

low gametocyte densities (Bradley et al., 2018; Stone et al., 2017). Several studies have 

reported sporadic mosquito infectivity after feeding on infected blood containing densities 

below 1 gametocytes/µL (Ouédraogo et al., 2016; Ouédraogo et al., 2009; Schneider et al., 

2007). Although asymptomatic and submicroscopic P. falciparum-positive individuals with low 

gametocyte densities infrequently infect mosquitoes, their particular high prevalence at low 

transmission suggests that the relative contribution of such low-density parasite infections to 

transmission may be high (Gonçalves et al., 2017; Ouédraogo et al., 2009; Tadesse et al., 

2018). Understanding the epidemiology of submicroscopic infections and their role for 

transmission in epidemiological studies is crucial for future design of malaria control 

interventions and planning of elimination strategies. 

1.4. Current malaria epidemiology in PNG 

Four human malaria species P. falciparum, P. vivax, P. malariae and P. ovale are endemic in 

the highlands and lowlands of Papua New Guinea with P. falciparum and P. vivax being the 

pre-dominant species (Müller et al., 2003). Malaria transmission in PNG is influenced by 

climatic conditions and altitude differences, resulting in high endemicity in the lowlands and 

low endemicity in the highlands (Müller et al., 2003).  

In 2004 the Global Fund to fight Aids, Tuberculosis and Malaria supported intensified malaria 

control efforts with the focus on nationwide distribution of long-lasting insecticidal nets (LLINs) 

as the main preventive tool. By the end of the campaign in 2009, 2.3 million nets were 

distributed across the country resulting in 80% mosquito net ownership including 65% LLIN. 

Despite the high coverage of nets, only overall only 44% nets were used across PNG (Hetzel 

et al., 2012). The effect of LLIN distribution was investigated in three cross-sectional studies, 

which were conducted before and after the roll-out in Madang Province, PNG (Koepfli et al., 

2017).  

By 18SrRNA qPCR P. falciparum prevalence dropped from 42% to 9% from 2006 to 2014. 

Similar to P. falciparum, P. vivax prevalence decreased from 41% to 13% from 2006 to 2010 

but increased to 20% in 2014 (Koepfli et al., 2015, 2017). As a result of declining transmission 

and decreasing parasite densities between 2006 and 2014, the proportion of submicroscopic 

parasite infections increased from 37% to 72% for P. falciparum and 62% to 87% for P. vivax 

in the Madang area (Koepfli et al., 2015, 2017). The proportion of submicroscopic P. falciparum 

infections, that carried detectable gametocytes by pfs25 qRT-PCR decreased from 61% to 
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43% between 2010 and 2014. Similarly, 49% and only 23% of submicroscopic P. vivax-

infected individuals carried detectable gametocytes by pvs25 qRT-PCR between 2010 and 

2014, respectively (Koepfli et al., 2017). The observation of increasing prevalence of 

submicroscopic parasite infections, together with a decreasing number of infected individuals, 

carrying detectable gametocytes, raised fundamental questions about the relevance of 

submicroscopic parasite infection to on-going transmission in the PNG study community. 

1.5. Description of the cross-sectional study in PNG 

Repeated cross-sectional studies were conducted in 2006, 2010 and 2014 before and after 

the massive roll out of LLIN to study the impact of intensified control on malaria epidemiology 

in the Madang Province, PNG (Koepfli et al., 2017).  

Koepfli and co-authors demonstrated a drastic decline of P. falciparum and P. vivax prevalence 

by 18SrRNA qPCR, associated with a decline of clinical disease and increase of asymptomatic 

and submicroscopic cases between 2006 and 2014 (Koepfli et al., 2017). Meanwhile, studies 

from Thailand and Tanzania revealed an unexpected large submicroscopic parasite reservoir 

by using ultra-sensitive molecular diagnostics that remained undetected even by standard 

18SrRNA qPCR (Hofmann et al., 2015, Imwong et al., 2015). 

Asymptomatic and submicroscopic infections are not targeted by the current control strategy 

of ACT-based case management, together with LLINs in PNG, and thus present a potentially 

important parasite reservoir for on-going transmission. However, the true extent of the 

submicroscopic parasite reservoir and its relevance for transmission in the Madang study area 

are currently unclear.  

A cross-sectional study was set up in collaboration with the Papua New Guinea Institute of 

Medical Research (PNG IMR). The study was conducted during the rainy season between 

November 2016 and February 2017 and included 300 participants older than 5 years from two 

coastal villages in Madang Province, PNG. 

161/300 study participants were P. falciparum-positive by standard or ultra-sensitive qPCR on 

fingerprick or large volume blood samples. Using 10-fold concentrated RNA from 800 µL blood, 

together with ultra-sensitive pfs25, pfmget and mssp qRT-PCR allowed to study the 

transmission potential of ultra-low P. falciparum parasite infections and to determine, which 

diagnostic sensitivity is required to detect those with the highest potential to transmit in the 

PNG study community. Furthermore, the cross-sectional study allowed the first comparison of 

gametocyte sex-ratio estimates between molecular qRT-PCR- and IFA-based methods in 

natural asymptomatic P. falciparum infection with ultra-low parasite densities. 
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The PNG cross-sectional study thus provides a unique study set-up to understand the 

epidemiology of submicroscopic parasite infections and their relevance for further transmission 

and provides valuable data to plan and guide malaria control interventions in PNG.  

1.6.  AmpSeq – A new tool for antimalarial clinical drug trials 

In areas of high malaria endemicity individuals are frequently infected with multiple parasite 

strains. Multi-clonal infections result from sequential bites of infected mosquitoes (super-

infection) or mosquito bites with multiple parasite clones. Genotyping is required to distinguish 

between recrudescent and new incoming clones to accurately estimate in vivo drug efficacy in 

clinical antimalarial drug or vaccine trials in areas of high endemicity (Snounou and Beck, 

1998). The recommended genotyping method by WHO is based on amplification of the length-

polymorphic markers msp1, msp2 and glurp and fragment size analysis by capillary 

electrophoresis (CE) (Liljander et al., 2009; Schoepflin et al., 2009; Snounou and Beck, 1998). 

