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Abstract 

 

Malaria remains a public health problem in Cameroon and antimalarial drug resistance hampers 

proper control of the disease. Several studies have been carried out on antimalarial drug 

resistance but regular monitoring of mutations associated with national drug policy changes are 

missing. In addition, previous studies mostly focused on symptomatic patients, and very few 

on asymptomatic carriers despite the fact that they represent a large reservoir of parasites. In 

malaria hyperendemic areas such as Cameroon, malaria infections harbour multiple clones of 

parasites but the dynamics of transmission of the different genotypes of P. falciparum from 

humans to mosquitoes and during their development within the mosquito has received few 

attentions so far. 

Our study updates the malaria epidemiological situation in Tibati located in the Adamawa 

region of Cameroon, an area of seasonal malaria transmission and Mfou, located in the central 

region and characterised by perennial malaria, to assess malaria prevalence and describe the 

trends in antimalarial resistance markers in these two epidemiologically distinct areas. 

Additionally, we performed next generation sequencing using high throughput Illumina Miseq 

in human and mosquito infections to compare the genetic diversity of parasite populations, and 

the carriage of mutations associated with antimalarial drug resistance between symptomatic and 

asymptomatic individuals and throughout the developmental stages in the mosquito. We also 

carried out entomological survey in Tibati where we confirmed for the first time in Cameroon, 

the infection of Anopheles coluzzii with P. vivax. At the individual level, we observed a drop in 

the Pfcrt K76T mutation which is responsible for chloroquine resistance, even though the 

mutation persisted at the population level. We also observed the presence of parasites fully and 

super resistant to the sulphadoxine - pyrimethamine. More so, we did not observe known 

artemisinin resistance mutations, but observed for the first-time in the country, rare mutations 

such as the R255K and L258M. Using amplicon sequencing, we determined a higher number 

of mixed infections in asymptomatics, that showed that resistant genotypes persist at lower 

levels. Comparing the genetic diversity between asymptomatic and symptomatics, showed that 

Asymptomatics had higher MOIs, and help maintain parasite diversity. Preliminary analyses 

using R, on the diversity of parasites in mosquito sporozoites indicated that the mosquito has a 

role in the transmission of minority genotypes and also helps in maintaining parasite genetic 

diversity.  
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Résume 

 

Le paludisme reste un problème de santé publique majeur au Cameroun et la résistance des 

parasites aux antipaludiques freine le contrôle de la maladie. Différentes études ont été menées 

sur la résistance aux antipaludiques, mais aucun suivi régulier des mutations associées à la 

résistance, en lien avec les changements de politiques nationales de traitement de la maladie, 

n’a encore été mis en place. De plus, les données disponibles proviennent principalement de 

patients symptomatiques, et très peu sur des porteurs asymptomatiques, malgré qu'ils 

représentent un large réservoir de parasites. Dans les zones hyper-endémiques du paludisme 

comme le Cameroun, les infections palustres sont complexes, elles hébergent de multiples 

génotypes de parasites. La dynamique de transmission des différents génotypes de Plasmodium 

falciparum de l'homme au moustique et au cours du développement chez le moustique vecteur 

a reçu jusqu'à présent peu d'attention. L’objectif principal de ce travail de thèse a consisté à 

évaluer la dynamique de transmission des différents génotypes de P. falciparum dans des 

infections mixtes naturelles, et notamment les génotypes portant des mutations de résistances 

aux principaux anti-malariques actuellement utilisés. Pour ce travail, nous avons réalisé des 

enquêtes de terrain au Cameroun dans deux sites présentant des situations épidémiologiques 

distinctes : à Tibati, petite ville située dans la région de l'Adamaoua au Cameroun, une zone de 

transmission saisonnière du paludisme, et à Mfou, ville localisée dans la région du Centre et 

caractérisée par un paludisme pérenne. Notre étude a permis de dresser la situation 

épidémiologique du paludisme actuelle sur ces deux sites, en termes de prévalence parasitaire 

chez des sujets symptomatiques et chez des porteurs asymptomatiques et en termes de 

prévalence des mutations associées à la résistance aux anti-malariques. A Tibati, nous avons 

également réalisé une enquête entomologique et nous avons décrit les principaux vecteurs de 

paludisme sur ce site. Nous avons identifié un moustique Anopheles coluzzii infecté par P. 

vivax, ce qui constitue la première description d’infection naturelle à P. vivax chez son vecteur 

au Cameroun. Nous avons ensuite réalisé un séquençage de nouvelle génération (NGS) avec la 

technologie Illumina pour caractériser les infections. Nous avons comparé la composition des 

infections entre les sujets symptomatiques et asymptomatiques et nous avons suivi le devenir 

des génotypes de parasites chez des moustiques infectés sur du sang des porteurs 

asymptomatiques. Nous avons effectué un séquençage ciblé, à l’aide de marqueurs de diversité 

et de marqueurs permettant l’identification de mutations associées à la résistance aux 

antipaludiques. La comparaison des infections symptomatiques et asymptomatiques a révélé 
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une plus grande diversité génétique chez les asymptomatiques malgré des charges parasitaires 

plus faibles. Nos résultats ont montré une baisse drastique des mutations associées à la 

résistance à la chloroquine sur le gène Pfcrt, en accord avec la suspension de ce médicament 

dans le traitement des accès palustres depuis quinze ans. Le gène Pfdhps qui, avec Pfdhfr, 

confère de la résistance à la sulfadoxine-pyriméthamine, s’est révélé le plus polymorphe et nous 

avons montré que des haplotypes super résistants circulent au Cameroun. Les analyses bio-

informatiques nous ont permis de quantifier les différents génotypes dans les infections 

multiples et nos résultats ont montré que le génotype résistant à la chloroquine persiste dans les 

infections mixtes à faible densité. Les analyses préliminaires des infections chez le moustique 

indiquent que ces génotypes minoritaires sont efficacement transmis par le vecteur. L’ensemble 

de ce travail de thèse a permis de souligner la complexité des interactions entre génotypes dans 

les infections naturelles à P. falciparum et de montrer le rôle important du moustique vecteur 

dans le maintien de la diversité génétique. 
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Résume substantiel en français 

 

Introduction  

Le paludisme reste un problème de santé publique majeur au Cameroun et la résistance des 

parasites aux antipaludiques freine le contrôle de la maladie. Différentes études ont été menées 

sur la résistance aux antipaludiques, mais aucun suivi régulier des mutations associées à la 

résistance, en lien avec les changements de politiques nationales de traitement de la maladie, 

n’a encore été mis en place. De plus, les données disponibles proviennent principalement de 

patients symptomatiques, et très peu sur des porteurs asymptomatiques, malgré qu'ils 

représentent un large réservoir de parasites. Dans les zones hyper-endémiques du paludisme 

comme le Cameroun, les infections palustres sont complexes, elles hébergent de multiples 

génotypes de parasites. L’impact de la diversité génétique sur la symptomatologie du paludisme 

reste controversé. Il a été suggéré que la multiplicité d’infection protégerait des formes sévères 

du fait que la persistance de parasites génétiquement diverses maintiendrait une large réponse 

anticorps (al-Yaman et al., 1997; Beck et al., 1997; Bereczky et al., 2007; Farnert et al., 1999). 

Il a pu être observé par ailleurs que les sujets symptomatiques n’hébergeaient pas les mêmes 

parasites que des porteurs asymptomatiques (Ntoumi et al. 2000) et que les sujets 

asymptomatiques hébergeaient un plus grand nombre de clones (Barry et al., 2021; Mercereau-

Puijalon, 1996). Par ailleurs, la diversité génétique diffère selon l’intensité de la transmission, 

le nombre de clones circulant en zones de faible intensité étant plus réduit (Eldh et al. 2020). 

L’usage des médicaments anti-malariques introduit une pression sur les parasites et la diffusion 

des résistances aux médicaments est liée à la pression médicamenteuse. Mais, la dynamique de 

transmission des différents génotypes de Plasmodium falciparum de l'homme au moustique et 

au cours du développement chez le moustique vecteur a reçu jusqu'à présent peu d'attention. Le 

rôle du vecteur dans la diffusion ou le maintien des résistances est encore mal compris. Chez 

les modèles murins, des interactions compétitives entre génotypes co-infectants ont été mises 

en évidence et la force de ces interactions contribue à l’évolution de la résistance aux 

médicaments (Babiker, 2009; Hastings, 2005; Huijben; 2011; Bushman, 2018; de Roode, 2005; 

Bell, 2006; Wargo, 2007; Reece, 2008). Dans les infections non traitées, la présence de parasites 

sensibles réduit considérablement le fitness des parasites résistants, et la compétition diminue 

les densités de parasites résistants. Il a été montré que cette suppression compétitive augmente 

lorsque le parasite résistant est rare dans l'infection initiale, ce qui suggère que la suppression 

compétitive est la principale force empêchant l'émergence d'une résistance de novo (Huijben, 
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2011). Par contre, l’introduction d’une drogue permet l’élimination des parasites sensibles au 

médicament et entraîne une augmentation drastique, rapide, de la densité des parasites 

résistants. Ces phénomènes de compétition impactent également sur la transmission, les 

parasites montent des stratégies permettant d’optimiser leur survie et leur transmission (Reece 

et al., 2008; Pollitt et al., 2011). En conditions naturelles de paludisme à P. falciparum, les 

interactions compétitives, tout comme la transmission des mutations conférant des résistances 

aux anti-malariques sont mal connues. Pourtant les pressions de sélection qui s’opèrent chez 

l’homme et chez les moustiques pourraient différer, ce qui pourrait expliquer le maintien de la 

forte diversité génétique en zones d’hyper endémicité. 

 

Objectifs 

L’objectif principal de ce travail de thèse a consisté à caractériser la diversité génétique de P. 

falciparum dans des infections naturelles, chez l’homme et chez le moustique vecteur. Les 

objectifs spécifiques ont été : 1) de décrire la situation épidémiologique du paludisme dans  

deux zones de contexte distinct, Tibati et Mfou ; 2) de quantifier et comparer la composition 

génétique d’infections issues de sujets symptomatiques et de porteurs asymptomatiques en 

utilisant des marqueurs moléculaires permettant de caractériser le polymorphisme génétique 

dans des gènes de forte diversité et d’identifier des mutations dans des gènes conférant une 

résistance aux antipaludiques ; 3) de mesurer la composition génétique dans les populations de 

gamétocytes et au cours du développement des parasites chez des moustiques infectés sur ces 

porteurs de gamétocytes ; 4) de mesurer la dynamique de transmission des différents génotypes 

de P. falciparum dans des infections mixtes naturelles, et notamment les génotypes portant des 

mutations de résistances aux principaux anti-malariques actuellement utilisés. 

 

Procédures  

Pour ce travail, nous avons réalisé des enquêtes de terrain au Cameroun dans deux sites 

présentant des situations épidémiologiques distinctes : à Tibati, petite ville située dans la région 

de l'Adamaoua au Cameroun, une zone de transmission saisonnière du paludisme, et à Mfou, 

ville localisée dans la région du Centre et caractérisée par un paludisme pérenne. La diversité 

génétique a été étudiée par le génotypage des infections avec des marqueurs de diversité et avec 

des marqueurs de résistances aux principaux anti-malariques actuellement utilisés. La 

variabilité génétique a été mesurée dans des infections issues de prélèvements sanguins réalisés 

chez des sujets symptomatiques et chez des porteurs asymptomatiques, puis chez des 

moustiques Anopheles gorgés sur du sang de porteurs de gamétocytes. Les échantillons de sang 
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ont été filtrés sur colonnes MACs afin de séparer les stades parasitaires asexués (trophozoïtes) 

et sexués (gamétocytes). Par la suite, des infections expérimentales ont été réalisées au 

laboratoire avec la souche de moustique Ngousso. Pour les infections expérimentales, le sang 

de porteurs de gamétocytes est distribué dans des cellules de gorgement en verre maintenues à 

37°C et des lots de femelles moustiques âgés de 3 à 5 jours sont alors infectées par gorgement 

à travers une membrane de parafilm. Les moustiques gorgés sont maintenus à l’insectarium, 

une partie est disséquée 8 jours après le repas de sang pour déterminer le niveau d’infection par 

comptage des oocystes au microscope et l’autre partie est conservée jusqu’à 14 jours après 

l’infection afin de collecter les glandes salivaires. Sur les échantillons de sang et de moustiques, 

nous avons réalisé un séquençage de produits d’amplification PCR, de l’« amplicon 

sequencing », sur séquenceur Illumina MiSeq. Nous avons effectué ce séquençage ciblé, à 

l’aide de marqueurs de diversité et de marqueurs permettant l’identification de mutations 

associées à la résistance aux antipaludiques. Nous avons suivi la procédure décrite par Lerch et 

al. (Lerch et al., 2017, Lerch et al., 2019) pour l’étude de la diversité génétique, et nous avons 

utilisé les marqueurs AMA1-D2, AMA1-D3, CSP et CPMP. Pour les marqueurs de résistance 

aux anti-malariques, nous avons suivi le protocole de Nag et al. (Nag et al. 2017). L’analyse 

bio-informatique des fragments a été réalisée à l’aide du package HalotypR et les analyses 

statistiques ont été conduites sous R à l’aide de différents logiciels, dont Vegan et SpadeR pour 

l’analyse de diversité.  

 

Résultats/Discussion  

Notre étude a permis de dresser la situation épidémiologique du paludisme actuelle sur nos deux 

sites d’étude, en termes de prévalence parasitaire chez des sujets symptomatiques et chez des 

porteurs asymptomatiques et en termes de prévalence des mutations associées à la résistance 

aux anti-malariques. A Tibati, nous avons observé une plus forte prévalence de l’infection 

palustre chez les sujets asymptomatiques, et ces infections présentaient de plus faibles densités 

parasitaires. A Tibati, nous avons également réalisé une enquête entomologique et nous avons 

décrit les principaux vecteurs de paludisme sur ce site. Nous avons identifié un moustique 

Anopheles coluzzii infecté par P. vivax, ce qui constituait la première description d’infection 

naturelle à P. vivax chez son vecteur au Cameroun. Nous avons réalisé un génotypage par PCR 

nichée sur des infections asymptomatiques de Tibati et Mfou afin de déterminer les prévalences 

de différentes mutations associées à la résistance aux médicaments sur ces deux sites. Nous 

avons observé un déclin important de la mutation 76T du gène Pfcrt, quinze ans après la 

cessation de la chloroquine pour le traitement des accès palustres simples au Cameroun. Le 
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génotype mutant IRN au niveau du gène Pfdhfr est presque fixé, avec des prévalences 

supérieures à 96%. En combinant les mutations portées sur les gènes Pfdhps et Pfdhfr et 

associées à la résistance à la sulfadoxine-pyriméthamine (SP), nous avons observé une forte 

prévalence de l’haplotype muté IRN-G, portant quatre mutations, il était présent dans près de 

90% des échantillons. Nous avons également caractérisé des haplotypes Pfdhps/Pfdhfr « super 

résistants », portant sept mutations. La forte diversité génétique au niveau des mutations des 

gènes Pfdhps et Pfdhfr reflète la pression de la SP, qui est utilisée dans le traitement préventif 

intermittent de la femme enceinte. 

Nous avons ensuite réalisé un séquençage de nouvelle génération (NGS) avec la technologie 

Illumina pour caractériser les infections. Nous avons comparé la composition des infections 

entre les sujets symptomatiques et asymptomatiques prélevés à Mfou et nous avons suivi le 

devenir des génotypes de parasites chez des moustiques infectés sur du sang des porteurs 

asymptomatiques. Nous avons effectué un séquençage ciblé, à l’aide de marqueurs de diversité 

et de marqueurs permettant l’identification de mutations associées à la résistance aux 

antipaludiques. Les marqueurs CPMP et CSP ont révélé une forte diversité, avec respectivement 

91 et 53 génotypes distincts. L’analyse de la composition génotypique n’a pas détecté de 

différenciation entre les infections symptomatiques et asymptomatiques (Gst = 0.005 (0.001) 

and Gst = 0.003 (0.002) pour CPMP and CSP). La comparaison des infections symptomatiques 

et asymptomatiques a révélé une plus grande diversité génétique chez les sujets 

asymptomatiques (médiane MOI = 2 (rang de 1 à 6) chez les sujets symptomatiques et médiane 

MOI = 5 (rang de 1 à 15) chez les sujets asymptomatiques). Les charges parasitaires étaient 

significativement plus faibles chez les porteurs asymptomatiques et nous n’avons pas trouvé 

d’association entre la MOI et la charge parasitaire, ni chez les sujets asymptomatiques, ni chez 

les sujets symptomatiques. Toutefois, dans les infections mixtes, les densités relatives des 

différents génotypes tendaient à s’égaliser quand la MOI augmentait. Ces résultats suggèrent 

donc que des interactions compétitives dans les infections asymptomatiques permettent de 

contrôler la multiplication des parasites.  

Par ailleurs, nos résultats ont confirmé la baisse drastique des mutations associées à la résistance 

à la chloroquine sur le gène Pfcrt, en accord avec la suspension de ce médicament au Cameroun 

dans le traitement des accès palustres depuis quinze ans. Le gène Pfdhps qui, avec Pfdhfr, 

confère de la résistance à la sulfadoxine-pyriméthamine, s’est révélé le plus polymorphe et nous 

avons montré que des haplotypes super résistants circulent au Cameroun. Les analyses bio-

informatiques nous ont permis de quantifier les différents génotypes dans les infections 

multiples et nos résultats ont montré que le génotype résistant à la chloroquine, CVIET, 
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persistait dans les infections mixtes à faible densité (proportion moyenne de 12.7% (SD 20.6)). 

Au niveau du gène Pfdhps, les infections multiples étaient majoritairement constituées de 

mélanges de génotypes mutés, le génotype sauvage n’a été identifié que dans quatre 

échantillons. Aucun génotype particulier n’a dominé dans les infections mixtes. Nos résultats 

ont ainsi indiqué une forte diversité génétique dans les infections palustres, particulièrement 

importante dans les infections asymptomatiques. Les infections asymptomatiques permettent 

de maintenir la diversité génétique dans la population et elles représentent un large réservoir de 

parasites. La circulation de génotypes à faible densité dans les infections mixtes nécessite qu’ils 

soient transmis chez le vecteur. Nous avons alors génotypé les populations de gamétocytes et 

les sporozoïtes extraits des glandes salivaires de moustiques infectés sur ces mêmes porteurs de 

gamétocytes pour évaluer la dynamique de transmission des génotypes de P. falciparum. 

La multiplicité d’infection dans les populations de gamétocytes étaient similaires à celle des 

trophozoïtes (médiane MOI = 4 (rang de 1 à 16)) mais la MOI était négativement corrélée avec 

la densité en gamétocytes, ce qui indique que de fortes charges en gamétocytes sont plus 

facilement associées à des infections monoclonales. Les analyses préliminaires des infections 

chez le moustique indiquent que les génotypes minoritaires sont efficacement transmis par le 

vecteur. En effet, malgré de faibles proportions dans les populations de gamétocytes (1%), les 

génotypes « rares » sont retrouvés dans les sporozoites avec une fréquence relative plus élevée. 

Nos résultats suggèrent que le moustique vecteur a un rôle dans le maintien de la diversité 

génétique et que les génotypes minoritaires chez l’homme ont un succès reproductif augmenté 

chez le moustique. Ceci doit permettre le maintien des résistances aux anti-malariques à bas 

bruit et leur rapide diffusion en cas de changements de politique de traitement du paludisme. 

 

Conclusion/Perspectives 

Ce travail de thèse a permis de confirmer la forte dominance du génotype sensible à la 

chloroquine CVMNK dans les infections palustres au Cameroun. Ce phénomène, déjà décrit 

dans d’autres pays en Afrique (Kublin et al. 2003; Mharakurwa et al. 2021), a laissé suggérer 

la possibilité de réintroduire la chloroquine en association avec d’autres drogues pour le 

traitement et la prophylaxie du paludisme. Cependant, la pression de la chloroquine pourrait 

permettre une diffusion rapide du génotype muté, CVIET, puisque nous avons détecté sa 

présence dans les infections mixtes, même si en faible densité, et que ces génotypes minoritaires 

sont efficacement transmis chez le moustique vecteur. L’ensemble de ce travail de thèse a 

permis de souligner la complexité des interactions entre génotypes dans les infections naturelles 
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à P. falciparum et de montrer le rôle important du moustique vecteur dans le maintien de la 

diversité génétique. 

Des études en conditions expérimentales, en utilisant différents clones isolés d’infections 

naturelles, pourraient permettre de mieux caractériser la dynamique des infections multiples, 

en contrôlant la densité et le sex ratio des différents parasites mis en mélange. Nos prochains 

travaux devront génotyper un plus grand nombre de marqueurs, notamment sur le gène PfK13, 

ce qui pourrait permettre de surveiller l’apparition de mutations associées à la résistance à 

l’artémisinine. La chloroquine et l’hydroxy-chloroquine ont été largement utilisées au 

Cameroun pour la prévention ou le traitement de la Covid-19 depuis le début de la pandémie 

en mars 2020. Cette pression médicamenteuse a pu impacter la diffusion des génotypes de Pfcrt 

et il faudrait pouvoir analyser des échantillons prélevés depuis mars 2020 pour mesurer 

l’émergence ou non des génotypes résistants. 
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1.1 Malaria Burden 

 

Globally, there has been a decline in malaria cases and deaths over the past decade, from an 

estimate of 238 million cases and 736000 deaths in 2000 to 229 million cases and 409,000 

deaths in 2019 (World Malaria Report 2020: 20 Years of Global Progress and Challenges, 

2020). However, over the past few years, there has been no significant drop in the number of 

estimated cases, as only 2% decline has been recorded from 2015 to 2019, as opposed to 27% 

from 2000 to 2015. In 2019, majority of the cases and deaths (82% and 94% respectively) were 

from the WHO African Region (Figure 1) (World Malaria Report 2020: 20 Years of Global 

Progress and Challenges, 2020). Interpreting the dynamics of malaria transmission in 

developing communities is complex, as the population in the WHO African Region is on the 

rise, from approximately 665 million in 2000 to over a billion in 2019.  

 

 

 

 

 

 

 

 

 

1.2 Life cycle of the malaria parasite 
 

Malaria remains one of the most lethal vector-borne diseases. The disease is caused by the 

protozoa of the genus Plasmodium and is transmitted by a female Anopheles spp mosquito 

(Graumans et al., 2020). The five species of Plasmodium that cause malaria in humans include 

P. malariae, P. falciparum, P. ovale, P. knowlesi and P. vivax. Notably, the majority of 

mortality associated with malaria is due to P. falciparum and P. vivax, with P. falciparum being 

the most virulent species, mostly affecting children under 5 years (White et al., 2014). 

Figure 1: Global distribution of malaria cases, adapted from WHO World 

Malaria Report, 2020. 
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The life cycle of the parasite involves two hosts: the human host and the mosquito vector 

(Figure 2). The human host is the intermediate host where takes place the asexual cycle and the 

mosquito vector is the definitive host in which the sexual reproduction occurs.  

1.2.1 Life cycle in humans 
 

The malaria life cycle (Figure 2) in the human host begins when sporozoites, the only infectious 

parasite stage for the vertebrate host, are injected by a female Anopheles mosquito vector during 

a blood meal. The sporozoites migrate via blood vessels and reach the liver, then enter into 

hepatocytes. There starts the exo-erythrocytic cycle, parasites differentiate into schizonts in 

which asexual multiplication occurs, leading to thousands of merozoites. Schizonts burst and 

release merozoites from the hepatocytes into the blood, which marks the end of the exo-

erythrocytic schizogony. This period usually takes approximately 8 days in P. falciparum and 

15 days in P. malariae, P. ovale and P. vivax. For P. ovale and P. vivax, parasites can enter a 

period of quiescence, a state of arrested development, before their development into mature 

hepatic schizonts; reactivation of the quiescent forms causes relapsing infections several weeks 

or months after the initial infection. 