Alternative sequence-based assays include microsatellite genotyping (Anderson et al., 2000; 

Karunaweera et al., 2007), single nucleotide polymorphism (SNP) barcoding panels (Daniels 

et al., 2008) and deep sequencing (Lerch et al., 2017; Neafsey et al., 2015). Length-

polymorphic genotyping has limited sensitivity for minority clone detection compared to 

barcoding techniques and deep sequencing. However, barcoding tools are computationally 

difficult for multi-clonal infection (Daniels et al., 2008). Without exception, all DNA-based 

methods cannot differentiate between asexual parasites and gametocytes, which warrants 

caution for evaluating drug treatment outcomes by genotyping. 

  

Length-polymorphic genotyping requires highly polymorphic markers, among them msp1, 

msp2 and glurp (Messerli et al., 2016; Mwingira et al., 2011). A major disadvantage of length-

polymorphic genotyping is its strong amplification bias of shorter over longer fragments. 

Consequently, some clones, often minority ones, will not be detected, which biases the 

outcome towards new infection and results in an underestimation of drug failure rates (Messerli 

et al., 2016). Such bias was particularly observed for the longer fragment glurp (Messerli et al., 

2016).  

Amplicon deep sequencing (AmpSeq) can overcome these drawbacks by amplification of 

equally sized SNP-polymorphic markers (Lerch et al., 2017). AmpSeq relies on the 

amplification of highly SNP-polymorphic loci among them ama1-D3, cpmp and csp (Lerch et 

al., 2019, 2017; Neafsey et al., 2015). Validation of all three loci against length-polymorphic 

msp2 on 33 baseline samples of a cohort study in PNG showed highest resolution for cpmp 

(He=0.96) with 30 haplotypes. Marker ama1-D3 (He=0.94) with 22 haplotypes performed 

equally well compared to length-polymorphic marker msp2 (He=0.94) with 20 haplotypes 
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(Lerch et al., 2019). Csp displayed high resolution in African samples but shows limited 

haplotype diversity with only 3 haplotypes in restricted areas of South East Asia and PNG. 

(Barry et al., 2009; Lerch et al., 2017). Thus, the use of marker csp for genotyping parasites in 

drug efficacy trials warrants caution and requires further research of high-resolution SNP-

polymorphic markers.  

A key advantage of AmpSeq compared to length-polymorphic genotyping is its superior 

sensitivity to detect minority clones and the ability to quantify individual clonal densities in multi-

clonal infections (Lerch et al, 2017). AmpSeq can detect minority clones in ratios 1:1000 in 

mixed infections (Lerch et al, 2017). A 2–4 fold increase in sensitivity of detection compared 

to length-polymorphic genotyping (Messerli et al., 2016) allows identification of low abundant 

parasite clones, which becomes particularly important in antimalarial drug efficacy trials, where 

any misclassified infection could bias the treatment outcome. In addition, multiplexing of 

several marker genes and hundreds of field samples in one sequencing run allows high sample 

throughput at reduced costs, which will be useful for clinical trials. 
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1.7.  Aims and Objectives of this thesis 

First, this PhD thesis aimed to evaluate and improve the accuracy and precision of molecular 

research tools to advance the understanding of submicroscopic low density P. falciparum and 

P. vivax infections and to investigate their relevance for transmission in epidemiological 

studies. Second, this PhD thesis aimed to explore the utility of AmpSeq genotyping P. 

falciparum parasites to assess antimalarial drug efficacy in clinical drug trials.  

 

The specific objectives of this thesis included: 

Objective 1: Development of a new ultra-sensitive assay for detection of P. vivax 

infections  

a. To develop a DNA-based ultra-sensitive qPCR assay for detection of P. vivax infections 

that circumvent the shortfalls of high-volume blood sampling and RNA-based detection by 

targeting P. vivax multi-copy sequences  

b. To investigate the extent of low density P. falciparum and P. vivax infections by using 

ultra-sensitive versus standard molecular qPCR assays in cross-sectional samples from Brazil, 

Thailand and PNG, settings of low to moderate malaria transmission intensity 

c. To examine the extent of low density P. falciparum and P. vivax infections across areas 

of different transmission intensity in archived samples from Thailand, Brazil and PNG by using 

ultra-sensitive qPCR assays 

Objective 2: Exploring the transmission potential of submicroscopic ultra-low density 

P. falciparum infections in a cross-sectional study in PNG  

a. To develop new RNA-based qRT-PCR assays for detection of male gametocytes that 

complement female-specific gametocyte assays and improve the accuracy of gametocyte 

quantification in P. falciparum infections  

b. To quantify male and female gametocytes in asymptomatic low-density P. falciparum 

infections by enriching RNA from large volumes of blood and using gametocyte-specific qRT-

PCR assays from a cross-sectional study in PNG   

c. To validate the accuracy of qRT-PCR- against IFA-based methods by estimating 

gametocyte sex-ratios in natural low density P. falciparum infections    

d. To estimate the transmission potential of asymptomatic low-density P. falciparum 

infections in the PNG study community  
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Objective 3: Comparison of AmpSeq versus length-polymorphic msp1/msp2/glurp 

genotyping of P. falciparum parasites to determine treatment outcomes in antimalarial 

drug efficacy trials  

a. To select and validate novel SNP-rich marker genes suited for AmpSeq genotyping 

b. To determine haplotype diversity and haplotype frequency of selected AmpSeq 

markers in 34 pre-treatment samples from a pilot study 

c. To develop an AmpSeq protocol for simultaneous processing of large numbers of 

samples and several markers 

d. To determine robust cut-off settings for haplotype calling and elimination of sequencing 

errors for AmpSeq genotyping 

e. To analyse the treatment outcome by AmpSeq and length-polymorphic genotyping 

using the recommended WHO and 2/3 algorithm in a pilot study of 34 paired pre- and post-

treatment samples 

f. To evaluate the suitability of AmpSeq versus length-polymorphic msp1/msp2/glurp 

genotyping in antimalarial clinical drug trials
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CHAPTER 7: General Discussion and Outlook 

Molecular diagnostic tools are crucial for detection of asymptomatic and submicroscopic P. 

falciparum and P. vivax infections. Their application can further advance the understanding of 

submicroscopic parasite epidemiology and their role for transmission across areas of high and 

low transmission intensity. More accurate prevalence data can give future directions to plan 

interventions and accelerate elimination, which becomes of increasing relevance with a higher 

number of endemic countries aiming for elimination. Chapter 7 discusses the overall findings 

and limitations gained in cross-sectional studies, analysed during this thesis, and gives an 

outlook for future research.  

A second part of this thesis covered new aspects of an amplicon sequencing approach for use 

in antimalarial clinical drug trials. Genotyping of P. falciparum parasites is key to differentiate 

individual parasite clones and to distinguish between new infections and recrudescence 

(treatment failure) in order to determine treatment outcomes in antimalarial drug efficacy trials. 

Advantages and drawbacks of AmpSeq for use in antimalarial clinical drug trials will be 

discussed in chapter 7 of this thesis. 

7.1. Research tools for detection of submicroscopic infections in 

epidemiological studies 

7.1.1. The true extent of submicroscopic infections  

Accurate and sensitive detection of Plasmodium parasite infections in endemic communities 

is crucial to plan interventions and design elimination strategies. One major challenge to 

elimination is the identification of asymptomatic and submicroscopic parasite carriers. These 

infected individuals carry low parasite densities and can potentially transmit but often remain 

undetected by RDT or microscopy. 

In recent years, the wide use of molecular diagnostic tools, including 18SrRNA qPCR, has 

revealed a great extent of submicroscopic infections in epidemiological studies (Cheng et al., 

2015; Okell et al., 2012). Meta-analysis, based on prevalence data by microscopy and PCR, 

revealed an average 50% of P. falciparum infections detectable by PCR that remained 

negative by microscopy, with a particular high prevalence of submicroscopic infections at low 

transmission (Okell et al., 2012).  

Similarily, meta-analysis for P. vivax demonstrated that on average 69.5% of PCR-detectable 

infections remained undetected by microscopy. Submicroscopic infections were most 

prevalent at low transmission (Cheng et al., 2015). Additionally, studies from high-endemic 
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Tanzania and low-endemic Thailand showed that ultra-sensitive molecular diagnostics with 

enhanced sensitivity compared to standard 18SrRNA qPCR found an unexpectedly larger 

submicroscopic parasite reservoir than previously thought (Hofmann et al., 2015; Imwong et 

al., 2015). In Tanzania 18SrRNA qPCR failed to detect 16% of P. falciparum infections 

detectable by us-qPCR (Hofmann et al., 2015). This questioned the true extent of hidden low-

density parasite infections across high and low transmission settings and suggested that ultra-

sensitive diagnostics are more reliable to determine submicroscopic parasite infections in 

epidemiological studies.  

 

In this PhD thesis archived samples from cross-sectional studies from low-endemic Thailand, 

Brazil and moderate-endemic PNG were used to compare 18SrRNA and us-qPCR. P. 

falciparum and P. vivax parasite infections were clearly underestimated by 18SrRNA qPCR 

across all transmission settings (chapter 2), which confirmed the results from the previously 

described Tanzanian and Thai studies (Hofmann et al., 2015; Imwong et al., 2015). 

 

In the same study of this thesis, in PNG, P. falciparum prevalence increased significantly from 

8.6 % to 12.2% by us-qPCR. Similarly, in Brazil P. falciparum prevalence increased from 0.8% 

to 1.7% by us-qPCR. Although the absolute number of detected P. falciparum infections by us-

qPCR was higher in moderate-endemic PNG than in low-endemic Brazil, the proportional gain 

of additionally detected infections was higher at low than at moderate transmission (55% in 

Brazil versus 30% in PNG). These findings suggest that the impact of using us-qPCR for 

detection of low-density parasite infections is greater at low transmission.  

 

Recently, Slater and colleagues compared diagnostics with different levels of sensitivities (100, 

10, 1 parasites/µL) using meta-analysis of global PCR-prevalence data to predict the 

detectability of P. falciparum infections across areas of different transmission intensity (Slater 

et al., 2019). The authors predicted that a diagnostic test of 10 parasites/µL detected 63% P. 

falciparum infections at moderate to high and only 33% at low transmission. A 10-fold higher 

test sensitivity (1parasite/ µL) increased the number of detected P. falciparum infections to 

94% at moderate to high and to 74% at low transmission, suggesting that a higher percentage 

of low-density infections (6% versus 26%) would escape detection at low transmission. These 

model predictions confirm the findings of this PhD thesis and highlight the loss of low-density 

infections by a less sensitive method (i.e., 18SrRNA qPCR) at lower transmission.  

The higher gain of low-density P. falciparum infections by us-qPCR at low transmission can be 

explained by lower parasite densities in P. falciparum infections at low transmission. Indeed, 
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in the study of this thesis, P. falciparum densities in samples from Brazil were 5-fold lower than 

parasite densities in samples from PNG. This is in consistency with meta-analysis described 

by Slater and co-authors, who demonstrated lower average parasite densities in P. falciparum 

infections at low transmission than at higher transmission (Slater et al., 2019). 

 

Lower parasite densities in P. falciparum infections at low transmission might possibly result 

from an interplay of different factors. Low parasite densities at low transmission could possibly 

be explained by the low genetic diversity of parasites circulating in low transmission settings 

that likely enhances a strain-specific immune response in the infected host. An infected host 

can thus efficiently control the circulating parasite strains keeping parasiteamia low (Branch et 

al., 2001; Clark et al., 2012).  

 

Ultra-sensitive molecular diagnostic, as used in the cross-sectional studies of this PhD thesis, 

consistently detected low density infections that remained below the detection limit of 18SrRNA 

qPCR. Enhanced diagnostic sensitivity is achieved by targeting multi-copy sequences in the 

parasite genome and thus reduces the stochastic amplification of low abundant parasite DNA. 

Targetting multicopy-sequences instead of single copy genes in the parasite genome can 

explain the increase of detected low-density infections compared to 18SrRNA qPCR (Hofmann 

et al., 2015). 