Upon release from hepatocytes, the merozoites invade red blood cells and undergo the 

erythrocytic cycle. Merozoites form ring stages that mature in trophozoites. Mature 

trophozoites undergo asexual divisions to form intra erythrocytic schizonts, which mature and 

release between 4 to 36 merozoites for each infected RBC over a 24-72 h period, depending on 

Plasmodium species. Merozoites freshly released from RBCs commence new erythrocytic 

cycles by infecting healthy erythrocytes. Parasite burden is associated with the proportion of 

infected RBCs and lysis of numerous infected RBCs causes malaria-associated anaemia. At 

some point, some merozoites commit to sexual differentiation during the next erythrocytic cycle 

and develop into gametocytes, the sexual erythrocytic stage of the parasite and the infectious 

stage for the mosquito vector (van Dooren et al., 2000). Sexual differentiation results in the 

development of a single male or female gametocyte over the course of 10–12 days. Gametocyte 

development is divided into five morphologically distinct stages, immature stage I–IV 

gametocytes are sequestered in the bone narrow and only mature stages V circulate in 

peripherical blood. 
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1.2.2 Life cycle in the vector 
 

During a blood meal on an infected individual, the female Anopheles mosquito ingests RBCs 

infected with trophozoites, schizonts and gametocytes. The trophozoites and schizonts are 

digested by the mosquito, and only the gametocytes continue their development cycle. The 

development of the parasites in the mosquito is called the sporogonic cycle. In the mosquito 

midgut, the matured male gametocyte, called the microgametocyte, differentiates into 1 – 8 

microgametes, while the female gametocyte, called the macrogametocyte, develop into one 

macrogamete. While in the midgut lumen, the macro and micro gametes fuse to form zygotes 

which in turn develop into motile ookinetes 18 to 36 hrs later. The ookinetes cross the intestinal 

epithelium and then transform into oocysts on the basal side of the midgut. Numerous mitoses 

then take place in the oocysts, forming haploid sporozoites. The mature oocysts then burst, 

releasing thousands of sporozoites, which migrate via the hemolymph into the salivary glands. 

Sporozoites are ready to be injected during the next mosquito bite (van Dooren et al., 2000).  

 

Figure 2: Life cycle of Plasmodium falciparum in humans and mosquitoes (source: Venugopal et al. 

2020) 
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1.3 Current antimalarial drugs  
 

Currently, the main tools for the control and elimination of malaria parasites are antimalarial 

drugs (Table 1). Antimalarial drugs target the erythrocytic stages of the malaria parasite. The 

two most frequent malaria parasites are P. falciparum and P. vivax, which both have different 

drug regimens: Artemisinin combination therapies (ACTs) for treating uncomplicated P. 

falciparum, and CQ (chloroquine) + PQ (piperaquine) for treating P. vivax (Cui et al., 2015). 

ACTs are made of two components: Artemisinin or its derivatives which eliminate majority of 

the parasites, and a partner drug which acts longer, eliminating the rest of the parasites and 

restricts artemisinin resistance (ARTR) selection. The ACTs commended by WHO include; 

artesunate + amodiaquine (ASAQ), dihydroartemisinin + piperaquine (DHA-PP), artemether + 

lumefantrine (AL), artesunate + mefloquine (ASMF), artesunate + sulfadoxine-pyrimethamine 

(ASSP). It is also noted that non-falciparum parasites such as P. ovale and P. malariae are also 

eliminated by ACTs (Cui et al., 2015). 

As reviewed by (Cui et al., 2015), several medications are used for malaria prevention; 

atovaquone + proguanil (malarone), doxycycline or mefloquine are recommended as 

chemoprophylaxis regimens to travellers to endemic settings from non-endemic areas. 

Sulfadoxine-pyrimethamine (SP) is administered to pregnant women in Africa as an 

intermittent preventive treatment, while amodiaquine/ sulfadoxine-pyrimethamine (AQ/SP) is 

administered for seasonal malaria chemoprevention in regions of minimal resistance to these 

drugs such as the Sahel Subregion (Cui et al., 2015). 

Source: (Cui et al., 2015) 

Table 1: Current antimalarials and their uses 
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1.4. Classes of antimalarial drugs and resistance mechanisms 
 

1.4.1. The 4-amino-quinolines: They include chloroquine (CQ), amodiaquine (AQ), and 

piperaquine (PQ). All amino alcohol derivatives bind to β-hematin molecule and inhibit the 

heme detoxification in the digestive vacuole of the parasite. For several years, CQ was the 

reference treatment for uncomplicated malaria but due to drug resistance, it is no longer used. 

Even though AQ and PQ have the same mechanism of resistance as CQ, they are still efficient 

against parasites resistant to CQ, and used as partner drugs in ACTs (example Artesunate 

amodiaquine combination) (Cui et al., 2015). 

1.4.2 The 8-amino-quinolines: An example of this class is primaquine, which is used to kill 

parasites in the liver, even though it can kill erythrocytic parasites. It can also target hypnozoites 

of P. vivax and lowers transmission to mosquito vectors by acting against gametocytes.  

1.4.3 Arylamino alcohols: Antimalarials belonging to this class include; Quinine (QN), 

Mefloquine (MF) Lumefantrine (LF). QN is the oldest antimalarial medication, gotten from 

cinchona bark (Meshnick and Dobson, 2001). QN is mostly used in severe malaria cases, as it 

is not easily tolerated. Nevertheless, MF and LF are used in partner with ART as ACT 

components, for example AS/MF and artemether/LF. Resistance to QN was first reported in 

Brazil, and its resistance is linked to mutations in several genes (Cui et al., 2015). 

1.4.4 Antifolates: They include sulfadoxine, which targets the parasite’s dihydropteroate 

synthase (dhps) and pyrimethamine which targets the parasite’s dihydrofolate reductase (dhfr). 

The benefit of SP is its single dose treatment, and they are often discussed together. However, 

drug resistance makes its efficacy limited. The initial use was as a monotherapy. However, 

resistance was observed shortly after in both P falciparum and P vivax (Cui et al., 2015). SP 

(Fansidar) was efficient against CQ - resistant parasites. However, in the late 1970s, parasites 

resistant to SP was observed in Asia and South America (Rumans et al., 1979). 

1.4.5 The Naphthoquinone: An example is atovaquone that acts against the parasite’s 

mitochondrial cytochrome bc1 complex. It is used with a DHFR inhibitor proguanil, for 

efficient treatment therapy, and chemoprophylaxis for falciparum malaria even though it is 

expensive. 

1.4.6 Antibiotics: Examples are: doxycycline and clindamycin which have antimalarial 

activities, since they act against the protein synthesis machinery of the apicoplast organelles, 
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inhibiting protein synthesis in prokaryotes. Doxycycline in combination with QN is also used 

to treat falciparum malaria (Cui et al., 2015). 

1.4.7 Artemisinins: They are considered the newest class of antimalarials. Artemisinins are 

derived from a plant, Artemisia annua, that was used in China for its antipyretic properties. Its 

semisynthetic derivatives artesunate, dihydroartemisinin and artemether are used in 

combination with partner drugs in ACTs. In combination therapy, the artemisinin derivative 

rapidly reduces parasitaemia and the partner drug removes residual parasites over a longer 

period. Combination also delays resistance to drugs. ACTs are used for the management of 

uncomplicated malaria as oral administration. However, in cases of severe malaria, intravenous 

artesunate is administered as the gold standard.  

1.5 Antimalarial drug resistance 
 

Drug resistance limits the efficiency of antimalarial drugs, and falciparum parasites are resistant 

to all antimalarials including the recent ones, even though the extent of resistance varies. 

Globally, P. falciparum, P. vivax and P. malariae have shown resistance to all available 

antimalarial drugs (Antony & Parija, 2016). 

1.5.1 Assessing antimalarial drug resistance  
 

There are different methods used to determine antimalarial drug resistance. Firstly, through 

clinical trials, in vivo studies assess the efficacy of drugs in patients and ex vivo/in vitro assays 

evaluate parasite susceptibility to the drugs. Secondly, by looking at genetic polymorphisms 

linked to resistance (Table 2), and lastly by checking the selective pressure of the drugs on 

consecutive infections. These methods have helped determined the mechanism of resistance 

and the severity of resistance. 

There has been a wide interest in ARTR due to its crucial role in recent antimalarials. A reduced 

efficiency of the combination artesunate/mefloquine was observed in the Cambodia-Thailand 

border found in South East Asia, a focal point for antimalarial drug resistant parasite. Clinical 

resistance to artesunate was displayed as delayed parasite clearance in the blood after drug 

administration (Dondorp et al., 2009; Noedl et al., 2008; Phyo et al., 2012). Ring stage survival 

assays showed reduced parasite susceptibility (Witkowski, 2013). Genome wide association 

studies showed that delayed parasite clearance was associated with mutations in the propeller 

domain of the kelch13 gene located on chromosome 13 (Ariey et al., 2014; Cheeseman et al., 
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2012; Takala-Harrison et al., 2013). The delayed clearance and K13 mutations are prevalent 

only in Cambodia, Myanmar, Thailand and Vietnam. Mutations including SNPs in the propeller 

domain are common in African parasites, but not those linked to ARTR in South East Asia (Cui 

et al., 2015). 

1.5.2 Antimalarial drug resistance markers 
 

1.5.1.1 Pfmdr1: The P. falciparum multidrug resistance 1 (Pfmdr1) is an homolog to human P-

glycoproteins and a member of drug metabolite transporter (DMT) family  which impacts on the 

sensitivity to several antimalarials (Sanchez et al., 2010). Even though the exact mechanisms 

underlying resistance by P. falciparum remain unknown, it has been shown that Pfmdr1 

encodes a transporter that localizes to the membrane of the food vacuole, the target site of 

several drugs, and is associated with enhanced efflux of the drugs from resistant parasites (Cowman 

et al., 1991). Polymorphisms in the Pfmdr1gene change the transportation of various drugs 

inside or outside of the food vacuole of the parasite. Nevertheless, these polymorphisms may 

lead to antagonistic effects on diverse drugs (Cui et al., 2015). In addition, increase in Pfmdr1 

copy number has been linked to the excessive use of MQ in South East Asia and mediates drug 

resistance (Price et al., 2004). More so, studies show how that mutations in Pfmdr1 abate the 

sensitivity of drugs like QN, LF and ART (Sidhu et al., 2006).  

Common mutations present at the Pfmrd1 gene linked to resistance include: N86Y, D1246Y, 

S1034C, N1042D. The N86Y and D1246Y mutations have been linked to reduced sensitivity 

to CQ and AQ but increased sensitivity to LF, ART, and MF (Cui et al., 2015). In Africa, the 

mutations N86Y and D1246Y are common but not 1034C and 1042D, which are linked to 

reduce sensitivity to LF, ART and MQ (Sidhu et al., 2006; Viega et al 2011). 

The amino quinolines PQ and AQ select the wild type alleles N86 and D1246 (Humphreys et 

al., 2007; Tumwebaze et al., 2015; Zongo et al., 2007). In Africa, the ACTs used (ASAQ and 

AL) still remain very efficient for treating uncomplicated falciparum malaria (Dorsey et al., 

2007; Ménard et al., 2016; The Four Artemisinin-Based Combinations (4ABC) Study Group, 

2011). Nevertheless, the frequency of polymorphisms in the Pfmdr1 gene associated with 

resistance to ART derivatives may increase as a result of the drug pressure from ACTs. 

1.5.1.2 Pfcrt: The Plasmodium falciparum Chloroquine Resistance Transporter, Pfcrt, encodes 

a membrane protein that localizes to the digestive food vacuole membrane (Martin and Kick, 

2004). Its role in chloroquine resistance was demonstrated by the analysis of the progeny of 
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genetic cross of sensitive and resistant strains (Wellems & Pantont, 1990). The K76T point 

mutation is the main cause of CQR (Djimdé et al., 2001), and even though the role of the Pfcrt 

is unknown (Ecker et al., 2012), the K76T mutation primarily acts by raising the exportation of 

CQ from the parasite’s food vacuole, leading to less CQ accumulation in the parasite digestive 

vacuole (Fidock et al., 2010). 

Other mutations associated with K76T include: C72S M74I, N75E, A220S, Q271I, N326S 

I356T and R371I, and carriage of different mutations determines distinct resistance phenotypes 

and influences the fitness of resistant parasites. More so, the mutation K76T abates parasite 

sensitivity to AQ but increases sensitivity to MF (Sidhu et al., 2002). As reviewed by (Antony 

& Parija, 2016), CQ displays cross resistance with QN and AQ as a result of the mutant 76T, 

while LF shows inverse cross-resistance by being susceptible when carrying this mutation. 

Mutations at codons 72-76 confer higher CQ resistance and medium AQ resistance in Africa 

and South East Asia. About 15 haplotypes have been recorded in the Pfcrt gene, but CVMNK, 

the wild type haplotype, CVIET, frequent in Asia and Africa, and SVMNT, mostly found in 

South America, Africa and some parts of Asia, are the most common haplotypes (Niba et al., 

2021). 

1.5.1.3 Pfmrp1: The Plasmodium falciparum multidrug resistance protein-1 (Pfmrp1) belongs 

to the ABC transporter superfamily (Kavishe, 2009). Mutations in the Pfmrp1 are associated to 

a decrease in QN and CQ sensitivity. The I876V and K1466R are the two mutations prevalent 

in African parasites even though they are not associated with parasite drug resistance. However, 

those found in Myanmar are linked to CQ, MF, LF and pyronaridine resistance. More so, 

reduced CQ growth was seen in parasites whose Pfmrp1 gene was disrupted (Gupta et al., 

2014). 

1.5.1.4 Pfdhps/Pfdhfr: Sulfadoxine inhibits dihydropteroate synthase (dhps), a key enzyme in 

the biosynthesis of folate and pyrimethamine is a competitive inhibitor of dihydrofolate 

reductase (dhfr), a key enzyme in the redox cycle. Resistance to the antifolates arises from 

mutations in the dhfr and dhps genes (Naidoo & Roper, 2013; Plowe et al., 1997). Accumulation 

of several point mutations in the two genes leads to multiple genotypes with varying levels of 

drug resistance, the quintuple mutant N51I, C59R, S108N in dhfr and A437G, K540E in dhps 

being a “super resistant” genotype, increasing the risk of treatment failure with SP.  
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1.5.1.5 Cytochrome B (cytb): The electro chemical potential of the mitochondrial membrane 

of the parasite is disrupted by atovaquone, as it clings to the cytb ubiquinol binding site. The 

Y268N/S/C is the single mutation in the cytb linked to P. falciparum resistance to atovaquone. 

1.5.1.6 Kelch13: Genetic linkage analysis have evidenced the link between polymorphisms in 

the kelch13 gene and artemisinin resistance (Takala-Harrison et al., 2015, Miotto et al., 2015). 

The kelch13 gene is located on chromosome 13 and encodes a kelch protein that comprises a 

C-terminal Kelch-repeat propeller domain. The K13 protein regulates haemoglobin degraded 

by the parasite and thus the absorption of the active drug (Birnbaum et al., 2020). Mutations in 

the K13 gene inactivates K13 proteins which decreases endocytosis, thus decreasing the 

susceptibility to ARTs. However, the mutations do not change but reduces the function of the 

protein (Birnbaum et al., 2020). ART resistance is associated with mutations in the sequence 

encoding the Kelch 13 propeller domain (Ariey et al., 2014) and so far, approximately 200 non 

synonymous SNPs in the K13 gene have been identified. P574L, F446I, I543T, R539T and 

C580Y are the most dominant mutations in South East Asia, with the C580Y mutation in the 

propeller domain being the main mutation linked to ARTR (S. Menard et al., 2016; Ocan et al., 

2019). Mutation A578S has the highest geographical distribution in Africa but has not been 

associated with ART resistance.  

There are other non-synonymous polymorphisms outside of the propeller notably but their 

association with increased ART parasite clearance half-life has not been demonstrated. The 

K189T mutation has been reported in several African countries (Apinjoh et al., 2017; Ocan et 

al., 2019; Safeukui et al., 2017; Torrentino-Madamet et al., 2014). More recently, Rwanda and 

Tanzania reported the R561H mutation in the Kelch13 propeller domain (Bwire et al., 2020; 

Uwimana et al., 2020), this mutation has been linked with ART resistance and this finding may 

indicate the current emergence of resistant parasites in the African continent. 
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Table 2: Summary of the major SNPs in different genes associated with antimalarial drug 

resistance 

Drug Molecular marker SNPs Reference 

Chloroquine  Crt C72S, M74I, N75D/E, K76T (Djimdé et al., 2001), 

(Fidock et al., 2000) 

Pyrimethamine Dhfr N51I, C59R, S108N, I164L (Nzila-Mounda et al., 1998), 

(Basco et al., 1995) 

Sulfadoxine Dhps S436A, A437G, K540E, A581G, 

A613S/T 

(Brooks et al., 1994),  

CQ, MQ, QN, 

HF, LF 

Mdr1 N86Y, Y184F, S1034C, N1042D, 

D1246Y 

(Duraisingh & Cowman, 

2005),  

Artemisinin K13 C580Y (Ariey et al., 2014) 

Atovaquone Cytb Y268S/N (Korsinczky et al., 2000), 

(Vaidya & Mather, 2000) 

 

 

1.6 Transmission of Plasmodium falciparum 
 

The transmission of malaria parasites involves several factors from the parasite, the vector, the 

host and their environment. Measuring malaria transmission and changes in malaria 

transmission is key to evaluate the impact of control interventions. 

 

1.6.1. Mosquito malaria infection 
 

As earlier mentioned, gametocytes are the parasite stage that can be transmitted from humans 

to mosquitoes. In order for the transmission and spread of malaria infection, mature 

gametocytes need to be present in the blood stream and taken by an Anopheles female during 

feeding (Bousema et al., 2014). Gametocyte infectiousness is influenced by multiple factors, 

such as their density in the human blood, sex-ratio, immune responses from the human or 

mosquito hosts or antimalarial drugs.  

 

1.6.2. Measuring gametocyte infectiousness 
 

Infectiousness of P. falciparum gametocyte carriers to mosquitoes is estimated either by 

directly feeding mosquitoes on gametocyte donors or by membrane feeding assays (MFAs) 

where gametocyte-containing blood is dispensed in glass feeders maintained at 37° and offers 
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to female mosquitoes (Figure 3.A.). Fed mosquitoes are later dissected to record infection rates 

(Figure 3.B.). Membrane feeding assays have advantages over direct skin feeding assays that 

include a wider ethical and practical acceptability and are most widely used. Direct skin feeding 

assays are most sensitive to detect the human transmission to mosquitoes but MFAs allow good 

approximation of transmission potential (Bousema et al., 2013, 2014).

Figure 3: Procedure used to determine gametocyte infectiousness



13 

 

1.6.3. Factors influencing gametocyte infectiousness 
 

A number of studies have reported that mosquito infection increases with the number of 

gametocytes ingested by the mosquito (Jeffery and Eyles, 1955; Graves et al., 1980; Bousema 

and Drakeley, 2011; Morlais et al., 2015). However, other reports have also shown that 

gametocytes can infect mosquitoes at very low densities, and thus sub microscopic carriage of 

gametocytes represents a reservoir of parasites (Bousema et al., 2014b; Churcher et al., 2013; 

Schneider et al., 2007).  

The mosquito needs to ingest both male and female parasites in the same blood meal and models 

indicate that male gametocyte density may become a limiting factor for transmission success at 

low gametocyte densities, as they are less represented in the human blood (Bradley et al., 2018; 

Reece et al., 2008). 

Also, P. falciparum is highly multiclonal, and studies in Cameroon showed that monoclonal 

infections have a higher infection intensity than polyclonals (Figure 5) (Nsango et al., 2012; 

Morlais et al., 2015). More so, the presence of multiple clones would help parasites escape 

vector immunity. In multiclonal infections, there is intra-host competition in the mosquitoes, 

which help optimize the transmission of the most adaptable clone, which is usually the most 

virulent (Choisy & de Roode, 2010). 

Field-based mosquito-feeding assays have revealed that host antibody responses to gametocyte 

proteins are associated with reduced malaria transmission efficiency from humans to 

mosquitoes (Dantzler et al., 2019; Stone et al., 2018). Particularly, Pfs48/45 and Pfs230 

antibodies are associated with reduced transmission efficiency in natural infections. Other 

natural human immune responses target young gametocytes, contributing to parasite clearance.  
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Figure 4: Relationship between gametocyte density and mosquito infection (from Churcher et al 2013) 

 

 

Figure 5: Effect of Plasmodium falciparum genetic complexity on the outcome of infections in 

Anopheles gambiae (from Nsango et al., 2012) 
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1.6.4. Measurement of mosquito infection  

Different methods can be used to determine parasite infection in the mosquito vector. Mosquito 

infection can be confirmed by direct observation and count of oocysts and sporozoites in the 

midgut and salivary gland, respectively, upon dissection and microscopic examination 

(Graumans et al., 2020). This method remains the gold standard but is labour intensive and 

requires well-trained microscopists. A second method is the enzyme-linked immunosorbent 

assay (ELISA) that detects Plasmodium circumsporozoite protein (CSP). CSP is expressed in 

sporozoites and mature oocysts (Burkot et al. 1984, Wirtz et al. 1987). The method also required 

prior dissection of mosquito tissues for the specific detection of parasites in the midgut and 

head-thoraces, and avoid false-positive samples. Third, PCR-based detection methods have 

been developed more recently. PCR has a higher sensitivity with a detection limit below three 

to ten sporozoites in a mosquito (Arez et al., 2000; Bass et al., 2008; Boissière et al., 2013).  

Intensity of malaria parasite transmission by mosquitoes in endemic areas is measured 

traditionally using the entomological inoculation rate (EIR) (Kilama et al., 2014). EIR estimates 

the level of exposure to P. falciparum-infected mosquitoes by calculating the number of 

infective bites received by an individual over a defined time period (Tusting et al., 2014). The 

method relies on human-landing catches, where mosquitoes are caught as they attempt to land 

on the exposed limbs of field workers. Other methods are using light trap catches (LTC) and 

pyrethrum spray catches (PSC) as alternative to human biting (Lines et al.,1991a; Mbogo et 

al.1993).  

1.7 Mosquito immunity and parasite defence 
 

The interactions between the mosquito vector and malaria parasites play a vital role in malaria 

transmission and are also targets for control and elimination. There are two main factors that 

prevent mosquito infection after an infected blood meal: mosquito immune response against 

parasite and inadequate support nutrients required for parasite development (Blandin & 

Levashina, 2004).  
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Figure 6: Parasite loss during development in the mosquito, with a drastic reduction of parasites 

observed during ookinete invasion of the midgut. Source (Blandin & Levashina, 2004). 

 

As previously mentioned, in order to become infective to the next host, malaria parasites 

undergo several growth and differentiations in the mosquito. Hence most parasites can 

successfully develop in few mosquitoes due to complex interactions between the parasite and 

mosquito vector. During the malaria parasite development in mosquitoes, the parasite has to 

conquer 3 main major barriers to avoid development disruption; the development from 

gametocytes to ookinetes, ookinetes to oocysts, oocyst to midgut sporozoites and from midgut 

sporozoites to salivary gland sporozoites (Figure 6). This refractoriness is due to mosquito’s 

efficient immune response, which could lead to complete refractoriness in some parasites 

(Blandin & Levashina, 2004).  

The effective transmission of Plasmodium parasites occur after the parasites have overcome 

several barriers such as the anti-plasmodial responses targeting ookinetes and oocysts. Most 
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ookinetes are eliminated by the mosquito in cases where the parasite and vector are not 

compatible (Blandin et al., 2004). A strong epithelial nitration response is activated during 

invasion of the mosquito midgut by ookinetes. This causes the dispensation of hemocyte-

derived micro vesicle, which stimulate complement-like activation in mosquito (Kumar et al., 

2004). The activation of the Anopheles gambiae thioester containing protein (TEPI) causes it 

to bind to ookinete surface and promotes the formation of a complex that destroys the parasites 

(reviewed in Molina-Cruz et al., 2017). However, P. falciparum evades the mosquito immunity 

with the help of the Pfs47 gene, a protein considered essential for malaria transmission (Molina-

Cruz et al., 2017). The Pfs47 disrupts the c-Jun N-terminal kinase which is vital in triggering 

epithelial nitration. The absence of nitration prevents the dispensation of hemocyte-derived 

micro-vesicles and the activation of TEP1 and its adhering on the surface of the ookinete. Hence 

the parasite bypasses the mosquito immune system (Molina-Cruz et al., 2017).  

 

1.8 Malaria vectors and transmission 
 

Over 400 species of the Anopheles exist, and about 50 of them are unnamed. Roughly 70 of the 

Anopheles species have the ability to transmit the human malaria parasites, and 41 species are 

dominant vectors in malaria transmission (Figure 7). The regions with high malaria burden 

include: Africa, the Americas and the Asia-Pacific region. Contrarily to these regions, Europe 

and the Middle East are regions with little or no malaria transmission (Sinka et al., 2010). 