 

Targetting of multicopy sequences in the parasite genome by us-qPCR allows pooling of 

several samples. Higher abundance of multicopy-target genes in us-qPCR can counterbalance 

the diluting effect of sample pooling and allows detection of low density infections without loss 

of sensitivity in sample pools (Hofmann et al., 2015). Pooling strategies seem a cost-effective 

approach in large scale epidemiological studies in pre-elimination settings, where large 

numbers of samples have to be screened to find a few parasite-positive individuals (Hsiang et 

al., 2010; Taylor et al., 2010). A disadvantage of us-PCR is that amplification of multiple target 

sequences per parasite genome, which comes with higher risk of contamination and can result 

from DNA aerosols, when high- and low-density samples are processed in parallel. To 

minimize such contamination and avoid any false positive results, it is of great importance to 

use separate rooms for DNA extraction and master mix set up. Furthermore, it is required to 

include negative controls in qPCR analysis to monitor false positives. False positive results 

lead to overestimation of parasite prevalence in communities and would raise unnecessary 

concern for resurgence of disease in elimination settings or upcoming resistance parasite 

strains in endemic communities.  
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7.1.2. Limitations of molecular diagnostics tools for routine malaria surveillance  

Ultra-sensitive PCR-based assays are technically challenging and remain restricted to well-

established reference laboratories. While molecular diagnostic tools are widely applied in 

research settings, ultra-sensitive molecular diagnostics are not suitable for mass screening or 

passive case detection (Lemoine et al., 2017; Zhou et al., 2015). Challenges in sample 

processing attributed to DNA extraction steps and the need for specialised equipment are 

difficult obstacles and thus remain inaccessible to many resource-limited settings.  

Furthermore, high costs of reagents, lack of complex infrastructure and missing technical 

expertise prevent the use of PCR-based diagnostics for routine malaria surveillance. To 

overcome these drawbacks, more field-applicable PCR-based diagnostics were developed. 

These developments included portable PCR devices or “Lab on chip” assays, although their 

use is still limited by their high costs per sample and sample throughput (Britton et al., 2016). 

More field applicable, cheaper alternatives to PCR-based tools are isothermal amplification 

methods, such as LAMP (Britton et al., 2016; Lucchi et al., 2010). LAMP platforms allow short 

processing times and thus provide quick diagnosis. In addition, isothermal amplification 

methods are easy to perform, although analysis remains challenging. A mayor disadvantage 

of homemade LAMP assays is its unspecific amplification, owing to primer dimer complexes 

from the 4-6 primers, used in the LAMP reaction. These PCR artefacts can lead to false-

positive results (Katrak et al, 2017), which can severely impact malaria prevalence data. 

Despite lower costs of homemade LAMP assays, commercially available kits, such as the 

Loopamp MALARIA kit (Eiken Chemical Co., LDT) produce less false-positive results and 

allow detection of parasite densities as low as 1 parasite/µL blood (Hopkins et al., 2013; Lucchi 

et al., 2010; Polley et al., 2013) (reviewed in chapter 3). A first mass screening survey in 7 

seven communities in Tak Province, Thailand, provided promising results for enhanced 

detection of asymptomatic parasite carriers by LAMP compared to RDT diagnosis 

(Sattabongkot et al., 2018). Whether LAMP presents a useful tool for surveillance in remote 

settings to accelerate elimination needs to be evaluated in future field surveys.  
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7.2. The relevance of submicroscopic P. falciparum infections to transmission 

7.2.1. Methods for gametocyte detection 

In epidemiological studies gametocyte carriage is frequently used as surrogate for the 

transmission potential of an infected individual (Wampfler et al., 2013; Schneider et al., 2007; 

Koepfli et al., 2015). However, assessing gametocyte carriage of patients is not trivial and it is 

well known that low sensitivity of microscopy does not permit detection of gametocyte densities 

below 20-50 gametocyte/µL blood (Dowling and Shute, 1966; Karl et al., 2009). Hence, the 

number of gametocyte carriers and thus the transmission potential are underestimated using 

microscopy as diagnostic tool. However, understanding the relevance of submicroscopic 

infections to the infectious reservoir in endemic populations is crucial in the context of 

elimination. 

 

Molecular tools applied in a variety of epidemiological studies greatly enhanced detection of 

gametocyteamic individuals carrying submicroscopic parasite densities (Koepfli et al., 2015; 

Ouedraogo et al., 2016; Schneider et al., 2007; Wampfler et al., 2013). Current molecular 

assays target the highly abundant pfs25 mRNA transcripts for P. falciparum gametocyte 

detection. Marker pfs25 is female-specific and lacks detection of male gametocytes, thus 

underestimating total gametocyte densities in an infected host (Babiker and Schneider, 2008; 

Bradley et al., 2018; Lasonder et al., 2016; Schneider et al., 2004). 

 

Marker pfs25 is a highly sensitive marker for female gametocyte detection and routinely used 

to report total gametocyte prevalence in epidemiological studies (Koepfli et al., 2015; 

Ouédraogo et al., 2016; Schneider et al., 2007; Wampfler et al., 2013). In the cross-sectional 

PNG study community in this thesis, higher gametocyte prevalence by pfs25 compared to 

male-specific markers, pfmget and mssp, was reported. In the 5 samples positive by pfs25, 

but negative by any male-specific gametocyte marker, female gametocyte densities were 

below 0.01gametocyte/µL blood. This can be explained by higher pfs25 transcript 

levels/gametocyte (Lasonder et al., 2016) or female biased sex ratios in natural P. falciparum 

infections (Robert et al., 2003). Given a female biased sex ratio, male gametocyte densities 

most likely remained below the detection threshold.  

 

In the PNG cross-sectional study, total average gametocyte densities in 93 gametocytaemic 

parasite carriers by pfs25/pfmget qRT-PCR often remained below 1 gametocyte/µL. Using 

pfs25 alone, the currently most widely used marker for gametocyte quantification, 

underestimated total gametocyte densities on average by 27% in the PNG study participants 
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of this thesis. This is in consistency with clinical drug trials from Kenya and Mali (Stone et al., 

2017). Such underestimation greatly affects the precision of human-to-mosquito infectivity 

models. Therefore, this and other studies highlight that quantification of female and male 

gametocyte provides more accurate gametocyte data and improves the precision to predict 

human-to-mosquito infectivity (Collins et al., 2018; Stone et al., 2017) 

 

Previously the detection of male gametocytes in low-density P. falciparum infections was 

impaired by the lack of highly male-specific and sensitive gametocyte markers. In previous 

studies the new markers pfmget and mssp conferred greater sensitivity compared to the male-

specific marker pfs230p in natural low-density P. falciparum infections (Lasonder et al., 2016; 

Santolamazza et al., 2017; Schneider et al., 2015; Stone et al., 2017). 

In this thesis, a cross-sectional study in PNG demonstrated that 58% of 161 P. falciparum-

positive individuals were infected with female and/or male gametocytes. Despites 10-times 

increased sensitivity of marker pfmget compared to mssp, 15% of mssp- gametocyte-positive 

samples were pfmget-negative. Previous studies reported low-level expression of mssp 

transcripts also in mature trophozoites and schizonts, suggesting that mssp is not exclusively 

gametocyte stage V specific (Santolamazza et al., 2017). In contrast, pfmget expression was 

100,000-fold increased in gametocytes over asexual parasites, which may explain the 

observed discrepancies among parasite carriers with male gametocytes in the cross-sectional 

study in PNG. 
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7.2.2. Parameters to predict the transmission potential  

Gametocyte density and sex ratio in parasite carriers are critical determinants for human-to-

mosquito infectivity. Sex ratio analysis depends on reliable gametocyte estimates. However, 

the abundance of gametocyte-specific transcripts may vary between individual gametocytes, 

across gametocyte stages, and over the circulation period of stage V gametocytes and thus 

limit quantification. To control for such variation synchronised stage V gametocytes trend lines 

were used for gametocyte quantification in the PNG cross-sectional study of this PhD thesis.  

 

To better understand the limitations of molecular diagnostics for quantification of gametocytes 

in low-density P. falciparum infections, the presented study provides the first comparison of 

sex ratios determined by molecular (qRT-PCR) and cytological (IFA) methods. Despite a good 

correlation between both methods, sex ratios by IFA were on average 6% or 20% higher 

compared to pfs25/pfmget and pfs25/mssp qRT-PCR. Such differences can be attributed to 

very low gametocyte counts (<200 gametocytes/slide) in field samples analysed in this thesis. 

Substantial fluctuations of gametocyte counts can be expected at such low densities and may 

derive from stochastic effects (Robert et al., 2003; Tadesse et al., 2019). Poor staining of 

female gametocytes attributed to poor quality of methanol-fixed field samples might have also 

affected sex-ratio estimates of a few samples. A chance remains that poorly stained α-pfg377-

positive female gametocytes were missed by microscopical examination in some samples. The 

effect of underestimating female gametocyte counts and hence, more male-biased sex ratios, 

would be even more pronounced if less than 200 gametocytes/slide would be counted. 

 

Recently, a study showed that parasites can increase the abundance of male gametocytes in 

order to maximise the transmission success at low gametocyte densities (Bradley et al., 2018). 

In chapter 5 of this PhD thesis, sex ratios in P. falciparum-positive individuals from PNG varied 

from female to male bias. Male-biased sex ratios were identified in 30% of pfs25/pfmget-

positive gametocyte carriers and therefore, were higher compared to symptomatic individuals 

from a study in Nigeria (Sowunmi et al., 2009). It was shown that malaria parasite can adjust 

their sex ratio in response to low gametocyte densities in order to maximise transmission 

success (Bradley et al., 2018). However, the study of this thesis found no association of male-

biased sex ratios and lower gametocyte densities. Other factors, such as anaemia, P. vivax 

co-infection or asexual parasite densities were also not correlated with higher sex ratios in the 

study of this thesis. In a previous study, a bias towards males was associated with the 

presence of multiple clones in a parasite infection (Reece et al., 2008). Such an effect cannot 

be excluded in the presented study and needs to be confirmed by genotyping in future studies. 
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7.2.3. Investigating the infectious reservoir  

Gametocyte carriage, although often used in epidemiological studies, is an imperfect surrogate 

to predict the transmission potential of an infected individual. Several factors such as host 

immunity, co-infecting parasite clones, gametocyte maturity and vector competency can 

influence the infectivity of gametocytes to mosquitoes and therefore, may confound predictions 

solely based on gametocyte estimates (Bousema et al., 2012; Bousema and Drakeley, 2011; 

Mitri et al., 2009; Schneider et al., 2019). Discrepancies between gametocyte carriage and 

mosquito infectivity have been demonstrated in a variety of epidemiological studies (Lin et al., 

2016; Ouédraogo et al., 2016; Schneider et al., 2007). Infected individuals with high 

gametocytemia densities are not always infective to mosquitoes and individuals, carrying 

submicroscopic gametocyte densities may infrequently be infectious to mosquito (Churcher et 

al 2013, Bradley et al 2018, Schneider et al 2007). Hence, it is essential to assess human-to-

mosquito infectivity by performing direct skin or membrane mosquito feeding assays. However, 

feeding assay are not only laborious but can also be very challenging in the field (Bousema 

2012). 

 

In the cross-sectional study community in PNG, analysed in this PhD thesis, 93 % of 161 P. 

falciparum-positive individuals were infected with female and/or male gametocytes. Using 

gametocyte enrichment from large volume of blood and highly sensitive qRT-PCR allowed 

quantification female and male gametocyte densities that were otherwise too low to be 

detected in fingerprick samples. 

 

The findings, reported in chapter 5 of this thesis, show that only 16 % (26/161) of all detected 

gametocytaemic P. falciparum-positive individuals in the study community carried densities 

that were permissive for transmission at the time of sampling. Except for one, all other 

infections were identified by standard 18SrRNA qPCR. This leads to the conclusion that 

gametocyte-positive individuals detected only by us-qPCR and thus carrying very low 

gametocyte densities (>0.01gametocyte/µL) seem negligible for human-to-mosquito 

transmission at the time of sampling. 

 

Assuming that gametocyte densities below the threshold of estimated infectivity (1 female and 

1 male gametocyte/2.5 µL blood) fluctuate over time, they may transiently reach levels that 

become infective to mosquitoes later during infection. A CHMI study in artificially infected study 

participants showed that gametocyte densities early during an infection were not infective to 

mosquitoes, whereas densities increased and became infective later (Collins et al., 2018). In 
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order to investigate changing dynamics of gametocyte densities over time longitudinal studies 

are required. Such studies are very complex and challenging in the field but allow to determine 

the transmissibility of submicroscopic infections over time and are critical to understand the 

contribution of submicroscopic infections to transmission. 