Central America, South East Asia and the Pacific, are areas with high vector species diversity. 

In Africa, the vector species of major importance and dominance include, An gambiae, An. 

arabiensis and An. funestus. Other dominant vector species (DVS) are An. nili and An. 

moucheti. An. gambiae is said to have a greater impact on malaria transmission. Nonetheless in 

some cases, An. funestus turn to have greater impact in malaria transmission and are also 

considered to be one of the first Anopheles species to be adapted to the human host (Sinka et 

al., 2010). In Africa, vector control efforts turn to focus on these species (Sinka et al., 2012). 

More so, areas with the highest EIR, disease prevalence, morbility and mortality are in Africa, 

due to the presence of efficient dominant vector species (Fontenille & Simard, 2004). 

Limiting human-vector contact is one of the main malaria intervention control methods (ITNs 

and IRS) used in Africa (Sinka et al., 2010). Other factors that control vectors include: 

temperature, humidity, breeding site formation and mosquito intra specific competition (Lunde 
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et al., 2013). Environmental changes may be favourable for malaria malaria transmission in one 

area and unfavourable in for another due to varying ecology of the different vectors. Malaria 

parasites and their vectors respond to variation in temperatures (Lindsay & Birley, 1996).  

 

 

 

1.9 Human malaria infection 
 

The blood stage parasites are responsible for most clinical symptoms associated with the 

disease. Symptoms of malaria usually develop 10–15 d after being bitten. When the parasite 

develops in the erythrocyte, numerous known and unknown waste substances such as hemozoin 

pigment and other toxic factors accumulate in the infected RBCs. The periodic lysis of the 

infected RBCs results in the release of these toxic products, which in turn activate the immune 

system and cause symptoms such as chills, fatigue, pain, and fever. Erythrocytes containing 

more mature forms (trophozoites and schizonts) are sequestered in the post capillary venules of 

various organs where they adhere to endothelial cells. Cytoadherence is considered to be a 

major contributor to the pathogenesis of falciparum malaria. Cerebral malaria is the most severe 

Figure 7: Map showing global prevalence of the malaria vectors (Source: (Sinka et al., 2012)). 
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neurological complication of infection with P. falciparum malaria, resulting in long-term neuro-

cognitive impairment and death. 

Plasmodium infections that do not lead to clinical symptoms and therefore remain undetected 

are widespread even in low endemic regions. These asymptomatic infections, only detected 

through community-based surveys, represent a largely hidden reservoir of active infection that 

permits their persistence and eventual spread to other human hosts. Global control and 

elimination of malaria is being hindered due to asymptomatic carriers of P. falciparum. Several 

drug-mediated strategies target the asymptomatic parasite reservoir: mass drug administration 

where all the population is provided with antimalarials, mass screen and treat where all the 

population is screened with RDT and those infected treated, intermittent preventive therapy that 

consists in repeated treatment of high-risk groups with an antimalarial. Research efforts to 

compare the relative effectiveness of these different approaches at varying levels of malaria 

transmission are needed. 

Different factors influence asymptomatic carriage, among them are; parasite density, age and 

immunity. 

 

1.9.1. Parasite density  
 

In endemic settings, it is common to observe malaria infections that occur below detection limit 

using standard diagnostics such as microscopy and RDTs. These infections are often without 

clinical symptoms (asymptomatics). Nonetheless research shows that parasite density in an 

infected person fluctuates over time, implying that lower density infections may become higher 

density the next days (Ashley & White, 2014; Felger et al., 2012; Slater et al., 2019). Sub-patent 

infections are only detected by molecular methods, and can be observed irrespective of the 

transmission settings (Eldh et al., 2020). However, sub-patent infections are higher in low 

transmission areas than in high transmission areas, and in such settings, both symptomatic and 

asymptomatic infections act as reservoirs (Slater et al., 2019). The fraction of all infected 

individuals detected by PCR, microscopy and RDTs is undoubtedly lower in low transmission 

settings. Hence higher transmission settings turn to have a higher average parasite density than 

lower transmission areas (Drakeley et al., 2005; Okell et al., 2012). Nonetheless, parasite 

density decreases over time if no treatment is given, and it takes six months for P. falciparum 

to persist in the blood if untreated. Several factors are responsible for low parasite densities in 



20 

 

low transmission areas: fewer infectious bites in lower parasitaemia, control of parasites due to 

immunity acquired especially in cases where infection has transitioned from high to low, low 

genetic diversity which helps in rapid acquisition of immunity to the clones present (Bousema 

et al., 2014; Okell et al., 2012). Asymptomatic infections often have gametocytes, even at low 

densities, and usually transmit the disease. Indeed, in membrane feeding studies, asymptomatic 

individuals are shown to be infectious and act as reservoirs (Gonçalves et al., 2017; Ouédraogo 

et al., 2016). 

1.9.2. Age  
 

Malaria immunity is acquired from antigenic stimulation from early childhood via repeated 

parasite infections (McGregor, 1987). Malaria transmission intensity affects age distribution of 

malaria cases. Malaria occurs in individuals of all ages in cases of low transmission. However, 

in high transmission areas, malaria burden and majority of deaths associated to malaria is seen 

in young children (Snow & Marsh, 2002). As transmission increases, children in high to 

moderate transmission settings develop immunity faster. However, children in low transmission 

settings turn to acquire a more efficient immunity than those in moderate transmission settings 

(Rodriguez-Barraquer et al., 2018). Higher parasite loads and clinical cases are seen in younger 

children in high transmission areas, while clinical cases and parasitaemia is controlled in older 

individuals. This is contrary to low transmission settings, were clinical cases and incidence of 

the disease are similar in children and adults (Marsh & Snow, 1999; Snow et al., 1997). More 

so, studies show that parasite prevalence decreases with age especially in high transmission 

areas (Roberts et al., 1999). 

1.9.3. Malaria Immunity 
 

In falciparum malaria, frequent and multiple infections are required for the development of 

naturally acquired immunity. Then, naturally acquired immunity develops with host age and 

parasite exposure. In high transmission settings, kids are exposed to several infectious bites 

yearly. Hence children in such settings become immune to severe forms of the disease by 5 

years (Crompton et al., 2014). Nonetheless, they continue to have uncomplicated occurrence of 

febrile malaria till early adolescence when they hardly have clinical malaria.  
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Figure 8: Model of immunity to malaria (from Rodrigues-Barraques et al., 2018). Anti-parasite 

immunity reduces the density of blood-stage infections, and anti-disease immunity reduces the 

temperature caused by a given parasite density. Each type of immunity varies. 

 

Immunity comprises anti‐disease immunity which protects against clinical symptoms, and anti‐

parasite immunity which limits blood‐stage Plasmodium burden (Figure 8) (Doolan et al., 

2009). After multiple exposure to malaria, immunity is achieved which differs widely and is 

dependent on the transmission intensity and location. However, immunity does not 

automatically prevent infection but reduces parasite density and symptoms (Tran et al., 2013). 

Protected individuals display only clinical immunity. Immunity against malaria parasites 

determine the course of the malaria infection. Immune responses against P. falciparum parasites 

are multifaceted and stage specific. Adaptive immunity against erythrocytic-stage P. 

falciparum is the most complex. Antibody‐mediated immunity directed against the blood stages 

targets extracellular merozoites, intra-erythrocytic stages and soluble toxins. Antibody mediates 

cellular killing, blocks adhesion of infected RBCs to endothelium, and neutralizes parasite 

toxins to prevent the induction of excessive inflammation. Also, antibody responses to 

gametocytes interfere with parasite development within mosquitoes to reduce mosquito 

infection (Stone et al., 2018).  

P. falciparum parasites have evolved immune evasion strategies to avoid killing. Immune 

evasion is the result of antigenic diversity and sequestration (Gomes et al., 2016). Switching in 
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the expression of the polymorphic proteins between blood stage generations represents an 

efficient mechanism for the blood stages to escape Ab-mediated recognition. Parasites switch 

the expression of var genes, leading to different Plasmodium falciparum erythrocyte membrane 

protein 1 (PfEMP1) within a single parasite population. The host immune response to the P. 

falciparum blood stages is determined mainly by recognition of variant PfEMP1 surface 

molecules they have already been exposed and then the switch in var gene enables to escape 

the host immunity. Other variant proteins, such as RIFINs and STEVORS, are involved in 

immune evasion at early trophozoite stage and mature trophozoite stage, respectively. PfEMP-

1, RIFIN, and STEVOR multigene families also play a role in sequestration, a mechanism of 

immune evasion by which parasites leave the circulation and avoid immune clearance. 

STEVOR proteins were implicated in the increased deformability from young to mature 

gametocytes. 

Merozoites are directly exposed to the immune response and evade immunity by limiting their 

time of exposure and through an extensive diversity (Rénia & Goh, 2016). Highly polymorphic 

surface proteins, the merozoite surface proteins (MSPs), the P. falciparum apical membrane 

antigen 1 (PfAMA1), the group of P. falciparum erythrocyte- binding antigens (PfEBA) and the 

P. falciparum reticulocyte-binding proteins (PfRHs) are involved in avoiding immune attack.  

The high polymorphism in surface proteins made them attractive vaccine candidates. The apical 

membrane antigen1 (AMA1) was considered as a leading blood-stage vaccine candidate but 

field clinical trials reported only partial strain-specific immunity (Malkin et al., 2005; Takala-

Harrison et al., 2013; Thera et al., 2011). Msp2 has been tested in different vaccine formulations, 

and the high antigenic diversity resulted in limited efficacy in clinical trials (Feng et al., 2018; 

Genton et al., 2003). The circumsporozoite protein csp, the major surface antigen of sporozoites 

and a protein required for development in the mosquito and invasion of hepatocytes, is the target 

of the most advanced malaria vaccine, the RTS,S/AS01, that confers partial protective efficacy 

in young children (RTS,S Clinical Trials Partnership 2014, 2015). The vaccine protection was 

shown allele-specific which explains its low efficacy in complex infections (Neafsey et al., 

2015). 
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1.10 Genetic diversity of Plasmodium falciparum  
 

Natural malaria infections generally harbour multiple genotypes of parasites and genetically 

mixed infections are more common in Africa, consistent with the high intensity of malaria 

transmission (Anderson et al., 2000; Färnert, 2008; MalariaGEN et al., 2021). Multiple parasites 

can be acquired due to superinfection (several mosquito bites), co-transmission (single 

mosquito bite) or both (Neafsey et al., 2015; Wong et al., 2017). 

1.10.1. Multiplicity of infection (MOI) 
 

Multiplicity of infection (MOI) is defined as the number of genetically distinct parasite 

genotypes co-infecting a host. The impact of MOI on malaria remains controversial. Indeed, 

epidemiological surveys report contrasting results on the clinical impact of genetically diverse 

infections (Contamin et al., 1996; Farnert et al., 1999; al-Yaman et al., 1997; Eldh et al., 2020, 

Andrade et al., 2020, Sondén et al., 2015; Portugal et al., 2017). It has been suggested that 

higher MOI would protect against severe malaria in high transmission settings, because 

persistence of genetically diverse parasites would maintain broad antibody responses, (al-

Yaman et al., 1997; Beck et al., 1997; Bereczky et al., 2007; Farnert et al., 1999). MOI could 

be influenced by parasite density and age but different studies reported different relationship 

(Färnert et al., 2009; Koukouikila-Koussounda et al., 2012; Ntoumi et al., 1995; Vafa et al., 

2008). The effect of multiclonal infections on the risk of clinical malaria also differs with the 

intensity of transmission (Eldh et al., 2020). Multiple clones pose a risk of clinical malaria in 

children from ages 0.5 to 17 years in high transmission areas. However, this isn’t the case in 

low transmission areas and areas of seasonal malaria transmission, as increased MOIs meant 

increased risk of clinical malaria especially in children with age range 0.5 to 2 years (Eldh et 

al., 2020). 

Measuring MOI can help in understanding transmission dynamics (Tusting et al., 2014). Studies 

have shown a positive correlation between MOI and endemicity, and so the MOI has been used 

to characterise malaria transmission intensity. Several studies carried out in Africa showed high 

transmission areas had more infections with multiple P. falciparum clones, while areas with 

low or seasonal transmission areas had the least number of clones.  
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1.10.2. Parasite genetic variation associated with antimalarial 

resistance 
 

Malaria parasites have evolved resistance to most widely deployed antimalarial drugs. 

Monitoring parasite drug resistance mutations can identify the emergence of novel resistant 

mutants and help to implement effective malaria control strategies. Molecular markers 

associated with antimalarial drug resistance are highly relevant to detect and monitor the 

distribution of resistant parasites. Current molecular markers associated with antimalarial drug 

resistance include markers for resistance to chloroquine (Pfcrt, Pfmdr1), sulfadoxine (Pfdhps), 

pyrimethamine (Pfdhfr), amodiaquine (Pfcrt, Pfmdr1), quinine (Pfcrt, Pfmdr1, Pfnhe1), and 

artemisinin (PfK13). 

 

1.11 Methods for molecular genotyping 
 

Genotyping parasite genetic variants helps us determine drug resistance phenotypes, population 

structure, and infection dynamics. Different molecular markers are used for genotyping and this 

depends on the application used to carry out the genotyping (Koepfli et al., 2011). In cases of 

epidemiological studies, just one molecular marker with a high resolution is necessary, wherein 

individual clones are to be identified. However, molecular markers that cover several SNPs 

within a gene or multiple genes must be genotyped in cases where the phenotypes of drug 

resistance are to be determined. Several genome-wide markers are needed in cases of population 

genetic studies, and in these cases, the molecular markers used are unlinked to each other, and 

are free from selection pressure. For genotyping recrudescence in antimalarials potency trials, 

WHO recommends using three markers with high resolutions that are unlinked (Methods and 

Techniques for Clinical Trials on Antimalarial Drug Efficacy, 2008). 

The amplification of the highly polymorphic msp2 gene and then sizing by full length fragment 

or RFLP (Restriction fragment length polymorphism) were the early techniques used to 

genotype P. falciparum (Felger et al., 1999). The PCR-RFLP was adjusted to CE (capillary 

electrophoresis) in 2006, thus increasing resolution by utilizing various fluorescent labels for 

the 3D7 and FC27 allelic families (Owusu-Agyei et al., 2006). It is difficult to analyse the 

interpretation of the RFLP size patterns particularly when there is superimposition of the RFLP 

size patterns in several concomitant clones, hence the CE facilitates the analyses. The msp1 

(merozoite surface protein 1), msp2 and glurp (glutamine rich protein) are the current markers 
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recommenced for genotyping antimalarials by CE (Methods and Techniques for Clinical Trials 

on Antimalarial Drug Efficacy, 2008). 

A mean of determining genotypes over the past years was using whole genome sequencing 

(WGS), but the disadvantages are high cost per sample and laborious sequence library 

preparations for large studies (Lerch et al., 2017). An alternative method for genotyping is the 

typing of numerous SNPs distributed over the entire genome. Genome-wide diversity can be 

determined using this multi-locus SNP-typing, and is appropriate for population studies since 

the selected SNPs are unlinked. Oligonucleotide ligation, or High Resolution Melting, or 

TaqMan are used to determine mutations of SNPs (Daniels et al., 2008). Nonetheless, a large 

amount of DNA template is required for SNP-typing, since each assay represents a typed SNP. 

In cases of mixed infections in a sample, the haplotypes will be difficult to determine if there 

are unlinked genotypes. 

Amplicon sequencing of highly haplotypically diverse antigens has provided insight into 

complex infections and has been applied for surveillance of known and novel alleles at drug 

resistance loci (Juliano et al., 2010; Verity et al., 2020). The use of sequenced amplicons in 

epidemiological studies has been made possible via next generation sequencing (NGS) 

technologies such as Illumina. NGS permits longer sequence reads, sample multiplexing, and 

thus reducing cost per sample. The advantages of Amp-Seq (amplicon sequencing) genotyping 

are: it’s highly sensitive, the proportion of different variants can be quantified, it is able to detect 

minor clones (low density clones) in samples having multiple clones, fitness of each parasite 

clone can then be studied. Notwithstanding, false allele calling due to PCR artefacts or 

sequencing errors can be observed due to the high sensitivity of Amp-Seq. The msp1 and msp2, 

the length polymorphic markers, and the SNP polymorphic region of the csp, were the markers 

first used for Amp-Seq of genotyped P. falciparum (Bailey et al., 2012).  

Amp-Seq for P. falciparum genotyping has been used to assess antimalarial drug efficacy 

(Gruenberg et al., 2019) and characterize complex infections (Lerch et al., 2017). Highly 

polymorphic molecular markers have been developed and validated to study the genetic 

diversity of P. falciparum. These markers often target vaccine candidate antigens, such as csp, 

ama1, that are under selective pressure. The availability of large sequence data allows the 

identification of novel genetic markers. Recently, a new highly diverse marker the cpmp 

(conserved Plasmodium membrane protein) has been used for Amp-Seq genotyping of P. 

falciparum. However, independent of the technique used, the accurate composition of 

haplotypes present in field samples is unknown, due to host dynamic factors, where by some 
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clones are so low that they cannot be detected (Ferreira & Hartl, 2007), and the limitation of 

every genotyping method to detect minority clones (Lerch et al., 2017). 

 

 

1.12 Competitive interactions in complex infections 
 

Evidences from animal models indicate that competitive interactions between co-infecting 

genotype drives the evolution of drug resistance and malaria transmission (Babiker et al., 2009; 

Bushman et al., 2018; de Roode et al., 2005; Hastings & Watkins, 2005; Huijben et al., 2011). 

Competition between resistance and sensitive parasites occurs when resistance arises in a drug-

sensitive infection, or when hosts are infected with several parasites at the same time. In-host 

competition impacts the fitness of resistant parasites through competitive suppression or 

competitive release. In untreated infections, the presence of susceptible parasites substantially 

reduced the fitness of resistant parasites, and then competition reduced resistant parasite 

densities. It has been shown in P. chabaudi that competitive suppression increases when the 

resistant parasite is rare in the initial infection and then the authors postulated that competitive 

suppression is the major force preventing the emergence of resistance that occurs de novo 

(Huijben et al., 2011). In competitive release, removing the drug-susceptible competitors 

through drug treatment leads to dramatic increases in the density of resistant parasites. 

In-host competition affects the transmission of individual clones (Pollitt et al., 2011; Reece et 

al., 2008). Investment in gametocytes is reduced when parasites experience mixed infections. 

In mixed infections (Figure 9), malaria parasites detect the presence of competing genotypes 

and respond by reducing their investment in sexual stages, they maximize their competitive 

ability. However, parasites use adaptive reproductive strategies and modulate asexual to sexual 

conversion rate according to environmental cues (Schneider et al., 2018). Increasing conversion 

maximises short-term transmission and reducing conversion facilitates in-host survival and 

thus, future transmission. Parasites can increase gametocyte investment in response to stress 

conditions and drastic reduction in parasite densities induces terminal investment in 

reproduction (Pollitt et al., 2011). 



27 

 

 
Figure 9: Links between transmission intensity, within-host dynamics, and the frequency of parasite 

resistance (from Bushman et al. 2018) 

 

The fitness cost of resistance determines the outcome of competition between the sensitive and 

resistant parasite strains. If there is no fitness cost associated with a resistance mutation, then 

the parasite strain carrying this mutation will persist in the populations even in the absence of 

the drug. If fitness costs are present, selection for resistance will be reversed when the drug is 

absent. It has been suggested that fitness costs in mixed-strain infections may serve to prevent 

the fixation of resistance in the parasite population (Bushman et al., 2018). Maintenance of drug 

sensitive parasites would explain the recovery of drug susceptibility when an antimalarial drug 

is retired, which has been observed with chloroquine-sensitive P. falciparum after cessation of 

chloroquine use (Kublin et al., 2003). A previous study compared parasite genotypes in humans 

and mosquitoes in Zambia and found that the prevalence of mutations associated with resistance 

to pyrimethamine was higher in the human hosts (Mharakurwa et al., 2011). By contrast, 

polymorphisms associated with resistance to other drugs not used in Africa were more frequent 

in the mosquito. Then different selective pressure is likely to occur in humans and mosquitoes. 
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1.13. Malaria Epidemiology in Cameroon 

 

Cameroon is located in West-Central Africa, extending from the equatorial forest in the south, 

to the sudano-sahelian zone in the north. Cameroon has a varying climate, with a tropical coast 

semi-arid and hot northern region. The country has a population of over 25 million in 2019 

(Cameroon National institute of statistics projections). The country is divided into ten 

administrative regions that cover various ecological domains (Figure 10). The two anglophone 

regions share borders with Nigeria, while the rest of the country is francophone, and shares 

border with Equatorial Guinea, Chad, Gabon, Central African Republic and Congo. The land 

area of the country is 475,440km2, and all major climates and vegetation in the continent can 

be seen in Cameroon; mountains, desert, ocean coastland, forest, savanna and rain. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10: Climatic and administrative regions in Cameroon. Source: 

(Antonio-Nkondjio et al., 2019) 
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Malaria is endemic in Cameroon, and the widest spread disease and the primary cause of 

morbidity and mortality in the country (Table 3), especially in young children and pregnant 

women who are the most vulnerable group. The main parasite responsible for 95% of the 

malaria cases is the P. falciparum (Antonio-Nkondjio et al., 2019). Other parasites present 

include; P. malariae, P. ovale, and P. vivax which has been recently reported in the country 

(Fru-Cho et al., 2014; Ngassa Mbenda & Das, 2014; Russo et al., 2017). 

The primary vector responsible for the transmission of malaria in Cameroon is the Anopheles 

gambiae s.l. Since 2017, there has been an increasing trend in the number deaths and cases 

associated to malaria. 

 

Table 3: Evolution of malaria cases and deaths in Cameroon 

 2014 2015 2016 2017 2018 

Number of 

malaria cases  

1,995,038 2,321,933 2,359,577 3,068,811 2,551,923 

Number of 

cases in < 5 

yrs old 

719,559 825,359 831,093 1,060,589 792,507 

Number of 

severe cases 

531,198 543,498 540,517 1,623,396 1,070,005 

Number of 

deaths 

4,398 3,440 2,639 3,195 3,263 

Source: (PMI, 2020). 
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1.14 Malaria vectors and control in Cameroon 
 

So far, 52 Anopheline species have been observed in Cameroon, wherein 16 are reported as 

primary and secondary vectors. However, the most efficient vectors are An. gambiae s.s., An. 

coluzzii, An. funestus, An. arabiensis, An. nili and An. moucheti (Figure 11) (Ayala et al., 2009). 

 

 

Figure 11: Distribution of the five major malaria vectors in Cameroon (from Ayala et al. 2009) 

 

In the 1940s, the colonial period, hygiene and sanitation such as regular destruction of larval 

habitats, garbage elimination and bush clearing around houses were used to control mosquitoes 

in Douala and Yaounde, two cities in Cameroon. The chemicals used as insecticides at the time 

were; tobacco smoke, cresyl, quinoleine, phenic acid, formol and pyrethre powder (Livadas et 

al., 1958). 
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In 1953, indoor residual spraying (IRS) with dieldrin, DDT and HCH as primary insecticides 

were used (Carnevale & Mouchet, 2001). Due to high entomological inoculation rate, several 

control programs have failed over the years (Antonio-Nkondjio et al., 2019). In the 1990s, large 

vector control programs resumed through distribution of pyrethroid treated nets to pregnant 

women and children less than 5 years (PNLP, 2015).  

Currently, one of the country’s major components of malaria prevention and control has been 

vector control via the use of long-lasting insecticidal nets (LLINs). The distribution of over 20 

million LLINs has led to an increase usage in bed nets over the years (Table 4) and hence vector 

control. It is estimated that the number of households with at least one insecticide treated net 

(ITN) has increased from 36% in 2011 to 73% in 2018, 59% of the population has access to 

ITNs and 60% of children under 5 sleeps under mosquito nets (PMI, 2020). 

 

Table 4: Percentage of insecticide treated nets usage in Cameroon. 