 

In the PNG study community of this thesis, 5% of 93 pfs25-positive gametocyte infected 

individuals did not carry detectable male gametocytes. The absence of male gametocytes 

indicates that these P. falciparum-positive carriers are most likely not infective to mosquitoes. 

Although the male markers pfmget and mssp are not suitable to report total gametocyte 

prevalence, it can be speculated, whether quantification of male gametocytes might be a better 

predictor for transmission of low-density P. falciparum infections than frequently used female 

gametocyte quantification (Tadesse et al., 2019). To further test this hypothesis, future studies 

need to assess male-specific qRT-PCR, together with mosquito feeding assays.  

7.3. AmpSeq for genotyping malaria parasites in antimalarial clinical drug trials 

Traditional msp1/msp2/glurp genotyping is inherently biased by preferential amplification of 

shorter over longer fragments leading to misinterpretation of treatment results (Messerli et al., 

2016). AmpSeq can overcome these shortfalls by amplification of equally sized SNP-

polymorphic markers. As a result AmpSeq displays superior sensitivity to detect minority 

clones compared to length-polymorphic genotyping (Lerch et al., 2017).  

In a previous study conducted in our laboratory, the limit of minority clone detection by AmpSeq 

was as low as 0.01% (1:1000) at sufficient read coverage per sample (Lerch et al., 2017). In 

the pilot study of this PhD thesis, the limit for detecting a minority clone was determined in P. 

falciparum HB3/3D7 control mixtures and even lower (1:1500) compared to Lerch and co-

authors (Lerch et al., 2017). However, the need to detect low abundant parasite clones in multi-

clone infections depends on the research question. For example, increased sensitivity is 

essential to study infection dynamics by longitudinal tracking of individual parasite clones in 

multi-clone infections, i.e. to examine within-host compition, parasite clearance or parasite 

fitness (Lerch et al., 2017, 2019). In contrast, a more stringent cut-off of ≥1% (1:100) is required 

for genotyping malaria parasites in clinical drug trials. A 1% haplotype frequency cut-off is 

required to prevent calling of erroneous haplotypes, which can result from cross-sample or 

environmental contamination (Early et al., 2019). In this study, such contamination was 

sporadically observed in P. falciparum HB3/3D7 control mixtures for marker csp with two 

contaminating haplotypes that fell below the 1% treshold.  

Another crucial factor for accurate PCR-correction is to minimize detection of residual DNA of 

dead parasites or gametocytes in the follow up sample. A previous study demonstrated that 
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children after artemisinin-based combination therapy, who were apparently parasite-free by 

microscopy still carried sub-microscopic gametocytes detectable by pfs25 QT-NASBA and 

were infective to mosquitoes during trial follow up (Bousema et al., 2006). Residual 

gametocytes can falsely be identified as recrudescent clones, leading to overestimation of 

treatment failure and thus justifies a more stringent cut of ≥1% (1:100) for genotyping in clinical 

drug trials. Whether gametocytes in the present pilot study of this thesis survived ACT-

treatment or result from recurrent parasites remains unclear. 

 

The robust detection of minority clones at frequencies 1:100 by AmpSeq is a great advantage 

compared to traditional length-polymorphic genotyping. A higher concordance between the 

three individual marker results was observed for AmpSeq (81% (26/32)) than for genotyping 

using length-polymorphic markers (66% (21/32). A biased amplification of shorter over longer 

fragments by length-polymorphic genotyping can severely compromise the detectability of 

minority clones in P. falciparum infections. This bias is particularly pronounced for marker glurp 

(Messerli et al., 2016). In a previous study minority clones were not detectable by marker glurp 

even at ratios 1:1 in mixed P. falciparum 3D7/HB3 strains (Messerli et al, 2016). This may 

explain the higher discrepancy among discordant results of 34% (11/32) by msp1/msp2/glurp 

genotyping compared to 19% (6/32) by AmpSeq.  

 

For AmpSeq five single-copy, unlinked SNP polymorphic marker genes were available. 

Haplotype diversity was highest for markers cpmp (63 haplotypes), cpp (51 haplotypes) and 

ama1-D3 (43 haplotypes). Haplotype diversity of the newly developed marker cpp compared 

well to cpmp, the best performing marker of the study. Great performance of cpmp had been 

demonstrated in earlier studies in PNG (Lerch et al., 2017, 2019). New marker msp7 was least 

discriminatory with 24 haplotypes, despite a high heterozygosity index (He=0.91) according to 

the global MalariaGEN dataset. Remarkable was the presence of 3 dominant haplotypes for 

msp7, which represented 50% haplotype frequency within 34 pre-treatment samples analysed 

in this study. Such frequently occurring haplotypes can lead to misinterpretation of 

recrudescence typing. Any new infection that is likely to carry one of the common haplotypes 

will falsely be identified as recrudescent clone and bias the treatment outcome towards 

recrudescence and thus overestimate treatment failures in clinical drug efficacy trials. 

Therefore, msp7 was excluded from the genotyping analysis. 

Haplotype diversity and allelic frequencies are key parameters for marker performance. Great 

haplotype diversity and low allelic frequencies are required to distinguish between individual 

clones in a multi-clonal infection and thus have to be critically evaluated before embarking on 

a genotyping project. Several factors, such as declining transmission intensity or selection 
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pressure on circulation parasites can severely compromise these parameters in trial areas 

(Daniels et al., 2013; Thera et al., 2011).  

 

Marker csp was chosen as standby marker in case any of the 3 best-performing markers failed 

to amplify. Marker csp displayed 29 unique haplotypes in 34 pre-treatment samples, which is 

comparable to high diversity reported from African settings (Barry et al., 2009; Jalloh et al., 

2006). This contrasts with the severely restricted genetic diversity of csp reported from Peru 

and SE (Chenet et al., 2008; Kumkhaek et al., 2004). Extremely low diversity has been 

demonstrated in different regions in Thailand, where a dominant csp variant was found in 81% 

of 283 collected isolates (Kumkhaek et al., 2005). These findings illustrate that csp is not 

suitable as single marker in areas of SE Asia and highlight the importance that haplotype 

frequency should be determined before the evaluation of the genotyping outcome. 