 

(Source: PMI, 2020) 
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Rationale of study  

 

Malaria remains a public health problem in Cameroon and drug resistance hampers proper 

control of the disease. Several studies have been carried out on antimalarial drug resistance but 

regular monitoring of mutations associated with national drug policy changes are missing 

(reviewed in Niba et al. 2021). In addition, most of the studies focused on symptomatic patients, 

and very few on asymptomatic carriers despite they represent a large reservoir of parasites. In 

malaria hyperendemic areas such as Cameroon, malaria infections harbour multiple clones of 

parasites but the dynamics of transmission of the different genotypes of P. falciparum from 

human to mosquitoes and during the development within the mosquito has received few 

attentions so far. Interactions between co-infecting genotypes have been mostly studied in 

animal models and studies have shown that co-infection influences antimalarial drug resistance, 

immunity and malaria transmission. However, translating results from mouse malaria to natural 

human infections remains challenging. So far, most studies on molecular epidemiology of 

malaria have used techniques such as the nPCR-RFLP to detect drug resistance mutations, and 

capillary electrophoresis to determine the genetic diversity of the parasites. These techniques 

are not able to identify new SNPs and rare alleles present in the parasite population. There is a 

knowledge gap on how antimalarial drug resistant parasites evolve in their mosquito vectors 

and how the mosquito contributes to maintain genetic diversity in natural parasite populations.  

In this work, we carried out epidemiological and entomological surveys: in Tibati, in the 

Adamawa region of Cameroon, an area of seasonal malaria transmission, and in Mfou, located 

in the central region and characterised by perennial malaria, to assess the malaria prevalence 

and describe the trends in antimalarial resistance markers in these two epidemiologically 

distinct areas. Additionally, we performed next generation sequencing using high throughput 

Illumina Miseq in human and mosquito infections to compare the genetic diversity of parasite 

populations and the carriage of mutations associated with antimalarial drug resistance 1) 

between symptomatic and asymptomatic individuals and 2) throughout the developmental 

stages in the mosquito. 
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Objectives  
 

Main objective of study 
 

My PhD thesis aimed at determining the dynamics of P. falciparum mutations associated with 

antimalarial drugs from field isolates to their mosquito vectors. 

 

Specific Objectives 
 

1) To describe the malaria situation in Tibati and Mfou. 

2) To determine the genetic diversity of Plasmodium falciparum symptomatic and 

asymptomatic infections.  

3) To determine the different P. falciparum clones and antimalarial drug associated alleles in 

different gametocyte carriers, and assess those that can be efficiently transmitted by their local 

mosquito vector. 

4) Measure the transmission success of different drug resistant/sensitive genotypes in  

natural isolates of P. falciparum. 

 

Description of Chapters 
 

This thesis consists of an introduction in chapter one, and four chapters. The introduction 

describes malaria burden, the biology of the malaria parasite and their vectors. It further looks 

at current antimalarial drugs and their associated drug resistance markers. More so it gives an 

overview of P. falciparum transmission, and factors responsible for parasite transmission in 

both the human hosts and mosquito vectors. It then looks at the genetic diversity of falciparum 

malaria, and finally the epidemiology of malaria in Cameroon. 

Next, chapter two contains a review of the literature on malaria resistance in Cameroon. It 

describes the history of different antimalarials used in the country, the emergence of 

antimalarial drug resistance, and also the efficacy of these drugs in the country. It traces the 

prevalence of the different drug resistance molecular markers that have been studied so far.  
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Subsequently is Chapter three, which consists of 2 articles. The first one: Epidemiological and 

entomological studies of malaria transmission in Tibati, Adamawa region of Cameroon 

six years following the introduction of long-lasting insecticide nets, identifies the different 

malaria parasites and vectors present in Tibati, in the Adamawa region of Cameroon, an area 

known for seasonal malaria transmission. More so, a specific focus on this manuscript was on 

the detection of P. vivax parasite in an An. coluzzi mosquito. The second article: Antimalarial 

Drug resistance in the Central and Adamawa regions of Cameroon: prevalence of 

mutations in Pfcrt, Pfmdr1, Pfdhfr and Pfdhps genes, assesses the prevalence of known 

mutations associated with antimalarial drug resistance in Mfou and Tibati to identify 

antimalarial drug resistance in two different epidemiological settings. 

Chapter four constitutes an article titled: Genetic diversity of Plasmodium falciparum 

symptomatic and asymptomatic infections. This chapter describes and compares the genetic 

composition of falciparum infections in symptomatic and asymptomatic individuals from 

Mfou, in the Central Region of Cameroon, a region characterised by high malaria transmission. 

Molecular genotyping was performed using Amp-Seq on an Illumina MiSeq instrument and 

targeted gene fragments enabling simultaneously the estimation of the genetic diversity in the 

samples and the identification of specific mutations linked to antimalarial resistance.  

Chapter five is composed of an article draft titled: The transmission success of different drug 

resistant/sensitive genotypes in natural isolates of Plasmodium falciparum. This section 

assesses the transmission dynamics of co-infecting parasites from filtered blood gametocytes 

to oocysts in mosquito midguts and finally sporozoites in salivary glands. The same Amp-Seq 

procedure as in Chapter 4 was used to determine haplotypes that were efficiently transmitted 

through the mosquito vector.  
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CHAPTER 2 

REVIEW OF ANTIMALARIAL 

DRUG RESISTANCE IN 

CAMEROON 
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Antimalarial drug resistance in Cameroon 

Malaria control relies on the efficacy of antimalarial drugs and has always been hampered so 

far by the emergence of drug resistance. Sub-Saharan Africa endorses the largest burden of 

malaria, with >90% of malaria cases and deaths. The global target of reducing malaria case 

incidence by 75% for 2030, compared with 2015, may be seriously compromised in this African 

region (GTS Global technical strategy for malaria 2016–2030). Particularly as artemisinin 

resistance that is already widespread in South-East Asia now threatens to spread to Africa. 

In Cameroon, malaria remains a serious public health problem: the entire population is at risk 

of malaria, with 6.84 million confirmed cases and over 12,000 deaths reported in 2018 (WHO 

Malaria Report, 2019). Seasonal malaria is observed in the Northern regions of Cameroon, 

while perennial transmission is observed in the Southern regions. The Cameroon’s National 

Strategic Plan for malaria control (NMCP) (2019 - 2023) has as objectives to reduce malaria 

incidence and mortality to 60% by 2023, compared to 2015 levels, and to abate malaria 

transmission to a pre-elimination threshold. Activities to achieve the NMCP objectives include; 

prevention, case management as well as surveillance and monitoring (NMCP, 2015). 

2.1 History of antimalarial drug usage in Cameroon 

Chloroquine has been extensively used for malaria treatment and chemoprophylaxis in Africa 

until late 1970s when parasite resistance to chloroquine was reported in most tropical African 

countries (Onori, 1984). In Cameroon, epidemiological data on malaria reported in 1957 

(Languillon, 1957) from 1- to 10-year-old children indicated parasite prevalence over 50%, and 

92% of malaria infections were due to P. falciparum. In northern Cameroon where malaria was 

hyperendemic, chemoprophylaxis trials were organized in 1956 by providing school children 

with weekly doses of a combination of chloroquine and pyrimethamine. While successful, after 

three months, parasite prevalence rose again and failure of the assay was attributed to 

pyrimethamine resistance (Schneider et al., 1958). Malaria control campaigns took place 

countrywide from 1964 to 1967 and consisted of weekly chloroquine chemoprophylaxis among 

school children. Large reductions in parasite carriage were obtained but re-infections occurred 

during holidays where children did not receive treatment (Abane, 1969). Chloroquine 

chemoprophylaxis was then extended to infants and pregnant woman until 1973, when 

chloroquine availability was curtailed. Chloroquine was considered effective as first-line drug 

and largely used until CQ resistance was reported (Laing, 1984; Sansonetti et al., 1985). 

Chloroquine resistance was first reported in 1985 in Limbe in two French boys who had 
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persistent fever 5 days after complete drug treatment with CQ (Sansonetti et al., 1985). CQ 

resistance was soon after confirmed from Cameroonian individuals and rapidly spread 

throughout the country (Louis et al., 1991; Oduola et al., 1989; Hengy et al., 1989; Mbacham 

et al., 2005). From the late 80s, amodiaquine and sulfadoxine-pyrimethamine (SP) were 

recommended as first-line and second-line drug, respectively, for uncomplicated malaria 

(Ringwald and Basco, 1998, 2000 part2, Basco, 2002). After few years of drug pressure with 

monotherapies, resistance to amodiaquine and pyrimethamine was observed with large 

variability from one study to another (Hengy et al., 1989; Ringwald et al., 1996; Ringwald and 

Basco, 1998, 2000 part2; Basco, 2002; Basco and Tahar, 2006; Mbacham et al., 2005). From 

2002 to 2004, the first-line drug used in Cameroon was still amodiaquine. In 2004, following 

the WHO policy recommendations, the National Malaria Control programme of Cameroon 

adopted the use of ACTs for the treatment of uncomplicated malaria: artesunate + amodiaquine 

(AS-AQ) for first line treatment and artemether + lumefantrine (AL) for second line, and SP 

for intermittent preventive treatment (IPT) during pregnancy (Figure 14). However, generic 

artemisinin derivatives were not available at CENAME, and until 2005 chloroquine was still 

the most widely used drug. Of the health care practitioners interviewed, only less than 20% 

were aware of ACTs and the recommended drug for treatment of malaria, AL (Quartem®), was 

then the most used ACT. All monotherapies were instructed by the government to be withdrawn 

from the market in 2006. Seasonal malaria chemoprevention (SMC) was implemented in the 

north parts of Cameroon by the Cameroon government (NMCP, 2016) in 2016, where by 

children between the ages of 3 – 59 months are yearly administered 4 doses of SP-AQ as a 

preventive strategy. Pregnant women are being administered SP as a preventive treatment 

during their second and third trimester of pregnancy. Both measures contribute to drug pressure 

which leads to development of P. falciparum resistant parasites (WHO-Cameroon Annual 

Report 2017).  

2.2. Antimalarial drug efficacy and resistance 

In Cameroon, antimalarial drug efficacy was assessed by in vivo and in vitro studies in the late 

80s (Hengy et al., 1989; Oduola et al., 1989; Louis et al., 1991 1992). Studies of therapeutic 

efficacy and in vitro assays indicated that CQ resistance had spread throughout the country, 

with large variations according to the epidemiological situation (Ringwald et al., 1996; Louis 

et al., 1991; Basco and Ringwald, 1998; Ringwald et al., 2000; Basco, 2002; Basco and 

Ringwald, 2000; Basco et al., 2002; Basco, 2003; Basco and Tahar, 2006). CQ resistance was 

lower in the northern parts where transmission is seasonal and drug pressure limited (Louis et 
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al., 1991; Basco and Tahar, 2006). As earlier mentioned, CQ resistance was first reported in 

1985 in Limbe in two French boys who had persistent fever 5 days after complete drug 

treatment with CQ (Sansonetti et al., 1985). CQ resistance was soon after confirmed from 

Cameroonian individuals and rapidly spread throughout the country (Louis et al., 1991; Oduola 

et al., 1989; Hengy et al., 1989; Mbacham et al., 2005; Agnamey et al., 1995). Regular 

monitoring of clinical isolates in Yaounde showed an increase of CQ resistance from 1985 to 

1991 and resistance levels then stabilized around 50 - 60% (Ringwald et al., 1996). More so, in 

1992, parasites resistant to amodiaquine were reported in the South-West region with 26% 

therapeutic failure and 17% of in vitro resistance (Agnamey et al., 1995). 

In 2007, Basco and Ringwald et al. (Basco & Ringwald, 2007) tried to look at the course of the 

response of antimalarials in Yaounde and observed that out of 482 assays for CQ sensitivity 

performed, 36.3% of the isolates were susceptible to CQ and 63.7% were resistant to CQ. 

However, their data obtained from 1996 - 1999 showed no significant difference in the number 

of CQ sensitive and resistant isolates. In 1996, 49% were resistant while 69% were resistant in 

2004. From 2001 to 2004, of 258 isolates studied, 38.8% were CQ susceptible and 158 (61.2%) 

were CQ resistant. They carried out studies in Yaounde from 2000 - 2004 and noticed an 

increasing linear trend in the proportion of isolates that were CQ resistant. All the samples were 

sensitive to monodesethylamodiaquine and these drugs were stable throughout the study from 

1997 to 2004. 

As of 1999, sulphadoxine-pyrimethamine was the second-line drug in Cameroon and other 

West and Central African countries for the treatment of CQ resistant malaria. In vitro assays 

with parasites sampled 1994 and 1995 reported 37% of highly pyrimethamine resistant isolates 

in Yaoundé (Ringwald et al., 1996). Basco and Ringwald (Basco and Ringwald, 1999) then 

monitored pyrimethamine resistant isolates in Yaounde, and observed a significant increase in 

drug resistance from 1994 - 1995, to 1997 - 1998 and correlated the mutant type Asn-108 with 

the pyrimethamine resistant phenotype. At that time, it was still suggested to combine 

pyrimethamine and sulfadoxine as they were considered to be synergistic. 

Even though AQ is a 4-aminoquinoline, it is still part of the new ACTs used to treat 

uncomplicated malaria in Cameroon. Interestingly there was a decrease in the prevalence of 

SNPs associated with 4 – aminoquinoline resistance (76T, 86Y, 184Y, and 1246Y) from 2003 

to 2013. Moyeh et al. (Moyeh et al., 2018) showed that when Pfmdr1 N86 increases, ASAQ 
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the first-line drug for uncomplicated malaria in Cameroon becomes more efficient, while at the 

same time being a threat to AL.  

Nji et al. (Nji et al., 2015) compared the efficacy of the different drugs used in Cameroon, 

ASAQ, DHAPP and AL, in children from different regions during the same period. Hence, they 

found that AL was not superior to ASAQ and DHAP and all ACTs can be efficiently used to 

treat malaria. Their study informed health policy makers that other ACTs than AL could be 

used for malaria treatment, AL being at the moment the recommended ACT but out of stock in 

distribution centres. Monitoring of ART-derivative efficacy has not reported resistance in 

Cameroon so far (S. Menard et al., 2016; Whegang Youdom et al., 2019). 

Clinical efficacy studies require patient follow-up, with length depending on the drug half-life, 

and genotyping to discriminate reinfection from recrudescence in recurrent infections (D. 

Menard & Dondorp, 2017; Picot et al., 2009). In vitro sensitivity assays are based on short- or 

long-term continuous cultures of fresh parasitized blood and required well-equipped laboratory 

with trained technicians (Basco & Tahar, 2007). It is in that light that led to the use of advanced 

molecular tools and genetic linkage analyses to determine the mechanisms involved in 

resistance to most used drugs. 

2.3. Molecular studies on antimalarial drug resistance in 

Cameroon 
 

Since malaria transmission in the southern regions of Cameroon is perennial, these regions 

generally report a relatively higher prevalence of drug resistance markers due to continuous 

drug exposure in the population, compared to the northern regions. The dominant mutations 

associated with antimalarials in Cameroon include; the Pfcrt K76T Pfmdr1 N86Y, Pfdhps 

A437G, Pfdhfr triple mutation N51I, C59R, S108N and the PfK13 K189T mutations (Niba et 

al., 2021). 

2.3.1 Polymorphisms associated with CQ resistance 
 

CQ has been extensively used for malaria treatment and chemoprophylaxis in Africa until the 

late 1970s when parasite resistance to CQ was reported in most tropical African countries 

(Onori, 1984; Kean, 1979). Over the past 20 years, there has been a tremendous decline in the 

CQR mutations (Figure 13), and the K76T mutation was the most studied. In Cameroon, the 

first report on molecular markers of CQR came from Basco et al. (Basco, 2002) who found 70 
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% of clinical isolates collected in 2001 carrying the mutant Pfcrt 76T. Mbacham et al. 

(Mbacham et al., 2010) screened blood samples from children attending health care centres 

from 2004-6, and reported 77% of the Pfcrt 76T mutant allele in Yaoundé, 87% in Mutengene 

and 32% in Garoua. Menard et al. (S. Menard et al., 2012a) monitored Pfcrt mutations 72 and 

76 in asymptomatic samples from Mfou, and clinical samples from Yaounde and found 

prevalence of 71% and 55% Pfcrt 76T mutant genotype, 19% and 15% wild type K76, 10% 

and 30% mixed infections in Yaounde and Mfou respectively. No mutant 72S was identified. 

Ngassa et al. (Ngassa Mbenda & Das, 2014, 2016) found that, among clinical samples collected 

in 2012 in different cities, a global prevalence of 55% CVIET and 36% CVMNK. They also 

reported other CQ resistant haplotypes among them SVMNT, CVMDT, SVMET, CVMNT and 

CVMET. More so, The H97L mutation was also recorded in their study. Apinhoh et al. 

(Apinjoh et al., 2017) reported prevalence of 47.3% CVIET, 25.3% CVMNK, and 27.4% being 

mixed haplotypes, among asymptomatic parasite carriers sampled along the slope of Mount 

Cameroon in 2013-14. Moyeh et al. (Moyeh et al., 2018) found a decrease in the 76T mutant 

allele in Mutengene, with prevalence dropping from 96% in 2003 to 67% in 2013 among 

symptomatic children. In East of Cameroon, Ndam et al. (Ndam et al., 2017) genotyped blood 

samples collected in Bertoua in 2003 among clinical cases, and in Messok in 2012 among 

asymptomatic individuals. They found a reduction in the mutant CVIET haplotype between the 

two periods of collection, from 53.0% to 25%. Then, the overall prevalence of the CQR mutants 

decreased in Cameroon since withdrawal of CQ and CQ sensitive parasites now remerged, as 

observed in most endemic areas (Ocan et al., 2019). However, return to CQS is longer than 

described in East Africa, where prevalence of chloroquine resistance has reached undetectable 

levels only few years after discontinuation of CQ use (Frosch et al., 2014; Kublin et al., 2003; 

Laufer & Dzinjalamala, 2006). 
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Figure 13: A graph showing prevalence of CQR resistance in Cameroon from 1985 to 2018. Irrespective 

of the method used to determine resistance, we see a steady decline in CQR resistance over the past 

decade.  

 

2.3.2 Pfmdr1 Polymorphisms 
 

Menard et al. (S. Menard et al., 2012b) tried to establish the prevalence of Pfmdr1 multiple 

copies and Pfmdr1 86 codons in Yaounde, Cameroon when ACT was introduced to help make 

comparisons in the future and to check for the development of new resistance. Their work 

showed 76% of the isolates had Pfmdr1 86Y mutant genotype in Yaounde while 84% had this 

mutant gene in Mfou. The wild Pfmdr1 86 was 10% and 4% of the isolates and mixed genotypes 

were 14% and 12% in Yaounde and Mfou respectively. Apinjoh et al. (Apinjoh et al., 2017) 

detected four Pfmdr1 haplotypes with 33.1% having the wild type alleles at codons 86, 184 and 

1246 (Pfmdr1 N86Y184D1246 NYD).   

2.3.3 Polymorphisms associated with SP resistance 
 

Pyrimethamine-resistance of P. falciparum isolates was confirmed in Cameroon as soon as 

1996 (Basco and Ringwald, 1998; Ringwald et al., 1996) and sequencing of the Pfdhfr gene 

correlated resistance profile with the Asn-108 mutation (Ringwald & Basco, 1999). Sequencing 

of the Pfdhps gene on fresh isolates from Yaoundé later revealed the sulfadoxine-resistant 

profile characterized by the double mutation: Phe-436/Ala-437/Ala-581/Ser-613 (Basco & 

Ringwald, 1998). Then, Basco and Ringwald (Basco & Ringwald, 2000) worked with the 

hypothesis that Pfdhfr inhibits pyrimethamine and proguanil when used as combination. After 

complete sequencing of the Pfdhfr domain in the dhfr-ts gene, they found substitutions of amino 
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acids at position 51, 59 and 108 and suggested these mutations were responsible for resistance 

in African field isolates. Additionally, they showed a gradual increase in the rate of 

pyrimethamine resistance and suggested this resistance was associated with the availability and 

number of point mutations. They didn’t find the link between HB3-type single mutations and 

resistance to cycloguanil, and didn’t observe a different genetic profile linked with cytoguanil 

resistance that is un-associated to pyrimethamine resistance. Thus, they confirmed the absence 

of cycloguanil resistance in Africa. However, they concluded that pyrimethamine resistance 

associated with Asn-108 and cycloguanil resistance associated with Thr-108/Val-16 wasn’t 

applicable to their field studies.  

Basco et al. (Basco et al., 2002) tried to characterise the dhfr sequence in P. falciparum field 

isolates to further comprehend the epidemiology of SP drug-resistant malaria and observed that 

majority of their samples had triple mutations (Ile-51 Arg-59 Asn-108). They also observed 

double mutations (Arg-59 and Asn-108) and single mutation Ser-to-Asn-10. They didn’t 

observe mutant alleles Val-16, Thr-108 and Leu-164. Cys-50 reported in South America and 

did not identify any other new mutation in their study. Tahar and Basco, (Basco & Tahar, 2007) 

tried to compare clinical isolates obtained in 2004 - 2005, with their previous work on dhfr 

resistance. They observed that the continuous treatment of uncomplicated malaria in 

Cameroonian children with SP was no longer very effective. Their studies over time showed a 

growing prevalence of pyrimethamine resistance especially the triple dhfr mutants for a 12-year 

period in Yaounde and also in other parts of the country. But their study didn’t show the 

presence of quintuple mutations (Pfdhfr and Pfdhps). 

Since the epidemiology of drug-resistant P. falciparum can be described using molecular 

markers, Tahar and Basco (Basco & Tahar, 2006a) decided to conduct a descriptive molecular 

epidemiology of antifolate resistance at the national level. Their work showed the distribution 

of Pfdhfr alleles in Cameroon during the period 1999-2003. They notice similar mutations in 

the Pfdhfr between symptomatic and asymptomatic individuals, and suggested asymptomatic 

carriers are very good sources of parasites including parasites resistant to drugs. They noticed 

a considerable difference in antifolate resistance throughout the north-south axis of Cameroon, 

and observed an increase in the fraction of Pfdhfr mutants in Bertoua (Eastern provinces) and 

Garoua (Northern provinces). However, they didn’t observe a difference in the proportion of 

Pfdhfr mutants in Yaounde from 1999 to 2003, even though the proportion of Pfdhfr mutants 

were high. They didn’t detect the Glu-540 Pfdhps mutations. The prevalence of the Pfdhfr 

alleles were wild type (2.8%), double Arg-59/Asn-108 mutations (5.7%), double Ile-51/Asn-
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108 mutation (0.8%), triple Ile-51/Arg-59/Asn-108 mutation (62.2%) and mixed alleles (7.6%). 

The Pfdhfr mutation that was greatest in all study sites were the triple mutations, with the 

northern provinces having the highest number of wild-type parasites with respect to the rest of 

the country (Basco & Tahar, 2006a). 

Mbacham et al. (Mbacham et al., 2009) assessed the prevalence of molecular markers of SP 

resistance from samples collected in 2002 and 2003 in Limbe and Nkambe where the drug 

combination was no longer efficacious. Their study found a high prevalence, with 45% of the 

study population having the triple IRN mutant and almost 60% having the Pfdhps 437G 

mutation. They suggested that the molecular markers for monitoring the spread of SP resistance 

in Cameroon was 437G mutant allele as oppose to the usual 108N mutant allele of P. 

falciparum, since the mutation was associated with SP treatment failure. 

Menemedengue et al. (Menemedengue et al., 2011) analysed the mutations of Pfdhfr and 

Pfdhps, genes that are linked to drug resistance in P falciparum isolates from children in 

Yaounde treated with the antimalaria artesunate-sulfadoxine-pyrimethamine, sampling having 

been done in 2005. No parasite had Pfdhfr-Pfdhps (quintuple), or Pfdhfr Ile164Leu mutations. 

However, they had quadruple mutants Asn51Ile, Cys59Arg, Ser108Asn and Ala437Gly Pfdhps 

mutation.  

Chauvin et al. (Chauvin et al., 2015) assessed changes in the prevalence of molecular markers 

that are involved in SP resistance in Cameroon from isolates collected in 2010 and 2011, and 

showed that Pfdhfr N51I, C59R, S108N triple mutant was approximately 100%, but no 

mutations at codons 50 and 164 were detected. A437G was the most frequent Pfdhps mutation 

(76.5%) in women who were not administered SP, and was higher in pregnant women who took 

SP (95.9%). Even though the K540E mutation was rare, their study confirmed the mutation in 

Cameroon and also observed the Pfdhps I431V (13%), which was linked to other Pfdhfr/Pfdhps 

alleles to form an octupule mutation N51I-C59R-S108N-I431V-S436A-A437G-A581G-

A613S.  

Moyeh et al. (Moyeh et al., 2018) collected samples from Mutengene between 2003 and 2013, 

and observed an increasing prevalence of the CIRN haplotype, from 95.9% in 2003, to 98.8% 

in 2013. They concluded this was due to the SP drug pressure in Cameroon as a result of SP 

usage by some patients and prophylaxis for children under 5 and pregnant women adopted by 

the Ministry of Health in Cameroon. 
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Apinjoh et al. (Apinjoh et al., 2017) conducted surveys in 2013 and 2014, and observed that 

the Pfdhfr mutant alleles present were S108N (100%), N51I and C59R found in 99% of the 

samples. They recorded the I431V mutation with a prevalence of 16.3%. In addition, they found 

the K142N mutation at a prevalence of 8.5%, and no previous studies had observed this 

mutation.  

Finally, the triple mutant haplotype IRN of the Pfdhfr was the most reported in Cameroon and 

can be found in almost all samples in certain areas of Cameroon (Sahnouni et al., 2011). The 

quadruple mutant haplotype IRNG associated with the Pfdhfr and Pfdhps was also found in 

Cameroon with a prevalence rate of 95.9% in some cases (Chauvin et al., 2015). Numerous 

mutations are found in dhps/dhfr genes around the country and super resistant haplotypes, with 

up to 8 mutations, circulate. However, the mutations of the antifolates Pfdhfr and Pfdhps genes 

that confer resistance to SP should not threaten its use in Cameroon, as the prevalence rate of 

mutations does not exceed the WHO recommended 90% benchmark to ban the use of SP (Niba 

et al., 2021). 

 

2.3.4. Polymorphisms in the Cytb gene 
 

In the early 2000s, there was a massive drug administration of the combination atovaquone-

proguanil. This lead Basco (Basco, 2003) to initiate a baseline study of in vitro atovaquone 

activity on Cameroonian clinical isolates, and analysed the sequence of cytochrome b gene and 

determine the chances of clinical isolates to develop atovaquone resistance which is associated 

with a single Tyr268Ser or Tyr261Asn substitution. They did not observe mutations associated 

with atovaquone resistance, possibly as the fact that the cytochrome b gene sequence is highly 

conserved, and hence reported the absence of atovaquone resistance in Yaounde Cameroon as 

of that time. 

2.3.5. Polymorphisms associated with ART resistance 
 

In 2010, it was suggested that artemisinin-based antimalarials exerted their activity by 

inhibiting a calcium ATPase (Pfatp6) and the L263E mutation would induce conformational 

changes leading to reduced affinity (Krishna, 2010). Menemedengue et al. (Menemedengue et 

al., 2011) analyzed the mutations in the Pfatp6 gene from children in Yaounde treated with the 

antimalaria artesunate-sulfadoxine-pyrimethamine. They observed wild type Pfatp6 263, 625, 
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769 alleles in all their 61 samples, with 18% having single E431K substitution (LKAS) and, 

E643Q, E432K, and E641Q were three other mutations detected. Tahar et al. (Tahar et al., 

2009) later investigated the Pfatp6 sequence polymorphisms using fresh isolates from Yaounde 

collected from 2001 to 2006 and compared the presence of polymorphisms with IC50 of DHA. 

They observed two major haplotypes; the LEAs (wild-type) and LKAs (single mutant). The 

E432K amino acid residue was observed, even though it had never been reported. The isolates 

had haplotypes 263, 431, 432, 623 and 769, which were single mutant LEKAS and double 

mutant LKKAS. The Cameroonian isolates didn’t have the West African type (E431V+Q623E) 

or the South American type (S769N) single mutation. However, they were able to see E431K 

single substitution but this substitution couldn’t decrease in vitro sensitivity of DHA without a 

change in A623E. They concluded that the role of Pfat6 mutations in ART resistance hasn’t yet 

been proven and more research needed to be done on the candidate drug resistance genes of 

ARTs. 

Several works reported K189T mutation in Cameroon, with a prevalence of 21% in blood 

samples from 2008-2009 in Bolifamba, South West region, and 36% in samples collected in 

2013-2014 in surrounding areas (Apinjoh et al., 2017; Safeukui et al., 2017). Mutation K189T 

is located outside the Pfk13 propeller region that contains polymorphisms conferring ART 

resistance and has not been associated with delayed parasite clearance (Wwarn, 2019). 

Recently, Eboumbo Moukoko et al. (Eboumbou Moukoko et al., 2019) sequenced the K13 gene 

from samples collected from Douala (2016), Yaounde (2016 - 2017) and Garoua (2014), and 

observed 2 non synonymous K13 mutations V5891 and E612K, and 4 synonymous mutations 

(G625G, G453G, C469C, G449G). These mutations were completely different from those 

previously mentioned, implying that the K13 gene is heterogenous. 

Conclusion 
 

Finally, so far, the potency of ART and its derivatives has remained fairly constant, and there 

has been a decline in the mutation K76T of the Pfcrt and N86Y of the Pfmdr1, from 2008 to 

2019 (Niba et al., 2021). Of note, there has been the under study of antimalarial drug resistance 

especially in the Northern regions of Cameroon. More so, majority of the studies are on 

symptomatic samples, and just one study on the Pfdhfr mutations in asymptomatics (Basco & 

Tahar, 2006b). Furthermore, most studies could not identify new SNPs, since they used the 

nPCR-RFLP to detect drug resistance (Niba et al., 2021). In conclusion, there is the need for 

constant monitoring of molecular markers linked to antimalarial drug resistance in Cameroon 
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to help determine parasite polymorphisms to know their role and influence on drug 

responsiveness, trends that can help change treatment policies and better comprehend the 

genetic diversity of drug resistant genes. 

Figure 14: Antimalarial drug usage and resistance in Cameroon from its earliest usage to 2020  
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Malaria Epidemiological and Entomological survey in Tibati and 

Mfou, Cameroon  
 

Two papers are included in this section. The first paper describes the parasitological and 

entomological situation in Tibati, while the second characterizes SNPs associated with 

antimalarial drug resistance in the Pfcrt, Pfmdr1, Pfdhps and Pfdhfr genes in Tibati and Mfou. 

We used standard PCR methods to determine these SNPs. 

Rationale: Malaria still remains a serious public health problem despite global efforts to fight 

the disease. In Cameroon, 28% and 18.3% of morbidity and deaths are respectively due to 

malaria (PNLP, 2020). Basic epidemiological data are lacking in many regions which makes it 

difficult to estimate the efficiency of disease control interventions. This malaria situation is 

speculated to worsen in the future due to disruption of interventions by Covid-19 (Guerra et al., 

2020).  

Article 1: Epidemiological and entomological studies of malaria transmission in Tibati, 

Adamawa region of Cameroon six years following the introduction of long-lasting 

insecticide nets 

 

Introduction: Vector control measures such as long-lasting insecticidal treated nets (LLINs) 

and indoor residual spraying are some of the efforts put in place for disease control. In 

Cameroon, 52 Anopheles species have been identified, of which only 16 transmit malaria to 

humans (Antonio-Nkondjio et al., 2006a; Wanji et al., 2003; Hervy Jean-Paul, 1998), and 6 are 

the most efficient vector species; An. gambiae ss, An. coluzzii, An. arabiensis, An funestus, An. 

nili and An. moucheti (Fontenille et al., 2003; Fontenille & Simard, 2004).  

Even though P. falciparum is the most prevalent and virulent Plasmodium species in Cameroon, 

other species such as P. malariae, P. ovale and P. vivax infect humans (Ngassa Mbenda & Das, 

2014; Fru-Cho et al., 2014; Russo et al., 2017; Ngassa Mbenda & Das, 2016). P. vivax is 

widespread outside Africa in South-East Asia and the Americas. Individuals in Africa were 

initially considered to be refractory to the parasite due to the prevalence of the Duffy negative 

phenotype (Sanger et al., 1955; Miller et al., 1976). However, this has been proven otherwise 

as studies in Cameroon and other African countries (Ngassa Mbenda & Das, 2014; Fru-Cho et 

al., 2014; Russo et al., 2017; Ngassa Mbenda & Das, 2016) have observed the presence of P. 

vivax in both Duffy positive and negative individuals, even if at low frequencies. However, to 

the best of our knowledge, no study assessed the prevalence of P. vivax in their local mosquito 
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vector species. This work characterized malaria parasites in humans, identified the local vectors 

in Tibati and the prevalence of malaria parasites in the mosquito species. We investigated the 

presence of P. vivax with the aim of detecting which mosquito vector can be implicated in the 

transmission of P. vivax. in this section of the country. 
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Article 1: Main paper 
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Discussion and Conclusion: Malaria incidence varies with respect to age, season, clinical 

status of the population, the epidemiological setting, and control interventions. In order to 

provide the right treatment regimens, accurate diagnosis of Plasmodium species is vital. Malaria 

transmission was observed to be high in the area, as 60.8% of the individuals sampled in the 

community were asymptomatic. Additionally, asymptomatic carriage was highest within the 

age group 5 – 15 years old. This confirms previous observations that prolonged exposure to 

malaria infections helps older children develop partial anti-disease immunity (Lindblade et al., 

2013; Bousema et al., 2014). Individuals over the age of 15 had lower prevalence of 

symptomatic infection, which is due to their stronger anti-parasite immunity. More so, in 

asymptomatic individuals, parasite density decreased with age, but in symptomatics, the density 

was similar in children less than 5 and those within 5 – 15 years. Hence older individuals better 

control parasitaemia (Mmbando et al., 2009). 

Spatial heterogeneity was observed in malaria infections, with one location, Yoko, having the 

highest prevalence of malaria. This suggests that certain areas are hotspots of transmission. 

However, this does not imply interventions should focus solely on these hotspots, as previous 

interventions that target only hotspots have in the past failed to change the dynamics of malaria 

transmission (Bousema et al., 2016). 

Three Plasmodium species were identified in the blood samples collected; P falciparum, P. 

malariae, P. ovale, with P. falciparum accounting for 95% of malaria infections, confirming 

other studies that P. falciparum is most prevalent in Cameroon (Ngassa Mbenda & Das 2016; 

Sandeu et al 2016; Russo et al., 2017). P. ovale and P. malariae were observed in mono-

infections and co-infections with P. falciparum. However, these species were rarely found in 

symptomatics. P. vivax was not observed in human samples, indicating that this species 

circulates at low frequency as seen in other studies (Ngassa Mbenda & Das, 2014; Fru-Cho et 

al., 2014; Russo et al., 2017). Other reasons for not detecting P. vivax could be the sample size 

was small, and also the fact that in Africa, P. vivax has been observed to be more prevalent in 

relatively lower transmission areas (Twohig et al., 2019). 

We also identified mosquito vectors of malaria transmission, and observed the 3 main vectors 

that have been shown to transmit malaria in Cameroon; An. funestus, An. gambiae, and An. 

coluzzii. This finding is in line with others (Didier Fontenille & Simard, 2004; Ayala et al., 

2009; Bigoga et al 2007; Menze et al., 2018; Antonio-Nkondjio et al., 2019; Tchouakui et al., 

2019; Bamou et al., 2019) that these 3 main vectors are largely distributed in the country. 
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The prevalence of An. funestus was higher in 2015 than in 2017 (55.2% vs 16%), which may 

be due to modification of the environment, with changes which are less favourable for funestus 

(Gillies & De Meillon, 1968; Cohuet et al., 2005). The reverse was the case for An. coluzzi, 

which constituted 9.7% of the 2015 anopheline collections vs 47.4% in 2017. The prevalence 

of An. gambiae ss was relatively the same during the two collection periods. The high 

prevalence of An. gambiae could be due to the presence of fish farming sites that act as breeding 

sites, and favours the development of An. gambiae s.l (Antonio-Nkondjio et al., 2011; Tia et 

al., 2017).  

Considering the Plasmodium infection rates, there was no difference in Plasmodium infection 

rate among the three vectors, hence implying that they efficiently transmit malaria. 

Additionally, the sporozoite infection rate was as in previous studies performed in the country 

(Menze et al., 2018; Tabue et al., 2017; Antonio-Nkondjio et al., 2006). However, there was a 

slight decrease in infection rate though not significant between 2015 and 2017. This could be 

due to the use of LLINs upon massive distribution in 2015 (Minsanté, 2018). It was also 

observed that communities with low LLIN coverage had a relatively higher prevalence of 

malaria. All three mosquito species were mono-infected with P. falciparum, P. malariae, P. 

ovale and P. vivax. One coluzzii mosquito sample was found infected with P. vivax, confirming 

the low circulation of P. vivax in that community. Hence this study reports for the first time in 

Cameroon, the infection of Anopheles with P. vivax. In Sub-Saharan Africa, P. vivax has been 

reported in An. arabiensis in Mauritania (Lekweiry et al., 2015), Madagascar (Zohdy et al., 

2016; Rakotoarivony et al., 1990), Ethiopia (Animut et al., 2013), in An. funestus in Madagascar 

(Zohdy et al., 2016; Rakotoarivony et al., 1990), Kenya (Animut et al., 2013) and An. gambiae 

in Kenya (Animut et al., 2013). However, there has never been a report of P. vivax in An. 

coluzzii. Thus, this work provides the epidemiological and entomological malaria situation in 

Tibati, with 3 main vectors; An. funestus, An. gambiae and An. coluzzii, with each equally 

contributing to malaria transmission. 
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Article 2: Antimalarial Drug resistance in the Central and Adamawa regions of 

Cameroon: prevalence of mutations in Pfcrt, Pfmdr1, Pfdhfr and Pfdhps genes 

 

Introduction: Parasite resistance to antimalarial drugs have compromised malaria controls and 

has led to changes in antimalarial drug policies over time. In Cameroon, ASAQ has been 

adapted as first line drug since 2004, and artemether lumefantrine as an alternative since 2006 

(Sayang et al., 2009). SP is still used as an intermittent preventive treatment for malaria (IPTp-

SP) (Chauvin et al., 2015; Moyeh et al., 2018) and combined with AQ (AQSP) for seasonal 

malaria chemoprevention (SMC) in the North region of Cameroon between ages 3 – 59 months. 

In Cameroon, several mutations associated with antimalarial drug resistance are circulating. 

Compared to other African countries, relatively fewer studies on the evolution of drug 

resistance after ACT introduction have been carried out (Niba et al., 2021). Majority of such 

studies have been carried out in the Central, South East and North East regions of the country, 

which are all forest zones characterised by perennial malaria, and areas in the Savannah like 

Tibati where malaria is seasonal do not have a defined antimalarial drug resistance profile. 

Hence it is vital to regularly monitor the prevalence of SNPs associated with antimalarial drug 

resistance, to ensure national malaria treatment policies are efficient. Hence the second article 

aimed at determining major SNPs associated with antimalarial resistance in the Pfcrt, Pfmdr1, 

Pfdhfr and Pfdhps genes from P. falciparum isolates collected in Mfou and Tibati, to identify 

the trends and differences of antimalarial drug resistance mutations in these two geographically 

and epidemiologically distinct areas of Cameroon. 
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Discussion and conclusion: We looked at major antimalarial drug resistance mutations in the 

Pfcrt, Pfmdr1, Pfdhfr and Pfdhps genes of falciparum parasite in the Central and Adamawa 

regions of Cameroon. Overall, 79.18% of the samples had the Pfcrt wild type allele K76. In 

recent years, very few studies have been carried out on the Pfcrt gene, and the few available 

have samples collected as far back as 2012. Nonetheless, this study is in line with other studies 

carried out in the Northwest region (Achungu et al., 2018), Eastern part (Ndam et al., 2017) and 

Southwest region (Apinjoh et al., 2017) of Cameroon were CQ sensitive strains were reported. 

However, the prevalence of K76 mutant allele was higher in Mfou than Tibati (88.50% vs 

69.29% P < 0.0001), which could be due to the presence and use of CQ in the area via informal 

outlets and self-medication in the Northern regions of Cameroon (S. Menard et al., 2012b). 

Looking at the Pfmdr1 gene, the prevalence of mutant allele 86Y was 55.38% and 45.8% in 

Mfou and Tibati respectively, and mutant allele 1246Y, which is linked to AQ and CQ 

resistance was low, 1.45 and 5.97% respectively. These findings are consistent with previous 

studies in the country (Apinjoh et al., 2017; Moyeh et al., 2018), and other African countries 

such as in Nigeria (Adamu et al., 2020), Gabon (Lekana-Douki et al., 2011; Maghendji-Nzondo 

et al., 2016), Mozambique (Lobo et al., 2014) and Uganda (Achol et al., 2019; Conrad et al., 

2014). Low prevalence of mutant allele 1246Y indicates little or no presence of AQ resistance. 

The simultaneous use of AS-AQ as first line drug and AL as second line treatment of 

uncomplicated malaria in the country could be the reason for similar allele proportion of N86 

and 86Y (Sayang et al., 2009), irrespective of the location.  

The prevalence of triple mutant 51I/59R/108N in the Pfdhfr gene, which is linked to 

pyrimethamine resistance was present in the entire population. Nonetheless, this high 

prevalence have been reported since the year 2000 when SP was used for treating 

uncomplicated malaria (Mbacham et al., 2010). Presently, this high frequency is said to be 

attributed to the use of SP as an IPTp and SMC and seems to be trending in other African 

countries such as; Gabon where the prevalence is 100% (Voumbo-Matoumona et al., 2018) and 

93% in Nigeria (Quan et al., 2020).  

Considering the Pfdhps gene which is associated with sulphadoxine resistance, more than 90% 

of the samples had the 437G mutant allele, and the prevalence in Mfou was significantly higher 

than in Tibati (94.80% vs 86.36%; P < 0.0001). This prevalence is significantly higher than the 

76% cases reported in pregnant women from Yaounde six years ago (Chauvin et al., 2015). 

However, the Pfdhps mutant allele 540E had very low frequency (0.33%). This is in line with 

other studies that showed low prevalence (Chauvin et al., 2015; Mbacham et al., 2010). The 
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Pfdhps 581G mutant allele that confers resistance to sulfadoxine was present in 3.26% of the 

samples. 

Looking at SP resistance, the quadruple mutant IRNG haplotype (Pfdhfr 51I/59R/108N + 

Pfdhps 437G) that confers partial resistance to SP was most prevalent in this study, with 

prevalence almost reaching 90%. Nevertheless, it is the quintuple (Pfdhfr 51I/59R/108N + 

Pfdhps 437G/540E) and sextuple mutants (Pfdhfr 51I/59R/108N + Pfdhps 437G/540E/518G), 

that are the main indicators of SP resistance (Anchang-Kimbi et al., 2020; Naidoo & Roper, 

2013). In 2015, Cameroon first observed the quintuple mutant (Pfdhfr 51I/59R/108N + Pfdhps 

437G/540E) in 2 pregnant women on SP for IPTp (Chauvin et al., 2015). In this study, 5 samples 

had the quintuple mutant haplotype IRNGE, confirming the presence of parasites completely 

resistant to SP in Cameroon. More so, the sextuple haplotype (IRNGEG) which is considered 

to be super resistant, was present in 2 samples from Tibati.  

In conclusion, the high prevalence of the wild type Pfcrt K76 and Pfmdr1 D1246 alleles 

indicates the return of CQ sensitivity. The presence of fully and super resistant parasites to the 

SP warrants regular monitoring of SP drug efficacy and resistance frequency in the country.  
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Genetic diversity of Plasmodium falciparum symptomatic and 

asymptomatic infections 
 

Introduction: In Cameroon, chloroquine (CQ) has been extensively used as first-line drug for 

treatment of uncomplicated malaria and chemoprophylaxis until the 80s when CQ resistance 

was reported and spread throughout the country (Sansonetti et al., 1985). From the late 80s, 

amodiaquine and sulfadoxine-pyrimethamine (SP) were recommended as first-line and second-

line drugs, respectively, for uncomplicated malaria and resistance to AQ and SP was observed 

after few years of drug pressure (Basco and Ringwald, 2002; Ringwald et al., 2000). 

Artemisinin-based combination therapies (ACTs) for the treatment of uncomplicated malaria 

were implemented in 2004 following WHO recommendations. The two first-line ACT 

treatments are Artesunate-amodiaquine (ASAQ) and artemether-lumefantrine (AL) but 

dihydroartemisinin-piperaquine (DHA-PPQ) is frequently used since 2011 as an alternative to 

ASAQ due to its adverse side effects. No artemisinin resistance has been described so far 

(Menard et al., 2016a; Menard et al., 2016b; Whegang Youdom et al., 2019). Nonetheless, 

majority of the studies on drug resistance were carried out on symptomatic samples, and few 

studies have been carried on asymptomatics, the transmission reservoirs of the malaria parasite 

(Niba et al., 2021). More so, the techniques used for SNP detection were not able to identify 

new SNPs and rare genotypes. Hence this work uses an efficient technique, NGS using Illumina 

Miseq to determine and compare the genetic diversity present in both groups. 
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Introduction  

Malaria control strategy mostly relies on passive case detection which has limitations for 

reducing malaria burden and achieving elimination. Indeed, asymptomatic infections represent 

a large reservoir of parasites and contribute to malaria transmission [1, 2]. Asymptomatic 

infections tend to be associated with low parasite densities and are sometimes not detected by 

conventional diagnosis tools, microscopy and RDTs (sub microscopic). These chronic 

infections can persist for months but remain untreated, as they are often not detected. It is now 

acknowledged that active detection and treatment of asymptomatic infections will be crucial to 

control and eliminate malaria, and novel interventions aiming at curing the asymptomatic 

reservoir are being implemented at local scales according to epidemiological settings [3, 4].  

In areas of high transmission intensity, malaria infections generally harbour multiple genotypes 

of parasites [5, 6]. The different genotypes may result from successive mosquito bites or by 

inoculation of genetically diverse sporozoites from a single bite. The number of co-infecting 

genotypes in an infection is associated with parasite exposure and the level of acquired 

immunity and, thus multiplicity of infection (MOI) is higher in high transmission settings [7]. 

The impact of MOI on the risk of clinical malaria is controversial [5, 6, 8-13] and multiple 

confounding factors, such as parasite density, host age, transmission intensity, likely explain 

discrepancies between studies. Interactions between genotypes in multiple infections likely 

influence disease epidemiology and evidences from animal models indicate that competitive 

interactions between co-infecting genotypes drive the evolution of drug resistance [14-16]. 

Molecular surveillance of antimalarial drug resistance markers is crucial to ensure proper 

prevention and treatment, as well as to monitor the emergence of resistant parasites. Point 

mutations in the pfcrt (Plasmodium falciparum chloroquine resistance transporter) gene has 

been associated with resistance to CQ and AQ [17, 18]. Polymorphisms in the P. falciparum 

multidrug resistance 1 gene (pfmdr-1) and gene copy number modulate drug sensitivities to 

several antimalarials [19, 20]. Resistance to antifolate drugs is determined by mutations in the 

dihydrofolate reductase (dhfr) and dihydropteroate synthase (dhps) genes and combination of 

SNPs in the two genes predicts different levels of drug resistance [21-23]. Mutations in the P. 

falciparum propeller domain of the kelch 13 (pfK13) gene are key determinant of artemisinin 

resistance [24, 25] and specific mutant alleles in pfK13 are associated with delayed parasite 

clearance [26, 27].  
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In this study, we aimed to investigate the genetic diversity of falciparum parasites in 

symptomatic and asymptomatic individuals from an area of high malaria transmission in 

Cameroon. The prevalence of point mutations in genes associated with antimalarial drug 

resistance and the genetic diversity of parasite populations was compared between symptomatic 

and asymptomatic carriers. The relative quantification of the different genotypes within 

multiple infections allowed to provide novel information on the importance of mixed infections 

on the malaria epidemiology.  

Materials and Methods 

Sample collections 

Blood samples from asymptomatic individuals were collected among 5 to 14-year-old pupils 

attending primary schools in the Mfou district (3°43’N, 11° 38’E), Cameroon, during high 

transmission season (October – November) in 2017 and 2018. Venous blood was collected by 

venipuncture in EDTA tube for 63 children confirmed as P. falciparum positive upon 

microscopical readings of thick blood smears. A fresh blood smear was performed at the time 

of venipuncture for parasite quantification. Symptomatic individuals were enrolled at the Nkol-

Eton health care centre (3° 52’ N, 11° 31’ E) in Yaoundé between October and December 2018 

and participants were included upon signature of an informed consent. Venous blood samples 

were collected in EDTA tubes for 80 patients with malaria symptoms. Volunteers received a 

treatment with ACTs (dihydroartemisinin/piperaquine) according to national guidelines. 