 

Other potential SNP-polymorphic markers, including the candidates ama1-domain 2 (ama1-

D2) (PF3D7_1133400) and sera 2 (PF3D7_0207900) were identified in the literature (Early et 

al., 2019; Lerch et al., 2017). However, both genes were not prioritised as most SNP-

polymorphic amplicons by mining the MalariaGEN data set and thus not further studied during 

this thesis. Marker ama1-D2 showed similar haplotype diversity (16 haplotypes) to ama1-D3 

(21 haplotypes) in 38 field isolates from PNG (Lerch et al., 2019). Marker sera 2 annotated as 

serine repeat antigen 2 showed high haplotype diversity and was in broad range with csp in 

95 African samples (38 sera 2 haploytpes versus 48 csp haploytpes) (Early et al., 2019). Thus, 

both markers demonstrated comparable resolution to previously used SNP-polymorphic 

AmpSeq markers. Given the restricted haplotype diversity of csp in areas outside of Africa and 

the high haplotype frequencies of three domianant msp7 variants in the present data set, 

markers ama1-D2 and sera 2 seem valuable alternatives for genotyping malaria parasites and 

should be considered for future studies. 

 

To increase the confidence of genotyping results to determine drug treatment failure rates, the 

use of 3 markers is recommended (WHO 2008, guidelines for treatment of malaria). Marker 

results of the three best performing markers cpmp, cpp, and am1-D3 were used for PCR-

correction. Marker csp was used as standby marker, in case any of the other markers failed. 

This is justified by high sequencing costs, which hamper the possibility to resequence 

individual amplicons/sample in case sequencing failed. 
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To resolve discordant results among the three genotyping markers, the recommended WHO 

or the 2/3 algorithm can be applied (Messerli et al., 2016; WHO 2008, guidelines for treatment 

of malaria). The 2/3 was established to account for the possible loss of minority clones, 

introduced by the amplification bias by length-polymorphic genotyping. The comparison of both 

algorithms in 32 paired treatment samples analysed in this thesis, showed that the WHO 

approach resulted in 6 new infections. Using the the 2/3 algorithm, 4 of the 6 new infections 

were identified as recrudescence, indicating that the WHO approach slightly tends towards NI. 

In clinical drug trials a more conservative approach is favoured to avoid underestimation of a 

failing drug, which argues against the WHO approach. On the other hand, it has to be noted 

that a NI by a single AmpSeq marker supports the evidence of a genetically distinct parasite 

clone in the post-treatment sample. By AmpSeq no suppression of haplotypes is expected, 

owing to unbiased amplification of equally-sized amplicons. However, a 1% cut off was 

introduced to support more robust results by filtering of erroneous haplotypes and chimeric 

reads. Therefore, it could be possible that a minority clone that falls below the 1% cut-off, will 

be censored for one of the three AmpSeq markers. To resolve discordant results among the 

three AmpSeqmarkers, owing to a more stringent haplotype frequency cut-off, the adoption of 

the 2/3 algorithm is suggested. 

 

7.3.1 Technical considerations for construction of amplicon libraries 

A key strength of AmpSeq is high sample through put, as well as simultaneous sequencing of 

several markers from hundreds of samples. This contrasts with length-polymorphic 

genotyping, which is limited to individual processing of samples. Several limitations were 

observed during construction of amplicon libraries and require further optimisation for efficient 

high sample through put. Firstly, in the current set up, a 3-step PCR approach was used, 

including a primary PCR, which required a prior step of DNA extraction following initial target 

enrichment. When using direct PCR from dried blood spots, the time-consuming extraction of 

DNA could be omitted. In addition, direct amplification from blood spots uses a higher input of 

DNA template per PCR reaction (3 dried blood punches, each of 3mm size equivalent to 9µL 

blood; versus 2-3µL of blood in the applied protocol), thereby increasing the chance to yield 

sequence data even for samples with low parasite densities.  

Secondly, the secondary nested PCR was performed in simplex PCR reactions and proved 

labour-intensive for simultaneous processing of several markers from large numbers of 

samples. Further attempts to improve the protocol by multiplexing of 2 or 3 markers per sample 

failed. Multiplexing in duplex (cpmp/ama1-D3) or triplex (csp/cpp/msp7) reactions was not 

possible and resulted in lower PCR yields compared to simplex PCR reactions. Long extension 
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primers used for amplification are prone to primer dimer formation and may explain lower PCR 

yields in multiplex compared to simplex PCR reactions.  

Alternatives to a multi-step PCR approach, such as molecular inversion probe (MIP) barcoding 

were discussed in the literature. Recently, MIP was optimised for genotyping of P. falciparum 

parasites from dried blood spots (Aydemir et al., 2018). MIP are single-stranded DNA 

molecules, which hybridise to a target template, following a gap extension and ligation step. 

The resulting circularised DNA template is digested by exonuclease and amplified prior 

sequencing. However, MIP capture efficiency was restricted to parasite densities of greater 

than 100 p/µL. Although Aydemir and co-authors noted that MIP capture efficiency could be 

possibly be improved by pooling of less markers and samples, MIP barcoding seems not, yet, 

suitable for low parasite densities (<100 p/µL).  