Venous blood samples (1 ml) were filtered using LD columns on a QuadroMACS separator 

(Miltenyi Biotec, Bergisch Gladbach, Germany) according to Ribaut et al., 2006. The 

trophozoite fraction was resuspended in a 50 µl volume of PBS and stored at -80°C until further 

analyses.  

Ethical Approval 

 Ethical approval was given by National Ethical Committee for Research in Human Health 

(CNERSH), Yaoundé, Cameroon under agreements 2017/06/922/CE/CNERSH/SP, and 

2018/09/1107/CE/CNERSH/SP. Written consent agreement was obtained from each individual 

or its guardian/parent in cases involving children. 

DNA Extraction and sample selection 

DNA was extracted using the DNeasy® Blood & Tissue Kit (Qiagen, Hilden, Germany) 

according to the manufacturer’s instructions (blood protocols). DNA extracts were eluted in a 
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final volume of 60 µl and stored at -20°C until further use. A real–time PCR was first performed 

to discriminate Plasmodium species present in the blood samples, according to Mangold’s 

protocol [28]. The species-specific mean melting temperatures (Tm) were determined 

according to curves obtained for the Plasmodium species controls. Only samples harbouring P. 

falciparum were kept for the following procedures. DNA from the 3D7 reference P. falciparum 

was used as control, and in triplicate. 

Target genes and amplicon recovery 

AmpSeq genotyping was used to capture simultaneously SNPs associated with antimalarial 

resistance and the genetic diversity within infections. Point mutations associated with 

antimalarial drug resistance were screened for the five most common genes, Pfdhfr, Pfdhps, 

Pfmdr1, Pfcrt and PfK13. We followed the experimental protocol described in Nag et al. [29] 

with slight modifications. The mitochondrial fragments were excluded and only one fragment 

in the pfk13 gene was amplified. Genetic diversity in the blood samples was assessed by using 

four known AmpSeq markers cpmp, csp, ama1-D2 and ama1-D3 [30]. AmpSeq primers were 

designed to include the amplicon-specific primers, a linker and hoverhang adapters. Details on 

target genes, AmpSeq primers are listed in Suppl. Table S1 and location of amplicon on 

reference genes are illustrated in Suppl. Figure 1. PCR reactions were performed using the 

KAPA HiFi Hot Start Ready Mix (Kapa Biosystems, USA) in a 25µl final volume with 10 µM 

Ampseq primers and 2µl of DNA template. Amplification reactions were run on Eppendorf® 

Mastercycler® ep Gradiant S (Eppendorf, Germany). PCR products were visualised on a 2% 

agarose gel. Pools for each parasite donor were composed with 2 µl amplicons.  

Library preparation and MiSeq sequencing  

Library preparation and sequencing were carried out by the GenSeq technical facilities of the 

Labex CeMEB in Montpellier. Pooled samples were purified, and a subsequent amplification 

was performed to incorporate sequencing adapters and multiplexing indices. Libraries were 

purified, then normalized and pooled. A phiX library was used as sequencing control. Libraries 

were quality checked on a Fragment Analyzer and loaded on a flow cell. The sequencing was 

performed with an Illumina MiSeq instrument, using paired-end method (2x 300 bp read 

lengths) and with the MiSeq reagent kit v3.  

Bioinformatic analyses  

The quality of the raw sequencing data was assessed with FastQC [31] The genotypes were 

reconstructed using the HaplotypR package [30, 32]. Briefly, reads were de-multiplexed by 
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adapter and index. Reads corresponding to each marker were selected based on the primer 

sequences, the paired reads were trimmed based on FastQC results and joined. After, SNPs and 

then genotypes were called. Singletons and chimeric reads were not considered. The analysis 

was carried out with the default parameters proposed by the authors.  

Statistical analysis  

Statistical analyses were performed using R and R Studio software [33, 34]. Graphics were built 

using ggplot2 [35]. Statistical significance was set at .05. Diversity indexes were calculated to 

characterize the genotype diversity and distribution among symptomatic and asymptomatic 

samples using the Vegan packages. Genotype accumulation curves and abundance distribution 

were computed to estimate the number of unseen genotypes. Richness estimators and 

differentiation measures between clinical status and genotype distribution at the CPMP and 

CSP markers were calculated using the SpadeR package. Association between variability in the 

relative abundance of parasite genotypes among samples, measured as the Pielou evenness 

index, and parasite density, clinical status or MOI was assessed using GLM models. The 

Pielou’s evenness index measures relative evenness, the metric ranges from 0 when one or a 

few genotypes dominate the infection (no evenness) to 1 when all genotypes within an infection 

have similar densities (complete evenness). Differences in sequence reads, parasite densities or 

MOI was assessed using Generalized Linear Models (GLM, negative binomial errors), with 

clinical status and clonality (mono or poly) set as binomial variables, age and MOI as ordinal 

variables. Comparison of the genotype frequency at the different diversity or antimalarial 

resistance markers between symptomatics and asymptomatics was performed using t-test. 

 

Results 

Characteristics of the study participants.   

A total of 80 individuals were included in the clinical cohort and 63 in the asymptomatic group. 

Asymptomatics were identified in primary schools during rainy season in late 2017 and 2018. 

Parasite prevalence was 55.12% (613/1112) in 2017 and 51.18% (628/1227) in 2018. Among 

the 63 asymptomatic children included in the study, median age is 8 years (range 4-15) and sex 

ratio 0.48. Parasite densities did not differ between the two consecutive surveys, 720 

parasites/µl (IQR 224-2912) and 664 parasites/µl (IQR 0-1840) in 2017 and 2018, respectively 

(LRT X2
1 = 0.9, P= 0.35). Among children of 4 to 15 years, parasitaemia were significantly 
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higher in symptomatic children than in symptom free children, (LRT X2
1 = 46, P<0.001, Suppl 

Figure S2).  

Amplicon recovery 

A total of 117 samples were processed for amplicon sequencing on an Illumina Miseq, 63 from 

asymptomatic individuals and 54 from symptomatics, a batch of 26 samples being lost during 

processing. After filtering and de-multiplexing, 11 596 861 reads were successfully assigned to 

targeted amplicons. For the pfdhps.4 amplicon, most reads were assigned as singletons, 

reflecting low quality sequences as a result of the high sequence complexity, and this amplicon 

was only partly included in the further analysis. Amplicons pfmdr1.7 and pfmdr1.7 did not yield 

polymorphism; all reads were carrying the S1034 and N1042 and D1246 wild-type codons. 

Mean number of reads differed between markers (LRT X2
8 = 1034, P<0.001) and negatively 

correlated with amplicon size (LRT X2
1 = 402, P<0.001). The CSP amplicon, the smallest 

fragment, recovered the highest number of reads (mean 39238, SD 25921). There was a 

significant marker by parasitaemia interaction on the number of reads (LRT X2
8 = 40, P<0.001). 

In particular, there was a positive relationship between the number of reads and parasitaemia 

for the 4 diversity markers (CPMP, CSP, AMA1_D2 and AMA1_D3, LRT X2
1 = 6, P=0.015, 

Figure 2), while a negative relationship was observed for the 5 antimalarial resistance markers 

(LRT X2
1 = 8, P=0.005, Figure 1). 
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Figure 1. Sequenced reads according to asexual parasite density for each targeted amplicon. 

 

P. falciparum genetic diversity 

The number of co-infecting clones in blood samples were determined for the four diversity 

markers (Suppl. Figure S3). CPMP and CSP allowed a better resolution, yielding higher mean 

MOI, 3.21 clones/samples (SD 2.82) and 3.23 (SD 2.5), respectively, as compared to AMA1-

D2 and AMA1-D3, with 1.95 clones/samples (SD 1.1) and 1.73 (SD 0.97), respectively 

(ANOVA, F (3. 443) = 17.54; P <0.0001). Only CPMP and CSP markers were then kept for 

further analysis, as combining additional markers does not increase discriminatory power 

(Lerch et al. 2019). Proportion of blood samples carrying a specific different clone number did 

not differ significantly between CPMP and CSP markers (paired t-test, p = 0.999; Figure 2). 

All the 26 mono-infections carried a unique haplotype when combining CPMP and CSP 

genotypes, reflecting the high genetic diversity in the study area. 
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Figure 2. Proportion of blood samples with different clone numbers in asymptomatic and symptomatic 

individuals for CPMP and CSP markers. 

 

CPMP and CSP markers distinguished 91 and 53 different genotypes, respectively (Suppl. 

Table S2). Mean in SNP difference between genotypes within a sample was 18.36 (SD 5.15) 

and 6.76 (SD 1.81) for CPMP and CSP, respectively (Suppl Figure S4). The mean (± SD) SNP 

difference between genotypes was significantly higher in asymptomatic samples than in 

symptomatic samples for the CPMP marker (19.3 ± 4.52 versus 16.26 ± 5.98 in symptomatics, 

t=2.1, P=0.04), which could suggest higher relatedness between co-infecting genotypes in 

symptomatic infections, but no different was observed for the CSP marker (t= 0.56, p=0.58, 

6.57 ± 1.55 versus 6.87 ± 2.34). We plotted genotype accumulation curves for each marker to 

determine whether all genotypes were detected among the sample set (Suppl. Figure S5a). Both 

curves commenced to plateau, indicating we provided an accurate estimation of genotype 

richness, which is confirmed by the Chao estimators (Suppl.Table S2). We analysed the 

genotype abundance distribution by fitting the Preston log-normal model (Suppl. Figure S5b) 
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that estimated 2.8 rare genotypes (veiled) were missed for CMP and 1.5 for CSP. Then, we 

compared the genotype composition between asymptomatic and symptomatic individuals for 

each diversity marker and pairwise differentiation measures did not indicate differentiation 

according to clinical status (Gst = 0.005 (0.001) and Gst = 0.003 (0.002) for CPMP and CSP 

respectively; Suppl Table S3).  

Figure 3. P. falciparum genetic diversity according to clinical status. a. Probability of mixed infections 

according to clinical status. b. Multiplicity of infection in symptomatic and asymptomatic individuals. 

c. Asexual parasite density according to mono or mixed infections in symptomatic and asymptomatic 

individuals. d. Association between asexual parasite density and the number of co-infecting clones 

according to clinical status. In red, symptomatics; in green, asymptomatics. 

 

Multiplicity of infection was determined as the maximum number of genotypes recovered 

among the two diversity markers, CPMP and CSP. Symptomatic patients were less likely to 
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carry polyclonal infections (29/54, 53.7%) compared to asymptomatic patients (56/60, 93%) 

(LRT X2
1 = 25, P<0.001, Figure 3a). Furthermore, symptomatic patients showed lower MOI 

levels (symptomatic: median MOI= 2, range= 1-6; asymptomatic: median MOI = 5, range = 1-

15, LRT X2
1 = 52, P<0.001, Figure 3b). Complexity of infection, i.e. monoclonal vs pluriclonal, 

and MOI were not associated with parasite density neither in symptomatic patients nor in 

asymptomatic carriers but parasite densities differed significantly between the clinical status, 

asymptomatic or symptomatic, symptomless infections carrying less parasites (LRT X2
1 = 8, 

P<0.01, Figure 3c and 3d). Then asexual parasite densities do not correlate with the number of 

co-infecting clones and the lower parasite count in the more complex asymptomatic infections 

suggests competitive interactions between co-infecting clones to control parasite growth.  

We then focused on mixed infections and quantified the relative abundance of genotypes among 

samples using the Pielou’s evenness index. This metric ranges from 0 when one or a few 

genotypes dominate the infection (no evenness) to 1 when all genotypes within an infection 

have similar densities (complete evenness). The mean (± SD) evenness index of asymptomatic 

infections was 0.63 (±0.23) and 0.62 (±0.25) for the CPMP and the CSP marker respectively 

(Table S2), and 0.62 (±0.23) and 0.67 (±0.26) in symptomatic infections. Although there was 

an important heterogeneity in evenness among samples (min = 0.09, max = 0.99, Figure 4), the 

average values suggest that, overall, some parasite genotypes are more abundant than others 

within mixed infections. We found no significant effect of parasite density (LRT X2
1 = 0.4, 

P=0.2), clinical status (LRT X2
1 = 0.23, P=0.3), or interactions (LRT X2

1 = 0.02, P=0.8) on 

genotypic evenness (Figure 4a). However, there was a significant effect of MOI (LRT X2
1 = 

3.3, P<0.001), with a levelling of the relative density of genotypes as MOI increases (Figure 

5b). Marker type (CPMP vs CSP) did not influence evenness (LRT X2
1 = 0.008, P=0.95) and 

there was a good fit between the values derived from the CPMP or CSP marker (LRT X2
1 = 6, 

P < 0.001, Suppl. Figure S6). 
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Figure 4. Relative abundance of genotypes among samples. (a) Relative abundance of 

genotypes according to parasite densities. (b) Relative abundance of genotypes according to 

MOI. 

 

Multimarker haplotypes 

We determined multimarker haplotypes by selecting infections that showed the same genotype 

at the six amplicons targeting antimalarial resistance mutations to. A total of 66 samples fit the 

criteria and 22 multimarker haplotypes were identified, 5 haplotypes were shared between 

asymptomatic and symptomatic samples and 14 haplotypes were unique. Two haplotypes were 

frequent, shared each between 15 samples, they were carrying pfmdr1 N86, pfcrt CVMNK, 

dhfr/dhps IRN-ISGKAA genotypes and differed only at the pfK13 K189T codon. 
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Relative abundance of antimalarial resistance genotypes in mixed infections

The bioinformatic analysis allowed to recover the number of reads per genotype for each 

amplicon and we then analysed the relative abundance of the different genotypes within mixed 

infections. The pfmdr1 marker presented no mixed infection and only two mixed infections 

were identified in the pfdhfr amplicon (Suppl Figure 7), which precluded any analysis for these 

markers. Five mixed genotype infections were found at the pfK13 marker, all in asymptomatic 

carriers, and no genotype was dominant over the five mixed infections, proportion of the wild 

type varied from 1.2 to 97.4%. The pfcrt read assignment led to 23 mixed infections, 21 in 

asymptomatic individuals and 2 in asymptomatics. Strikingly, density of the wild type CVMNK 

genotype was significantly higher as compared to that of the resistant CVIET genotype (LRT 

X2
1 = 43.1, P< 0.0001). The wild type CVMNK genotype dominated in all but one infection.

The CQ resistant genotype CVIET is then present but at very low density, with a mean 

proportion of 12.7% (SD 20.6) (Figure 5a), and part of these mutants would probably have been 

missed using other detection methods such as nested-PCR or qPCR. 

Figure. 5. Relative proportion of resistant genotypes at pfcrt and pfdhps markers in mixed 

infections a, Proportion of resistant genotypes in mixed infections for the pfcrt and pfdhps

markers. Each dot represents a blood sample. The CVIET resistant genotype in pfcrt is present 

at low densities while the resistant pfdhps genotypes are dominant. b, Proportion of the different 
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mutant pfdhps genotypes within mixed infections. Green dots, asymptomatic samples; red dots, 

symptomatics. 

 

By contrast, among the 31 multiple infections at the pfdhps marker, the wild type genotype was 

only identified in 4 samples, from asymptomatic carriers only, and always at proportion less 

than 15% (Figure 5a). Mixed infections were in majority a mixture of mutant genotypes. 

Relative density of the different mutant genotypes did not differ significantly over all mixed 

infections (LRT X2
2 = 3.9, P= 0.144) and, within each mixed infection, proportion of mutant 

genotypes varied greatly, from 1.4% to 97.3% (Figure 5b)) and did not differed between 

symptomatic and asymptomatic samples.  

 

Discussion 

Our study clearly confirms the trend towards a return to chloroquine sensitive parasites in 

Cameroon, as observed in most sub-Saharan African countries few years after cessation of CQ 

use [36-38]. Decline in the prevalence of CQ resistant haplotypes differed between endemic 

areas, decline being less pronounced in West and Central Africa [39, 40]. Maintenance of CQ 

resistant haplotypes was explained by sustained CQ pressure, as chloroquine was still available 

from informal outlets several years after policy changes. Return to CQ-sensitive parasites could 

be due at least in part to the use of AL which selects for the CQS K76 allele [41, 42]. Indeed, 

AL is recommended as first-line ACT for the treatment of uncomplicated malaria in Cameroon 

and the rebound in the pfmdr1 N86 allele in our study would support this hypothesis, as changes 

in the prevalence of this allele is an indicator of selection of parasites by AL [42, 43]. However, 

none of the infections were treated in this study and then the persistence of CQ resistant 

parasites in mixed infections, at low density, suggests genotype-genotype interactions that 

impede the suppression of the minority resistant parasites. Resistant parasites are less fit in 

absence of drug and theorical models predict that drug-sensitive parasites competitively 

suppress resistant conspecifics [16, 44, 45]. Competitive suppression increases with rarity [46] 

and the CVIET genotype, that represents less than 15% of parasite load, would have been 

suppressed. Then, other interactions occur in natural infections that allow the CQ resistant 

parasites to persist in the population.  

Here, we used polymorphic molecular markers to assess multiplicity of infection in the blood 

samples and compare the genetic diversity between symptomatic and asymptomatic infections. 
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Genotyping revealed higher genetic diversity in asymptomatic infections, which is generally 

reported in malaria endemic areas [47, 48][48]. However, epidemiological surveys report 

contrasting results on the clinical impact of genetically diverse infections. In high transmission 

settings, carriage of multiple genotypes reduces the risk of clinical malaria and persistence of 

genetically diverse parasites would maintain broad antibody responses, thus conferring higher 

level of protection [6, 8, 9, 49]. Also, it has been suggested that the reduced MOI in 

symptomatic infections reflect overgrowth of a dominant, more virulent parasite [48]. The high 

proportion of mono-infections among symptomatic individuals in our study may reflect the 

suppression of less fit parasites in former diverse infections. However, all mono-infections were 

unique haplotypes and we cannot interpret our data in term of parasite virulence.  

Anyway, the high MOI in asymptomatic infections reflects the high malaria transmission 

intensity in our studied area. Indeed, infection by multiple genotypes is the result of exposure 

to infective mosquito bites, where parasites are inoculated successively or simultaneously [5, 

50]. Evidence from animal models indicate that competitive interactions occur between co-

infecting genotypes and influence transmission dynamics [15, 45, 51-54]. But determining the 

life history of co-infecting genotypes in natural infections is challenging. Whether genotypes 

were inoculated during a single mosquito bite or by sequential bites will result in different 

competitive interactions, because novel genotypes will experience stronger immune responses. 

In a recent study, it was shown that, in high transmission setting, multi-genotype infections 

result from parasites co-transmitted from single mosquito bites [50].  

Our results support previous evidences that co-infection with multiple genotypes represent a 

mean to maintain genetic diversity and thereby polyclonal infections represent a reservoir of 

genetically diverse parasites [50, 55]. The high frequency of mixed infections carrying the wild-

type CQ sensitive CVMNK genotype at low density may reflect strain-specific immunity [45, 

56]. Numerically dominant parasites would shield rarer parasites from host immune responses. 

In this hypothesis, maintenance of minority strains within the population implies that they are 

transmitted to mosquitoes. Accordingly, in a previous work we followed transmission stages of 

parasites through its mosquito vector and showed that genotypes at sub-patent densities in the 

gametocyte isolates successively developed until the infectious sporozoite stage [57]. Because 

mixed infections lead to lower parasite burden in the mosquito, we suggested that genetic 

complexity was a strategy used by P. falciparum to survive the mosquito’s immune responses 

[58]. A similar scenario may happen in the human host as the fitness of malaria parasites is 

dependent on the within-host ecology [46, 52, 59]. Indeed, malaria parasites face frequent 
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environmental changes, such as antimalarial drug treatment, host immune pressure and 

competition with co-infecting parasites, and adjust fitness traits to their changing environment 

[52, 54]. In absence of drug treatment, resistant parasites suffer the cost of resistance and 

competition with sensitive parasites reduces the density of resistant ones, they suffer 

competitive suppression [44]. By contrast, in a host treated with an antimalarial drug, resistant 

parasites out-compete their sensitive competitors and expand, a phenomenon known as 

competitive release [44]. Here, we propose that co-infection represents an adaptive response 

that facilitates the survival of genetically diverse parasites. As competitive suppression prevents 

the emergence of de novo resistant mutants in the absence of drug treatment, coexistence of 

multiple sensitive/resistant parasites is less detrimental at the population level for organisms 

living in varying environmental conditions [14, 46, 52, 55].    

Conclusion 

Our study indicates that competitive interactions are more complex in natural infections and 

our results from naturally infected isolates of parasites suggest that competition-survival trade-

offs probably occur to maintain parasite genetic diversity in the wild. The high frequency of 

CQ resistant parasites at low density supports cooperative interactions that favour coexistence 

of drug-sensitive and resistant parasites. Whether coexistence of diverse parasites allows a more 

rapid expansion of drug resistant parasites in response to drug policy changes will require 

further investigations. Despite WHO warnings, CQ and HCQ have been used extensively for 

Covid-19 prevention and treatment in Africa since the pandemic in 2020 [60]. This novel drug 

pressure will obviously compromise efforts to reverse CQ drug resistance, which is a 

prerequisite for reintroduction of CQ in combination therapy regimen.  
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SUPPLEMENTARY MATERIAL

Supplementary Figures

Supplementary Figure S1. Amplicon location in the genes associated with antimalarial drug 

resistance (A) and in diversity genes (B). (a) Nucleotide position of the amplicon and codon 

position for SNPs of interest is indicated for each gene (from Nag et al. 2017 [1]). (a) 

Nucleotide position of the targeted amplicon within the corresponding protein is indicated for 

each diversity marker [2, 3].

a

b



109 

 

 

Supplementary Figure S2. Relation between asexual parasite density and age according to clinical 

status. 
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Supplementary Figure S3. Proportion of blood samples with different clone numbers for each diversity 

marker and according to clinical status. 
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Supplementary Figure S4. SNP difference between genotypes identified in mixed infections from 

asymptomatic and symptomatic individuals with the CPMP and CSP markers. 
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Supplementary Figure S5. Genotype accumulation curves (a) and genotype abundance distribution (b) 

for the CPMP (left) and CSP (right) markers. (a) Accumulation curves were obtained using the 

specaccum function in VEGAN [4] with the exact (blue) and random (yellow) models. (b) The genotype 

abundance distribution was plotted by fitting the Preston log-normal model that bins genotypes into 

frequency classes of increasing sizes. The estimated veiled genotype number using the Preston model 

was 2.8 for CMP and 1.5 for CSP.
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Supplementary Figure S6. Correlation of evenness index obtained with the two CPMP and CSP 

markers. 
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Supplementary Figure S7. Proportion of blood samples carrying wild-type, mutant or mixed genotypes 

at each antimalarial resistance marker for symptomatic and asymptomatic individuals. 
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Supplementary Figure S8. Distribution of SP resistance haplotypes among symptomatic and 

asymptomatic individuals. Haplotypes were inferred by combining genotypes identified in the dhfr and 

dhps genes, excluding samples with mixed genotypes. For asymptomatics, 33 samples; for 

symptomatics, 41 samples. 
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Supplementary Tables 

 

Supplementary Table S1. Primers used for PCR reactions for genes associated with 

antimalarial resistance. 