Lastly, unbiased normalisation is critical to yield similar sequence coverage for samples 

spanning a wide range of parasite densities. Using the SeqPrepkit (Invitrogen) proved 

valuable, but is limited to samples with high parasiteamia, as it requires 250ng PCR 

product/well for efficient binding and normalisation (Harris et al., 2010). Such DNA amount is 

difficult to reach in samples with low parasite densities and would result in biased sequence 

coverage in pools generated from samples of low and high parasiteamia. Alternative DNA 

quantitation methods include detection of double stranded DNA using a fluorescent dye, such 

as PicoGreen, which can detect as low as 0.25 ng/µL double-stranded DNA (Singer et al., 

1997). However, PicoGreen requires manual dilution for normalisation, which can become 

laborious for processing large numbers of samples. Although multiplexing of several markers, 

especially for secondary PCR, would be the most efficient way to reduce working steps and 

costs, this strategy proved difficult. Long extension primers (up to 80 bp) form primer dimer 

and thus reduce the yield of nested PCR products. On the other hand, lab automation is 

increasingly introduced into laboratories for high through put of large sample sizes. Although 

mostly established at core facilities, automated processing could counterbalance costs of 

simplex PCR reactions versus longer processing times. 
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7.4. Outlook for future research 

AmpSeq presented a valuable genotyping tool for differentiation of recrudescence and new 

infection in antimalarial drug trials and provided highly reproducible and robust characterization 

of clone dynamics in pre- and post-treatment samples from clinical drug trial analysed in this 

thesis. Because of its great sensitivity to detect minority clones and the option to quantify 

individual parasite clones in multi-clone infections, AmpSeq genotyping is increasingly applied 

to study parasite infection dynamics (Lerch et al., 2019; Mideo et al., 2012). Together with 

qPCR, individual parasite densities in multi-clone infections can be determined, which allows 

to study fluctuation of individual clone densities over time (Lerch et al., 2019). Multiple co-

infecting parasite clones can persist from weeks to months in the infected host, but their 

contribution to transmission over time remains to be examined. AmpSeq could fundamentally 

increase the understanding of transmission dynamics of individidual parasite clones in infected 

hosts. However, this requires genotyping of asexual and sexual parasite stages concurrently 

infecting the host. 

 

So far, gametocyte-specific markers were established for length-polymorphic genotyping of 

gametocytes. These markers are less diverse than DNA-markers and to date only a few 

gametocyte-specific length-polymorphic genes have been identified; among them pfg377 and 

p230p (Menegon et al., 2010, Wampfler et al., 2014; Nawakama et al., 2008). Both markers 

revealed limited diversity with only 18 pfs230p and 19 pfg377 haplotypes in 46 sequenced field 

samples from Burkina Faso (Wampfler et al., 2014), suggesting that it will be difficult to find 

SNP-polymorphic gametocyte-specific marker with similar resolution to length-polymorphic 

markers.  

 

Currently SNP-polymorphic gametocyte-specific marker genes are not available that can be 

used to distinguish gametocyte subpopulations originating from different parasite clones in the 

infected host. However, recently published gametocyte transcriptomes with improved quality 

might facilitate the search for highly expressed gametocyte-specific marker genes (Lasonder 

et al., 2016; Kesselstein et al., 2018). A similar approach, as described in chapter 6, could be 

applied to find high SNP.polymorphism in highly expressed gametocyte-specific marker 

transcripts by mining the MalariaGEN data set.  

 

Amplification of newly established markers from gDNA of field samples and gametocytes RNA 

from the same sample might resolve relevant questions concerning malaria epidemiology.  
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1) Do certain genotypes produce higher gametocyte densities and are thus preferably 

transmitted? 

2) Are gametocyte densities higher in multi-clone infection than in mono-infections? 

3) Are gametocyte densities of drug resistant clones in multi-clone infections higher after 

drug treatment and thus are more likely to transmit? 

4) How can clone-competition affect gametocyte production? 
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7.5. Conclusion 

Ultra-sensitive molecular diagnostics allow to study submicroscopic parasite infections that 

remain undetected even by standard 18SrRNA qPCR. Yet, their true extent and relevance for 

transmission in areas of high and low transmission is not clearly understood and requires 

further investigation to accelerate and sustain elimination. This PhD thesis has provided new 

molecular research tools that are fundamentally needed to further advance epidemiological 

knowledge on asymptomatic and even submicroscopic malaria infections.  

Chapter 2 to 5 of this thesis demonstrated that us-qPCR greatly improved the detection of low-

density P. falciparum and P. vivax parasite infections across high-moderate and low 

transmission settings compared to 18SrRNA qPCR. Yet, the gain by us-qPCR was higher for 

P. falciparum than for P. vivax infections and for P. falciparum more pronounced at low 

compared to moderate transmission. Increased sensitivity by us-qPCR can be achieved by 

analysing large volumes of blood or template enrichment and thus provides more accurate 

malaria prevalence estimates. 

At low transmission monitoring of malaria is particularly relevant to guide targeted interventions 

and evaluate their outcome to sustain elimination efforts. At higher transmission an overall 

greater number of low-density parasite infections was identified by us-qPCR. Because at 

higher transmission more infected individuals are likely to carry gametocytes, us-qPCR 

presents a valuable tool to identify transmission hotspots. 

Given the generally lower parasite densities in P. vivax than in P. falciparum infections, the 

use of ultra-sensitive diagnostics for P. vivax detection seems even more relevant than for P. 

falciparum. Improved detection of P. vivax infections is of considerable importance, as 

detected P. vivax infections can relapse later and thus contribute to on-going transmission. 

Furthermore, this thesis provides new male-specific gametocyte assays that complement 

established female-specific assays. Together, these qRT-PCR assays are critical for accurate 

detection and quantification of gametocyte densities in submicroscopic P. falciparum infection 

in epidemiological studies. Quantification of male and female gametocytes is of great 

relevance to examine the transmission potential, particularly of low-density P. falciparum 

infections. More accurate gametocyte data is vital to improve the precision of mathematical 

models that allow to predict human-to-mosquito infectivity in the absence of xenodiagnsotic 

surveys. However, if such models can replace mosquito feeding assays in the field remains to 

be investigated in future studies. 

This thesis has further provided an optimised NGS-based AmpSeq approach to determine 

treatment failure rates of antimalarial drugs in clinical trials. AmpSeq proved superior to length-

polymorphic msp1/msp2/glurp genotyping, owing to an unbiased amplification and greater 
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sensitivity to detect minority clones. Although clinical drug trials can greatly benefit from robust 

AmpSeq genotyping, in its current set the platform needs to be simplified for regulatory use in 

clinical drug trials. The option to quantify individual clone densities in multi-clone infections by 

AmpSeq provides a promising approach to investigate longitudinal infection dynamics and 

allows fundamental new insights to better understand parasite fitness, within-host compition or 

parasite clearance in infected hosts. 
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