Fragment Name Reference Gene  Primer sequence Size (bp) 

Pfdhfr.1 DHFR (PF3D7_0417200) F. ATGATGGAACAAGTCTGCGACGTTTTCGA 

R. CTAAAAATTCTTGATAAACAACGGAACCTCC 

523 

Pfmdr1.1  F. ATGGGTAAAGAGCAGAAAGAGAAAAAAGATG 

R. GTTATAAATTTCGTACCAATTCCTGAACTCA 

515 

Pfmdr1.7 MDR1 (PF3D7_0523000) F. TTTGTCCAATTGTTGCAGCTGTATTAACTTT 

R. TGCATTTTCTGAATCTCCTTTTAAGGACATT 

488 

Pfmdr1.8  F. GGTAAAGTTGATATTAAAGATGTAAATTTCC 

R. TGGTCCAACATTTGTATCATATTTATTTGG 

552 

Pfcrt.2 CRT (PF3D7_0709000) F. TGGCTCACGTTTAGGTGGAGGTTCTTG 

R. ACTGAACAGGCATCTAACATGGATATAGC 

509 

Pfdhps.3 DHPS (PF3D7_0810800) F. ACCATCAGATGTTTATATAACAAATATGTG 

R. CTGGATTATTTGTACAAGCACTAATATCA 

493 

Pfdhps.4 F. AGAATGTGTTGATAATGATTTAGTTGATAT 

R. GATATAAAAGTTGATCCTTGTCTTTCCT 

521 

PfK13.2 K13 (PF3D7_1343700) F. CTGACAGCAAATAATATAACTAATAATCT 

R. TCTTCATCAAATCGTTTCCTATGTT 

488 

PfCPMP CPMP (PF3D7_0104100) F. CATAAGTCATTAAAATTTATGGAT 

R. CGTTACTATCAAGATCGTTAATATC 

430 

PfCSP CSP (PF3D7_0304600) F. AAATGACCCAAACCGAAATGT 

R. GGAACAAGAAGGATAATACCA 

329 

ama1_D2  

AMA1 (PF3D7_1133400) 

 

F. GGTCCTAGATATTGTAATAAAG 

R. CATGTTGGTTTGACATTAAA 

479 

ama1_D3 F. TACTACTGCTTTGTCCCATC 

R. TCAGGATCTAACATTTCATC 

516 
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Supplementary Table S2. Diversity indexes obtained for both CPMP and CSP markers. 

Diversity indexes were calculated using the VEGAN package (version 2.5-7) [4]. 

Diversity index 

CPMP  

Estimate (se) 

CSP  

Estimate (se) 

Genotype richness 91 53 

Chao1 92.376 (1.479) 54.769 (2.173) 

Jacknife 100.909 (3.425) 57.954 (2.625) 

Shannon 0.564 (0.055) 0.598 (0.057) 

Simpson 0.289 (0.026) 0.306 (0.027) 

Pielou 0.627 (0.027) 0.557 (0.066) 

 

 

 

Supplementary Table S3. Genotype diversity and differentiation measures between 

asymptomatic and symptomatic individuals for both CPMP and CSP markers. Indexes were 

computed using the SpadeR package [5]. s.e. estimates were obtained by 100 bootstrap 

replications. 

Marker CPMP CSP 

Status Asymptomatics Symptomatics Asymptomatics Symptomatics 

Diversity :     

Cumulated 

genotypes 260 93 267 98 

Genotype richness 79 57 48 43 

Shared genotypes 45 38 

Differentiation :     
Jaccard 0 (0.125) 0.918 (0.115) 

Sorensen 0 (0.176) 0.846 (0.182) 

Gst 0.005 (0.001) 0.003 (0.002) 

Shannon-Horn 0.092 (0.071) 0.144 (0.032) 
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Supplementary information on the prevalence of antimalarial resistance point mutations 

The pfmdr1 gene displayed low levels of polymorphism and no mixed infections were found 

for the 3 MDR1 amplicons. Mutation Y184F mapped outside our amplicons and was not 

screened here. The N86Y mutation that plays a role in CQ resistant parasites was the most 

frequent (16/1116, 13.8%). All parasite isolates carried the wild-type allele at positions S1034C, 

N1042D and D1246Y. Only positions K34R and N86Y were identified as polymorphic and 

mutant 34R was only observed in one symptomatic infection. Mutant genotypes represented 

less than 15% of infections and the frequency of mutant genotypes was not different between 

symptomatic and asymptomatic samples (p=0.964, Suppl. Figure S7). Mutant genotypes 

experienced a drastic reduction as compared to our previous study conducted between 2005 and 

2009 in the same populations, in Yaoundé for symptomatics and Mfou for asymptomatics, 

where carriage of the 86Y mutant exceeded 90%, in overall single and mixed infections [6].  

All parasite samples carried the wild type pfcrt allele at codons C72S and V73/. Only two 

genotypes were recovered, the wild type CVMNK and the CQ resistant mutant CVIET. The 

Pfcrt wild-type genotype CVMNK reached high prevalence in both sample sets, 94.3% (50/53) 

and 64,4% (38/59) in symptomatics and asymptomatics, respectively (Suppl. Figure S7). This 

represents a large increase as compared to our previous study [6] where prevalences of the wild-

type genotype were only 19% and 15%, respectively in symptomatics and asymptomatics. The 

mutant CQ resistant genotype CVIET was only identified as single genotype infection in one 

symptomatic infection, which was a mono-infection. A total of 23 mixed CVMNK/CVIET 

infections were identified and mixed infections were significantly more frequent in 

asymptomatic samples (35.6% versus 3.8% in symptomatics, p < 0.0001), a trend already 

observed in Menard et al. [6].  

Three sites were polymorphic within the pfK13 amplicon, K189T, R255K and L258M but 

R255K and L258M were rarely identified. Infections with mixed K13 genotypes were only 

found in asymptomatics and represented less than 10% (5/60) of samples (Suppl. Figure S7). 

Over 50% of infections (61/114) harboured mutant genotypes, mostly with the only K189T 

mutation. These mutations have not been associated with ART resistance. 

The pfdhfr amplicon encompassed mutations A16V, N51I, C59R, S108N and I164L that have 

been associated with pyrimethamine resistance. No mutant codon was identified at positions 16 

and 164. The triple IRN mutation reached almost fixation, identified in 98.3% (114/116) of the 

samples. All asymptomatic carriers harboured the IRN mutant genotype, two samples were 
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mixtures IRN + WT and IRN + S108. Symptomatic individuals were infected with a single 

DHFR genotype, 96.3% (52/54) with IRN and the 2 others with WT and S108N.  

The pfdhps gene was the most polymorphic, even if no mutant codon was identified at positions 

431 and 540. A total of 31.1% (34/109) of samples were mixed infections (Suppl. Figure S7). 

The 437G mutation reached a prevalence of 94.5% (103/109). The most prevalent genotypes 

were the single ISGKAA and double IAGKAA mutants, identified in 64% (48/75) and 21.3% 

(16/75) single infections, respectively. The wild-type ISAKAA genotype was identified in 3 

(5.5%) symptomatic individuals and only as single genotype infection, while in asymptomatic 

carriers this genotype was present only in 4 mixed genotype infections. Prevalence of the 581G 

and 613S mutations reached 7.7% (9/117) and 10.3% (12/117), respectively. These two 

mutations that mediate enhanced SP resistance and are selected by IPTp with SP remains in the 

same proportion as our previous report from 20210-11 [7]. 

SP resistance results from the accumulation of mutations in both DHFR and DHPS genes. We 

inferred dhfr/dhps haplotypes by combining genotypes identified at each of the 3 amplicons, 

excluding samples with mixed genotypes (Suppl. Figure S8). The quadruple mutant 

IRNI/ISGKAA and the quintuple mutant IRNI/IAGKAA were the most prevalent, present in 

63.5% (47/74) and 21.6% (16/74) blood samples, respectively. The sextuple mutant 

IRNI/IAGKGS was identified in 3 (4%) infections. 
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Discussion and conclusion: The CVMNK genotype reached a prevalence of almost 80% while 

the Pfcrt CQ resistant genotype CVIET was found at low frequency, 20.5%, and mostly in 

mixed genotype infections. Previous works that examined Pfcrt mutations among clinical cases 

in the same area reported increasing prevalence of the Pfcrt 76T mutant until 2009, despite CQ 

withdrawal in the country in 2002. Prevalence of the CQR Pfcrt 76T mutant was 70% in 2001 

(Basco, 2002), reached 77% in 2004-2006 (Mbacham et al., 2010) and 81% between 2005 and 

2009 (Menard et al., 2012). After 2009, reports from other regions in Cameroon indicated that 

proportion of the Pfcrt 76T mutant decreased. A drop in the frequency of the mutant Pfcrt 76T 

allele, from 96% in 2003-2005 to 67% in 2009-2013, was found among symptomatic children 

in the South-West Region of Cameroon (Moyeh et al., 2018). In East Cameroon, prevalence of 

the CVIET mutant switched from 72% to 46% between 2003 and 2012, even if samples were 

collected among distinct populations, symptomatics and asymptomatics, and in different 

villages, Bertoua and Messok, respectively (Ndam et al., 2017).  

By contrast with the over-dominance of sensitive genotypes in Pfcrt, the wild-type genotypes 

in Pfdhfr and Pfdhps genes were unfrequent. The Pfdhfr IRN resistant genotype approached 

saturation, as observed in other African countries (Mensah 2020,). The wild-type Pfdhps 

genotype was found in three monoclonal symptomatic infections and in four asymptomatics in 

mixed-infections, of which the infection densities of the wild-type parasites were low (less than 

6%). This finding is certainly linked to SP drug pressure that maintains polymorphisms in 

Pfdhfr and Pfdhps genes. In Cameroon, intermittent preventive treatment in pregnancy (IPTp) 

with SP is used since 2004, and SP is also administrated for treatment of uncomplicated malaria 

because of its lower price despite its non-recommendation by national guidelines, (Chauvin et 

al., 2015). This drug pressure has induced changes in the prevalence of mutations associated 

with SP resistance and the emergence of highly resistant parasites. The Pfdhfr/Pfdhps quadruple 

mutant IRN-G remains dominant, which is consistent with other studies from West and Central 

Africa (Chauvin et al., 2015; Mensah et al., 2020; Moyeh et al., 2018; Narh et al., 2020; Svigel 

et al., 2021). The sextuple mutant IRN-AGKSG is reported here for the first time in Cameroon. 

Progressive accumulation of mutations in Pfdhfr/Pfdhps genes confers higher levels of SP 

resistance and further studies will be necessary to evaluate the in vitro and in vivo susceptibility 

to SP of this novel haplotype. Indeed, this sextuple mutant was recently found in Ghana 

(Mensah et al., 2020) and it may represent a new super resistant parasite. 

In the Pfk13 gene, the K189T mutant codon was present in half of the samples and this 

represents an increased frequency for this mutation. Previous works reported for this mutation 
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a prevalence of 21% in blood samples from 2008-2009 in Bolifamba, South West region, and 

36% in samples collected in 2013-2014 in surrounding areas (Apinjoh et al., 2017). Mutation 

K189T is located outside the Pfk13 propeller region that contains polymorphisms conferring 

ART resistance and has not been associated with delayed parasite clearance (Group, 2019). 

Increase in the prevalence of the K189T mutation may reflect pressure from partner drugs used 

in ACTs, as already suggested for the C580Y mutation (Windle et al., 2020). Higher diversity 

in the Pfk13 gene is observed in the African region with a low frequency of mutated codons 

(Ocan et al., 2019). The R255K mutation that was present in 3 of our samples has already been 

described in Africa (Group, 2019) and the L258M which was found in a single sample in this 

study may represent a novel mutation.  

Comparing the genetic diversity between symptomatics and asymptomatics, we observed that 

asymptomatics had a higher genetic diversity, which is usually the case in malaria endemic 

areas (Barry et al., 2021). Lower diversity of symptomatics could be as a result of a higher 

prevalent of a dominant and more virulent parasite clone in asymptomatics (Mercereau-

Puijalon, 1996). Higher MOI in asymptomatics implies the study area is characterised by high 

malaria transmission intensity. This could be due to several exposures of infective mosquito 

bites, or the polyclonal parasites from single mosquito bites (Eldh et al., 2020; Nkhoma et al., 

2020). 

Hence, we observed that the prevalence of antimalarial drug associated mutations was similar 

in both groups, even though mixed infections were mostly found in asymptomatics. More so, 

asymptomatics were more diverse, and unique clones were mostly seen in symptomatics. 

We further compared the results of Mfou obtained from nested PCR with those from NGS 

(Table 5). For the Pfcrt gene, we observed a higher frequency of the wild type CQ sensitive 

allele K76 using nested PCR. However, NGS helped us determine the CVMNK and CVIET 

haplotypes present in the population that could not be determined by Nested PCR, as well as 

mixed infections. Looking at the Pfmdr1 gene, majority of the samples from NGS had the WT 

N86 allele while half of the samples analysed using Nested PCR were either the WT N86 allele 

or mixed alleles. NGS further revealed that the WT alleles were present in other mutations in 

the Pfmdr1 gene. More so, SNPs from the Pfdhfr and Pfdhps genes revealed similar results 

from Nested PCR and NGS analysed samples. Nonetheless, NGS was able to explore several 

SNPs associated with resistance such as the Pfdhps S436A and A613S which helped in 

determining the presence of the sextuple mutant haplotype IRN-AGKGS which is the first time 

being reported in Mfou. Furthermore, NGS helped us sequence the propeller region of the 
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PfK13 gene, which is associated to ARTR, which cannot be achieved via Nested PCR. Thus, 

NGS helps better monitor antimalarial drug resistance, and is best to monitor antimalarial drug 

resistance in malaria endemic regions (Ishengoma et al., 2019). 
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Table 5: Antimalarial drug resistance SNPs analysed using Nested PCR and NGS 

 Ref. 

allele 

Alt. 

allele 

Ref. Freq. Alt. Freq Mixed Freq. Total 

Nested 

PCR 

NGS Nested 

PCR 

NGS Nested 

PCR 

NGS Nested 

PCR 

NGS 

Pfcrt_72 C S - 100% 

(49/49) 

- 0.0% 

(0/49) 

- 0.0% 

(0/49) 

- 49 

Pfcrt_73 V - - 100% 

(49/49) 

- 0.0% 

(0/49) 

- 0.0% (0) - 49 

Pfcrt_74 M I - 71.43% 

(35/49) 

- 0.0% 

(0/49) 

- 28.57% 

(14/49) 

- 49 

Pfcrt_75 N E - 71.43% 

(35/49) 

- 0.0% 

(0/49) 

- 28.57% 

(14/49) 

- 49 

Pfcrt_76 K T 88.5% 

(716/809) 

71.43% 

(35/49) 

2.84% 

(23/809) 

0.0% 

(0/49) 

8.65% 

(70/809) 

28.57% 

(14/49) 

809 49 

Pfmdr1_86 N Y 44.62% 

(369/827) 

84.62% 

(44/52) 

9.31% 

(77/827) 

15.39% 

(8/52) 

46.07% 

(381/827) 

0.0% 

(0/52) 

827 52 

Pfmdr1_1034 S C - 100% 

(52/52) 

- 0.0% 

(0/52) 

- 0.0% 

(0/52) 

- 52 

Pfmdr1_1042 N D - 100% 

(52/52) 

- 0.0% 

(0/52) 

- 0.0% 

(0/52) 

- 52 

Pfmdr1_1246 D Y 97.94% 

(809/826) 

100% 

(52/52) 

1.09% 

(9/826) 

0.0% 

(0/52) 

0.97% 

(8/826) 

0.0% 

(0/52) 

826 52 

Pfdhfr_16 A V - 100% 

(52/52) 

- 0.0% 

(0/52) 

- 0.0% 

(0/52) 

- 52 

Pfdhfr_51 N I 0.85% 

(7/825) 

0.0% 

(0/52) 

99.15% 

(818/825)  

96.15 

(50/52) 

0.0% 

(0/825) 

3.85% 

(2/52) 

825 52 

Pfdhfr_59 C R 0.72% 

(6/833) 

0.0% 

(0/52) 

99.28% 

(827/833) 

96.15 

(50/52) 

0.0% 

(0/833) 

3.85% 

(2/52) 

833 52 

Pfdhfr_108 S N 0.0% 

(0/821) 

0.0% 

(52/52) 

100% 

(821/821) 

96.15 

(50/52) 

0.0% 

(0/821) 

3.85% 

(2/52) 

821 52 

Pfdhfr_164 I L 100% 

(824) 

100% 

(52) 

0.0% 

(0/824) 

0.0% 

(0/52) 

0.0% 

(0/824) 

0.0% 

(0/52) 

824 52 

Pfdhps_436 S A - 72% 

(36/50) 

- 26% 

(13/50) 

- 22% 

(11/50) 

- 50 

Pfdhps_437 A G 5.19% 

(42/809) 

20% 

(10/50) 

94.80% 

(767/809) 

74% 

(37/50) 

0.0% 

(0/809) 

26% 

(13/50) 

809 50 

Pfdhps_540 K E 98.88% 

(810) 

100% 

(50/50)  

0.12% 

(1/811) 

0.0% 

(0/50) 

0.0% 

(0/50) 

0.0% 

(0/50) 

811 50 

Pfdhps_581 A G 98.15% 

(796) 

96.15% 

(25/26) 

1.85% 

(15/811) 

3.85% 

(1/26) 

0.0% 

(0/811) 

0% 

(0/26) 

811 26 

Pfdhps_613 A S - 88.46% 

(23/26) 

- 7.69% 

(2/26) 

- 3.85% 

(1/26) 

- 26 

PfK13_189 K T - 57.06% 

(24/51) 

- 52.94% 

(27/51) 

- 8.33% - 51 

PfK13_255 R K - 94.12% 

(48/51) 

- 1.96% 

(1/51) 

- 3.92% 

(2/51) 

- 51 
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Of note: for this chapter, analyses are still ongoing and the results are preliminary. 
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Introduction 

The thriving of Plasmodium falciparum in its mosquito vector is vital for the continuous 

transmission of malaria. Nonetheless, the genetic diversity of the malaria parasite vary in 

several and different epidemiological areas (Anderson et al., 2000; Arnot, 1998). Several 

genotypes are mostly present in single parasite isolates, especially in malaria endemic settings, 

hence hindering P. falciparum genetic studies (Morlais et al., 2015). 
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Knowledge on the genetic diversity and antimalarial drug resistance haplotypes present in 

parasite stages developing in the mosquito, from specific gametocyte isolates will enable us 

better understand the dynamics of malaria transmission. Few studies have been carried out on 

the transmission of different haplotypes of the P. falciparum from gametocytes to sporozoites 

in single parasite isolates. (Morlais et al., 2015; Nsango et al., 2012). Thus, it is important to 

fathom how these parasites develop in their vector by determining which haplotypes are better 

transmitted by the mosquito, and in so doing give directions on malaria control strategies. 

The aim of this study was to do a follow up per parasite field isolate, on the different haplotypes 

associated with antimalarial drug resistance and the genetic diversity of the P. falciparum from 

filtered blood gametocytes to oocysts from midgut and finally sporozoites in the salivary gland, 

to determine haplotypes that are efficiently transmitted by their mosquito vector.  

 

Results 

A total of 2,339 pupils were sampled from 11 primary schools. 53% (1241/2339) were infected 

with trophozoites, 10.3% (241/2339) were infected with gametocytes, 9.49% (222/2339) had 

P. malariae, 82.69% (1934/2339) had P. falciparum and 7.82% (183/2339) had mixed 

Plasmodium infections. Of the 241 pupils infected with gametocytes, 53 of them were chosen 

as volunteers for mosquito experimental infections, with 86% (43/50) of the carriers being 10 

years and below. 

The sex ratio (M/F) was 1.11 (26/24). The average temperature was 36.95°C, the mean weight 

was 25.57Kg, the mean age was 8.43 years. The mean Hb was 11.63g/dl of blood. The mean 

gametocyte per µl of blood was 135.5, and the mean trophozoites per µl of blood was 386.1 

(Table 1). 92.45% (49/53) of the gametocyte carriers said they did not sleep under mosquito 

nets, and 83.02% (44/53) of the donors had no recent malaria cases.  

A total of 53 feedings (Table 5) was carried out of which 1,072 mosquito salivary glands were 

dissected 14 days post infection (P.I). DNA extraction was carried out in these samples, and 

qPCR tested positive for 249 (23.23%) P. falciparum mono infection. 210 samples were 

selected for AmpSeq, and 208 samples were successfully sequenced. 
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Table 1: Infection parameters of the study population. 

 

 

 

 

 

 

Comparison of multiplicity of infection in asexual and sexual parasite stages 

The parasitaemia in asexual parasites was significantly higher than those of sexuals (paired t-

test, t=2.76, df=49, P=0.008, Table 3). Number of co-infecting clones (MOI) does not associate 

with parasite densities in the asexual parasite stage (LRT X2
1 = 0.4, P=0.524, Table 3, Figure 

5a) but MOI is negatively correlated with sexual parasite density (LRT X2
1 = 21, P<0.001, 

Figure 5a), then gametocyte carriers with high parasite burden are less likely to carry complex 

infections. Number of co-infecting clones is not significantly different in asexual and sexual 

stages (LRT X2
1 = 0.8, P=0.368, Figure 1b) and MOI in sexual parasites correlates with that in 

asexuals (Figure 5c). 

Table 3. Characteristics of parasite samples (N=50). 

Parasite stage asexual sexual 

Parasitaemia 

728 [IQR152-

2124] 48 [IQR 24-114] 

Median MOI 5 (range 1-16) 4 (range 1-15) 

 

 

Parameters Mean Range 

Age (yrs) 8.434 5 – 15  

Weight (Kg) 25.57 13.80 – 42.00 

Temperature (°C)  36.95 36 – 37.40 

Blood Hb (g/dl) 11.63 7.20 - 14.20 

Gametocytes/µl of blood  135.5 0.0 – 2208.0 

Trophozoites/µl of blood 386.1 0.0 – 4747.2 
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Figure 5. Multiplicity of infection is conserved from asexual and sexual parasite stages a. Association 

between parasite density and the number of co-infecting clones according to parasite developmental 

stage. b. Multiplicity of infection in asexual and sexual parasites. Data from 50 blood donors. c.

Correlation of the number of co-infecting clones in asexual and sexual parasite stages. MOI, number of 

co-infecting clones.

Assessment of sequence reads and MOI

We tried to assess the effect of reads on the MOI, and observed the number of reads did not 

influence the MOIs, irrespective of the molecular marker used (Figure 1) (X-squared = 189.95, 

df = 88, p-value = 1.837e-09).
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Figure 1: Relationship between the proportion of reads and MOI from blood gametocytes and mosquito 

sporozoites. Irrespective of using the molecular markers CPMP or CSP, the number of reads did not 

affect the MOI. 

 

Comparing MOIs in gametocytes and sporozoites 

A total of 50 gametocytes and 208 sporozoites were used to determine the MOIs of gametocytes 

and sporozoites respectively. This study did not observe any significant difference in the MOIs 

found in gametocytes and those observed in sporozoites (P = 0.099) (Figure 2). Notably, minor 

clones observed in gametocytes were major clones in sporozoites (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: There was no significant difference in the MOI of gametocytes and sporozoites  
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Figure 3: Minor clones in gametocytes were seen as major clones in sporozoites. Diagram shows an 

example of clones in an individual gametocyte sample C511 and the various sporozoites samples C511-

1 to C511-16 obtained from mosquitoes after they blood fed from this gametocyte donor 14 days PI. 

 

 

Antimalarial drug resistance SNPs 

Pfmdr1: Two haplotypes were observed; the single mutant N86Y haplotype in 22.45% (11/49) 

gametocytes and 18.75% (39/208) sporozoites, and the wild type WT haplotype was observed 

in 79.59% (39/49) and 80.77% (168/208) gametocytes and sporozoites respectively. There was 

no significant difference in the haplotypes present in both stages (P = 0.95) (Figure 4b). 

Pfdhps: Overall, there was no significant difference in the haplotypes observed in both parasite 

stages (P = 2.2e-10) (Figure 4e). The Pfdhps was the most polymorphic gene with 5 haplotypes 

observed with the single mutant haplotype 437G being the most prevalent and the WT 

haplotype completely absent from the sporozoites (Table 2). 

Pfcrt: Looking at the Pfcrt, 2 haplotypes were seen, the wild type WT haplotype in 87.76% 

(43/49) and 89.9% (187/208) of gametocytes and sporozoites respectively. The 

M74I+N75E+K76T haplotype was observed in 28.57% (14/49) and 15.87% (33/208) in 

gametocytes and sporozoites (P < 2.2e-16) (Figure 4a). 

Pfdhfr: 3 haplotypes were observed, the N51I+C59R+S108N triple haplotype which was 

observed in all gametocyte (49/49) and sporozoite (208/208) isolates. The second haplotype 
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was the single mutant S108N haplotype, which was present in 1 gametocyte sample and 6.25% 

(13/208) sporozoite samples. There was an overall significant difference in haplotypes present 

in gametocytes and those in sporozoites (P = 0.00013) (Figure 4d).

PfK13: No known SNP associated with ARTR was observed. 3 haplotypes were seen; one with 

the K189T mutation, the second had the R255K mutation and the third was the wild type WT 

with no mutation. The K189T haplotype was observed in 48.98% (24/49) of gametocytes and 

54.33% (113/208) of sporozoites. The R255K was present in 6.12% (3/49) and 1.44% (3/208) 

of gametocytes and sporozoites respectively. The wild type haplotype WT was present in 

53.06% (26/49) and 45.19% (94/208) of the gametocytes and sporozoites respectively. 

Haplotypes in gametocytes were significantly slightly higher in gametocytes than sporozoites 

(P = 0.049) (Figure 4c).

a
b

d

c
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Figure 4: Comparing SNPs associated with antimalarial drug resistance in gametocytes and sporozoites. 

Pfcrt, gene (a) and the Pfmdr1 gene (b) didn’t show any significant difference in SNPs from gametocytes 

and those from sporozoites. The PfK13 gene (c) and Pfdhfr gene (d) observed a significant difference in 

the SNPs present in gametocytes and sporozoites. The Pfdhps gene (e) had the highest number of 

haplotypes, and the WT haplotype was only present in gametocytes. 

 

Table 2: Pfdhps SNPs data from gametocyte donors and sporozoites 

SNP Gametocyte Sporozoites 

436A 24.49% (12/49) 15.39% (32/208) 

437G 75.51% (37/49) 83.17% (173/208) 

AG 12.25% (6/49) 9.62% (20/208) 

VAG 30.61% (15 /49) 16.83% (35/208) 

WT 4.08% (2 /49) 0.0% (0/208) 

 

 

 

  

e 
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Table 4: Characteristics of gametocyte carriers and their transmission success parameters in the mosquito 

Oocysts 

carrier 

GTC/µl of 

blood 

MOI Tropho/µl of 

blood 

No. of midgut 

dissected 

Oocysts 

mean 

Oocyst 

range 

Oocyst 

prevalence 

(%) 

No. of 

salivary 

gland 

dissected 

No. of infected 

with spz 

C459 16 6 25.6 53 0.6038 0 - 6 30 30 1 

C460 504 1 806.4 39 1 0 - 9 37 30 2 

C461 48 7 76.8 61 4.164 0 - 17 79 0 0 

C462 448 2 716.8 64 17.3 0 - 79 77 0 0 

C463 48 10 76.8 28 0 0 0 1 0 

C464 112 2 179.2 61 5.525 0 - 56 62 0 0 

C465 232 1 371.2 28 0 0 0 0 0 

C466 32 8 51.2 60 1.1 0 - 6 42 3 0 

C467 224 5 358.4 42 0.3571 0 - 2 26 30 0 

C468 192 2 307.2 42 0.5 0 - 2 31 49 0 

C469 48 3 76.8 60 1.133 0 - 10 53 30 0 

C470 32 3 51.2 55 0.07273 0 - 1 7 0 0 

C471 16 2 25.6 43 0.0303 0 - 1 3 0 0 

C472 64 4 102.4 43 0.02326 0 - 1 2 0 0 

C473 56 - 89.6 33 4.706 I - 11 100 0 0 

C474 72 5 115.2 24 2.083 0 - 6 100 1 0 

C475 48 5 76.8 62 1.677 0 - 6 76 30 13 

C476 32 3 51.2 44 0.4091 0 - 3 27 30 0 

C477 24 4 38.4 59 1.051 0 - 5 0 30 4 

C478 8 4 12.8 62 1.484 0 - 8 54 30 9 

C479 120 5 192 63 9.571 0 - 27 95 30 17 

C480 104 7 166.4 60 2.333 0 - 8 80 30 21 

C481 128 5 204.8 58 4.69 0 - 18 76 30 18 

C482 40 7 64 60 8.25 0 - 37 82 30 8 

C483 24 3 38.4 60 2.683 0 - 13 75 30 9 

C484 48 4 76.8 65 1.108 0 - 8 43 37 0 

C485 24 2 38.4 34 1.029 0 - 6 38 30 0 

C486 96 4 153.6 65 0.6769 0 - 7 29 30 0 

C487 16 7 25.6 36 1.778 0 - 10 56 30 3 

C488 8 8 12.8 40 0.275 0 - 1 28 30 1 

C489 8 - 12.8 0 0 0 0 30 1 

C490 32 1 51.2 48 3.208 0 - 14 81 30 15 

C491 96 1 153.6 28 6.5 0 - 21 71 30 0 

C492 32 2 51.2 18 0.3889 0 - 2 22 30 1 

C493 8 4 12.8 50 2.96 0 - 13 78 30 5 

C494 16 11 25.6 32 2.125 0 - 6 78 30 4 
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C495 32 16 51.2 44 6.159 0 - 25 75 30 12 

C496 8 2 12.8 33 0.02941 0 - 1 0 30 0 

C497 624 1 998.4 67 11.67 0 - 51 90 30 13 

C498 0 14 0 42 1.143 0 - 7 48 30 16 

C499 88 10 140.8 60 10.13 0 - 42 90 30 13 

C500 0 - 0 25 0 0 0 30 0 

C501 96 6 153.6 46 1.413 0 - 9 61 30 3 

C502 56 7 89.6 44 1.523 0 - 10 50 30 4 

C503 32 2 51.2 0 0 0 0 30 0 

C504 2208 1 3532.8 45 10.03 0 - 25 93 30 0 

C505 312 3 499.2 36 56.81 0 - 122 91 30 12 

C506 8 2 12.8 29 0.6552 0 - 4 0 30 5 

C507 16 4 25.6 0 0 0 0 30 0 

C508 104 7 166.4 44 24.18 0 - 62 91 30 2 

C509 56 1 89.6 57 2.281 0 - 15 54 30 3 

C510 312 3 499.2 42 4.024 0 - 24 54 30 20 

C511 176 6 281.6 58 13.53 0 - 31 54 30 14 

SPZ: sporozoites; GTC: gametocytes; Tropho: trophozoites; MOI: multiplicity of infection  
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Discussion 

The aim of this study was to determine the transmission success of different P. falciparum 

strains from their blood gametocyte isolates to the sporozoite infective stage in the mosquito 

salivary gland. Gametocyte density was used to measure transmission rates and has been seen 

to correlate with the fraction of mosquitoes infected, and the parasite burden per mosquito 

infected (Taylor et al., 1998).  

We used mosquito infection via membrane feeding assays to study the different P. falciparum 

genotypes in the field, from an area where malaria is hyperendemic and the entomological 

inoculation rate (EIR) is > 100 (Antonio-Nkondjio et al., 2002; Bonnet et al., 2003). Based on 

our findings, we had the following observations; 

As previously observed (Morlais et al., 2015), we confirm that transmission success was not 

seen in gametocyte monoclonal infections but in polyclonals. This confirms that coinfection 

helps in the transmission success of parasites. Thus, mosquito infection is influenced by the 

number of co-infecting clones in the gametocyte isolates. Minor clones in gametocytes were 

seen to be major clones in the sporozoite populations implying that the mosquito helps maintain 

the genetic diversity of the parasites, confirming previous studies (Morlais et al., 2015). 

Nonetheless, some studies (Ampfler et al., 2014; Campino et al., 2011; Nwakanma et al., 2008; 

Arez et al., 2003) hardly observed minor clones due to the molecular tools used, which were 

not sensitive enough to detect minor clones. Unlike us, we carried out next generation 

sequencing (NGS) using the Illimina Miseq which is a very sensitive tool and can detect rare 

and minor clones. More so, some clones that could not be detected in the gametocyte isolates 

were detected in sporozoites. This could be due to; inaccurate genotyping of gametocytes; the 

genotypes of minor clones were below PCR detection limits in gametocytes (Wampfler et al., 

2014); or may be due to recombination in the midguts. This scenario was also observed over 

five years ago (Morlais et al., 2015). 

Furthermore, transmission of parasite genotypes in the mosquito was dependent on the 

gametocytaemia, as there was a significant difference in the number of clones and parasitaemia. 

This implied that as the gametocytaemia increased, interestingly the number of clones reduced 

which may be due to the fact that the human host less rapidly clears multiple clone infections 

(Taylor et al., 1998). This is contrarily to previous studies (Taylor et al., 1998) that observed 

mixed clone infections had higher gametocyte density than single clones, but in line with 

Morlais et al. (Morlais et al., 2015) study conducted in the same area over 5 years ago. However, 
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we tried to compare this scenario with the asexual parasite stage, the trophozoites, and observed 

the parasite clones were independent of the parasitaemia, as there was no significant difference 

in the slight increase of clones with parasitaemia. This was in line with previous studies 

(Morlais et al., 2015; Touray et al., 2021).  

Looking at the SNPs associated with antimalarial drug resistance, the local mosquitoes didn’t 

select any antimalarial drug sensitive or resistant clones, as all strains in the blood gametocytes 

were also observed in the sporozoites, indicating that the vectors efficiently transmit both the 

resistant and sensitive strains. 

Conclusion 

No consistent differences in infections irrespective of multiple or single clone, resistant or 

sensitive strains. Mosquito infection prevalence was determined by the gametocyte density and 

the MOI. More so, minor genotypes in blood gametocytes became major haplotypes in the 

mosquito sporozoites implying that the mosquitoes favour the development of minority clones. 

Hence the mosquito shapes the P. falciparum population by sporogony within the mosquito 

vector, hence maintaining the genetic diversity of the parasites and favours the growth of both 

antimalarial drug sensitive and resistant strains. Malaria transmission dynamics still remains 

complex. It will be interesting to determine the mechanisms in the mosquito responsible for 

these changes in clone dominance. 

 

Materials and Methods 

Study Population: Sampling was carried out in primary schools (Figure 5) around Mfou, a 

small town 30km away from Yaounde, the capital of Cameroon. This area is characterised by 

perennial malaria transmission with a higher transmission intensity in the rainy season; August 

to November and April to June (reviewed in Nsango et al., 2012). 

Sampling was among children age ranging 4 – 15 years, and those who had asymptomatic 

malaria and where carriers of gametocytes were used as gametocyte donors. Screening was 

carried out in with the help of the medical team of Mfou district hospital during the rainy season 

from October to November in 2017 and 2018.  
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Figure 5: Map showing the different primary schools that were screened for gametocyte 

carriers. 

Gametocyte Screening: Thick blood smear was collected voluntarily from pupils by finger 

pricking, stained with 20% Giemsa and examined under the light microscope (1000X) to 

identify sexual and asexual stages of the Plasmodium parasites. Children with more than 50 

trophozoites per µl of blood and other asexual stages were treated ACTs (AS+AQ) respecting 

national guidelines. Gametocyte carriers were enrolled as gametocyte donors for mosquito 

infection after signed consent forms from parents/guardians. 

Mosquito infection: Blood collection and mosquito infections using membrane feeding assays 

was performed as earlier described (Harris et al., 2012; Nsango et al., 2012). Briefly, the 

Anopheles coluzzi, which is reared (conditions: 27 ± 2°, 85 ± RH 12H light/dark) at OCEAC 

(Organisation de Coordination pour la Lutte contre les Endémies en Afrique Centrale) 

Cameroon was the mosquito species used for the experiment. 4ml of venous blood was 

collected in heparinized tubes from each gametocyte donor. The blood was centrifuged for 5 

minutes at a temperature of 37°C at 2000g, and the serum of the participant was replaced by a 

non-immune AB serum to remove human blocking immune factors. Glass feeders were 

prewarmed at 37°C, and 500µl aliquot was put in each feeder. The lab mosquitoes were placed 

cups per gametocyte carrier and fed for about 30 minutes via a parafilm membrane. After 

feeding, unfed mosquitoes were discarded, while the fed ones were kept in cups, and maintained 

at a temperature of 28°C in the insectarium and daily fed with 6% sucrose solution until 

dissections.  
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Gametocyte filtration: For each participant, 1ml of venous blood was collected, and 

gametocytes were filtered using the MACs Columns as previously described (Ribaut et al 

2008). The filtered gametocytes were suspended on 50µl of PBS stored in -20°C for further 

analyses. 

Mosquito Dissection: After 7 days post infection (PI), mosquito midguts of all live mosquitoes 

in one of the two cups per carrier were dissected and observed under a light microscope (200X) 

after staining with 0.4% mercurochrome to enable oocysts counts. The counts were recorded 

per midgut dissected to determine the infection prevalence for each gametocyte carrier, which 

was determined by the number of mosquitoes dissected. The infection intensity was then 

calculated as the average number of oocysts per mosquito. The carcasses of the midgut were 

placed in 50µl of PBS and stored in -20°C for further analyses. Mosquito salivary glands were 

dissected 14 days p.i and stored in 50µl PBS for molecular analyses.  

DNA Extraction: DNA was extracted from midguts, salivary glands and filtered gametocytes 

using the Qiagen blood and tissue kit, following the manufacturer’s protocol and then 

suspended in 50µl of the of the AE buffer.  

qPCR: The qPCR was done to; 1) confirm mono-infection of P. falciparum in gametocytes. 2) 

confirm and ensure mono-infection in oocyst positive samples. 3) identify sporozoite positive 

samples. The qPCR was done using the light cycler instrument following Mangold et al. 

(Mangold et al., 2005) method. The gene of target was the multicopy 18s rRNA, and the primers 

used were PL1473F18 [5’-TAA CgA ACg AgA TCT TAA-3’] and PL1679R18 [5’-gTT CCT 

CTA AgA AgC TTT-3’]. Each 10µl reaction mix consisted of 2µl template DNA, 2µl of 5X 

EvaGreen 0.3 µl of each primer (10 µm concentration) and 5.4 µl of water. The PCR conditions 

were 10mins initial denaturation at 95°C, then 40 cycles of amplification of 10 secs at 95°C, 5 

secs at 50°C and 20 secs at 72°C. Melting step followed, and consisted of 2 mins at 95°C, and 

68°C, a stepwise temperature increase of 0.2°C/s till 90°C. At each temperature transition, 

fluorescence was acquisitioned. Based on values determined from the different Plasmodium 

species controls, the mean melting temperature (Tm) was determined using the melting curve 

analyses. All positive P falciparum mono-infected samples of gametocytes, oocysts and 

trophozoites were selected for genotyping. 

Gene Amplification PCR: Genetic polymorphisms associated with antimalarials from five 

genes (Pfcrt, Pfmdr1, Pfdhps, Pfdhfr, PfK13) using primers from Nag et al. (Nag et al., 2017), 

and genetic diversity from four genes (CPMP, CSP, AMA1, MSP2) was assessed according to 
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Lerch et al. (Lerch et al., 2017, 2019). The same PCR protocol was used for gametocytes, oocyts 

and salivary glands, as previously described (Lerch et al., 2017, 2019; Nag et al., 2017). In 

brief, a linker and overhang adapters were added to amplicon specific primers to design the 

AmpSeq primers. 

The KAPA HiFi Hot Start Ready Mix (KapaBioSystems, USA) was used to perform the PCR 

reactions in a final volume of 25µl, consisting of 10µM Ampseq primers and 2µl of DNA 

isolate. The Eppendorf® Mastercycler® ep Gradiant S (Eppendorf, Germany) was used to run 

the amplification reactions. Visualisation of the PCR products was on a 2% agarose gel. Pooling 

of amplicons was done per sample for all 13 loci amplified. 

Library preparation and Miseq Illumina sequencing: The Genseq platform of the Labex 

CeMED Montpellier carried out library preparation and sequencing. Purification of pooled 

samples followed by amplification was carried out to add adapters for sequencing and 

multiplexing indices. Subsequently, the libraries were normalized and pooled, with the Phix 

library as control sequence. The fragment Analyzer was used to assess the quality of the library, 

which was then loaded on the flow cell. An illumine Miseq instrument was used to run the 

sequencing, the Miseq reagent kit V3 using paired-end technology.  

Bioinformatic and statistical analyses: The Fast QC was used to carryout control quality 

checks on the fastq files (Andrews S., 2010). The haplotype R was used to generate haplotypes 

(Lerch et al., 2017, 2019). In brief, based on the primer sequences, reads analogous to each 

marker were chosen. Subsequently, based on the FastQC results, the paired reads were trimmed 

and combined. Thereafter, calling of SNPs and haplotypes followed consecutively. The default 

parameters suggested by the authors were used to perform the analyses. Haplotypes were 

differentiated by observed alteration of one SNP. 

The R software version 4.0.3 was used to carryout statistical analyses, with the ggplot 2 used 

to build graphics. 0.05 was set as the statistical significance. 

Ethical Approval: Ethical approval was given by National Ethical Committee for Research in 

Human Health (CNERSH), Yaoundé, Cameroon under agreements 

2017/06/922/CE/CNERSH/SP, and 2018/09/1107/CE/CNERSH/SP approved this work. Only 

children with written parental consent agreement were included in the study. 
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Conclusions 
 

As earlier mentioned, this thesis aimed at determining the dynamics of P. falciparum mutations 

associated with antimalarial drugs from field isolates to their mosquito vectors. The specific 

objectives were to 1) describe the malaria situation in Tibati and Mfou; 2) determine the genetic 

diversity of P. falciparum symptomatic and asymptomatic infections; 3) determine the different 

P. falciparum clones and antimalarial drug associated alleles in different gametocyte carriers, 

and assess those that can be efficiently transmitted by their local mosquito vector; 4) Measure 

the transmission success of different drug resistant/sensitive genotypes in natural isolates of P. 

falciparum. 

Our study helped us address malaria epidemiology in two different epidemiological facets in 

Cameroon; Tibati in the Adamawa region characterised by seasonal malaria transmission, and 

Mfou in the Central region of Cameroon, characterised by perennial malaria transmission. 

Irrespective of the locality, the infection prevalence and intensity decreased with age in both 

symptomatics and asymptomatics.  

The malaria vectors in Tibati were characterised. The An. gambiae, An. coluzzii and An. 

funestus were the three vectors collected, with each equally considered to efficiently transmit 

the Plasmodium parasites. Considering the Plasmodium infection rates, there was no difference 

in Plasmodium infection rate among the three vectors. One An. coluzzii sample harboured the 

P. vivax. This was the first time P. vivax has been observed in its vector in Cameroon. 

Three Plasmodium species were identified in the blood samples collected; P falciparum, P. 

malariae, P. ovale, with P. falciparum accounting for 95% of malaria infections, confirming 

other studies that P. falciparum is most prevalent in Cameroon. 

Looking at the malaria epidemiology in both study sites, the infection prevalence and intensity 

decreased with age in both symptomatics and asymptomatics. We genotyped asymptomatic 

infections from Mfou and Tibati to determine the prevalence of SNPs associated with 

antimalarial drug resistance using Nested PCR and NGS for samples collected in Mfou. Parasite 

genotyping carried out in Mfou and Tibati using nested PCR showed a high prevalence of the 

wild type Pfcrt K76 and Pfmdr1 D1246 alleles that indicate the return of CQ sensitivity in both 

sites. More so, the overall infection prevalence was higher in Tibati than in Mfou. We further 

observed that the Pfdhfr triple mutant IRN linked to pyrimethamine resistance was fixed, as its 

prevalence exceeded more than 90%. We then looked at the degree of SP resistance by 
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combining mutations from the Pfdhfr and Pfdhps genes to form haplotypes. We observed that 

the quadruple mutant IRN-E which was responsible for the partial resistance of SP was most 

prevalent in both sites though higher prevalence was observed in Mfou. The sextuple haplotype 

IRNI-GEG, which is considered the SP super resistant haplotype was observed in Tibati at low 

frequency. This study is the first report that characterises antimalarial drug resistance in the 

Adamawa region after a change in drug policy over 15 years ago. 

We further determined using NGS the different SNPs associated with antimalarial drug 

resistance from asymptomatic and symptomatic samples collected in Mfou and Yaounde 

respectively, but this time in a relatively higher number of genes and SNPs in the Pfcrt, Pfmdr1, 

Pfdhps, Pfdhfr, PfK13 gene, which were not included in the Nested PCR genotyping. The 

Pfmdr1 gene was the least polymorphic gene.  

Irrespective of the clinical status, there was a general increase in the prevalence of the CVMNK 

CQ sensitive Pfcrt haplotype, even though the prevalence was higher in symptomatics than 

asymptomatics, and a low prevalence of the CQ resistant haplotype CVIET, which was mostly 

observed in mixed asymptomatic infections. The Pfdhps gene was the most polymorphic gene 

observed, harbouring several SNPs. The partial SP resistance quadruple haplotype was most 

prevalent, with the sextuple haplotype observed for the first time in Mfou.  

No known mutations associated to ARTR was observed, but mutations such as the R255K, 

L258M and K189T whose role have not yet been linked to ARTR were observed, especially 

the R255K and L258M mutations that were observed for the first time in Cameroon though at 

a very low frequency. 

Looking at the genetic diversity in symptomatic samples from Yaounde and asymptomatic 

samples from Mfou, we compared the genotypes from the two clinical statuses. We observed 

that mixed falciparum infections are more prevalent in asymptomatic carriers, and mutant 

genotypes were independent of the clinical status, as they could be present at relatively equal 

proportions in both symptomatic and asymptomatics.  

Using different molecular markers (CPMP, MSP2, CSP, and AMA1) to describe the genetic 

diversity of P. falciparum, we observed the CPMP marker best described the genetic diversity 

of P. falciparum. Furthermore, we observed higher genetic diversity in asymptomatics that help 

maintain the genetic diversity of the parasites and act as reservoirs. Rare alleles and unique 

genotypes were observed in symptomatics, with the proportion of single clones in symptomatics 

being higher than those in asymptomatics. 
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It was more interesting to use the Ampseq to determine the genetic diversity of the parasites, 

since firstly, the genotypes per sample could be quantified, minor and rare alleles could be 

determined, and also the fact that new and several mutations can be determined at the same 

time. This cannot be achieved with the nested PCR. 

Looking at parasite development in the mosquito, genotyping gametocytes, and sporozoites 

from mosquito salivary glands infected with the same gametocyte carriers using NGS helped 

us evaluate the transmission dynamics of P. falciparum. Based on preliminary analyses of 

mosquito infections, we observed similar MOIs in the gametocytes and sporozoites, even 

though there was a negative correlation between the gametocyte density and MOI. This 

indicates high gametocytaemia is associated with monoclonal infections. More so, minor and 

rare clones present in gametocytes had higher frequencies in sporozoites. Our results suggest 

that the mosquito plays a major role in maintaining the genetic diversity of minor parasite clones 

found in humans. Looking at drug resistance haplotypes, all the haplotypes present in 

gametocytes were also present in the sporozoites, indicating resistant and sensitive haplotypes 

are efficiently transmitted by the mosquito. 

Overall, this thesis highlights the complex interactions between P. falciparum genotype in 

natural infections and the role of asymptomatics and mosquito vectors in maintaining genetic 

diversity. 

Perspectives 
 

Our work confirmed the high prevalence sensitive allele K76 in Tibati and the CVMNK 

haplotype in Mfou. It will be interesting to use the Miseq which is better tool for malaria 

surveillance, to determine other resistant associated SNPs, rare and minor clones in Tibati 

falciparum parasites. More so, mutations in the PfK13 gene linked to ARTR was not assessed 

in Tibati. So, we look forward to determine the SNPs associated to ARTR in the area and also 

to sequence the whole PfK13 gene to determine the prevalence of new SNPs.  

Since the sextuple was observed in both the Central and Adamawa region, it will be interesting 

for us to do so in other regions, to get a better picture of SP resistance in the country. 

We observed the presence of mutations R255K, L258M and K189T in the PfK13. Even though 

these mutations have not been shown to be associated with ARTR, it will be interesting to know 

the role of these mutations and why the prevalence K189T has increased over the years in the 

country. 
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Rare clones were observed to be more prevalent in mosquitoes than blood gametocytes. So, we 

will like to study the mechanisms in the mosquitoes that trigger the efficient transmission of 

minor, rare and sensitive parasite clones. 

This work shows that competitive interactions are more complex in natural infections and our 

results from naturally infected isolates of parasites suggest that competition-survival trade-offs 

probably occur to maintain parasite genetic diversity in the wild. The high frequency of CQ 

resistant parasites at low density supports cooperative interactions that favour coexistence of 

drug-sensitive and resistant parasites. Whether coexistence of diverse parasites allows a more 

rapid expansion of drug resistant parasites in response to drug policy changes will require 

further investigations. 

Despite WHO warnings, CQ and HCQ have been used extensively for Covid-19 prevention and 

treatment in Africa since the pandemic in 2020. We aimed at assessing the impact of CQ and 

HCQ usage during the pandemic, and if it affected the prevalence of CQ sensitive haplotypes 

in the country. 

Lastly the presence of naturally occurring P. vivax in the mosquito indicates P. vivax circulation 

in the Adamawa and other regions of the country. So, we will like to sample larger populations 

to determine the frequency of this parasite the country. 
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