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Résumeé

En Gambie, la saisonnalité du paludisme se caractérise par environ 5 mois de transmission
élevée suivis de 7 mois de transmission faible a nulle, pendant lesquels les cas cliniques sont
rares. L’impact des changements constants entre les saisons de transmission forte et faible
sur la diversité génétique de Plasmodium falciparum est peu étudié. Puisque les cas importés
ne peuvent pas a aux seuls expliquer toutes les nouvelles infections a chaque saison de forte
transmission, les hotes humains serviraient donc de réservoir au parasite durant la saison de
faible transmission. La longue durée de ces infections chroniques pourrait étre provoquée par
I’élargissement du répertoire antigénique des parasites grace a la génération de génes var
chimériques pendant I'infection. Nous avons cherché a caractériser la diversité génétique de
Plasmodium falciparum dans l'est de la Gambie au niveau populationnel et de la cellule
individuelle a partir d’une étude longitudinale menée dans quatre villages voisins entre 2014
et 2017.

Des échantillons sanguins de 1505 participants ont été prélevés sur 16 périodes pendant la
saison des pluies et la saison seche. Sur les 436 échantillons positifs pour Plasmodium
falciparum provenant d’infections asymptomatiques, 89 single nucleotide polymorphisms ont
été génotypés avec succes, et 334 échantillons ont été séquencés en génome entier. Nous
avons utilisé 1'identity by descent (IBD), une méthode de comparaison permettant d’estimer la
parenté entre les isolats génotypés ou séquencés. Les parasites prélevés dans le méme foyer
étaient significativement plus apparentés génétiquement, en particulier lorsque les
prélévements étaient espacés de moins de trois mois. De plus, les parasites isolés pendant les
saisons de faible transmission étaient plus apparentés a la saison de forte transmission
précédente qu’a la suivante. Nous avons estimé que la majeure partie de la diversité
génétique des parasites se renouvelait aprés environ un an, avec l’exception notable d’un
individu de 9 ans infecté par le méme parasite pendant au moins un an et demi.

Pendant la saison seéche 2016/2017, nous avons étudié des infections chroniques
asymptomatiques chez 11 individus. Les génomes de Plasmodium falciparum provenant de
ces infections ont été séquencés en cellule unique ex vivo, ou en bulk avec des lectures
longues aprés un mois d’adaptation en culture. Les assemblages en lectures longues des
clones de parasites ont donné des contigs de grande taille annotés avec la quasi-totalité de
genes attendus chez le parasite, y compris la famille hypervariable des génes var. Le
séquencage en cellule unique a été performant, comme l'indique les clusters IBD des
génomes des cellules uniques ségréguant efficacement les génotypes de parasites. De plus,
nous avons assemblé de novo des répertoires de génes var presque complets dans chacune
des cellules uniques extraites d'une méme infection.

Au final, nous montrons que les saisons de faible transmission agissent comme des réservoirs
de parasites issus d’infections asymptomatiques, attendant la saison de transmission élevée
pour se propager et se recombiner, renouvelant ainsi la diversité génétique. Nous fournissons
aussi une grande quantité de données génomiques sur des infections, y compris de nouvelles
séquences de génes var de haute qualité qui peuvent étre ajoutées aux bases de données
existantes. Nous soutenons que la détection active des cas est essentielle pour comprendre les
infections asymptomatiques, le réservoir caché du paludisme.
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Abstract

In The Gambia, malaria seasonality is characterized by approximately 5 months of high
transmission followed by around 7 months of low to no transmission, during which clinical
cases are rare. The impact of constantly shifting from high to low transmission seasons on
the genetic diversity of Plasmodium falciparum is understudied. Given that imported cases
alone are unlikely to account for all new infections during each high transmission season, it
appears that human hosts serve as a reservoir for the parasite throughout the low
transmission season. The long duration of these chronic infections could be caused by the
parasites enhancing their antigenic repertoire through the generation of chimeric var genes
during the infection. Here, we aimed to characterise the Plasmodium falciparum genetic
diversity from the single-cell to the population level in eastern Gambia from a longitudinal
study conducted in four nearby villages from 2014 to 2017.

Blood samples from 1505 participants over 16 time points were collected during both wet and
dry seasons. Out of the 436 Plasmodium falciparum positive samples from asymptomatic
infections, 89 single nucleotide polymorphisms were successfully genotyped, and 334
samples underwent whole genome sequencing. We used identity by descent (IBD), a pairwise
comparison method to estimate the relationships between genotyped or sequenced isolates.
Parasite samples collected within the same household were significantly more genetically
related especially when distant by three months at most. Also, parasites isolated during the
low transmission seasons were more related to the previous high transmission season than to
the following one. We could estimate that most of the parasite genetic diversity was renewed
after approximately one year. An interesting exception is a 9-year old individual who had
been infected with the same parasite for at least one year and a half.

Additionally, during the dry season of 2016/2017, we closely monitored chronic
asymptomatic infections in 11 individuals. Genomes of Plasmodium falciparum derived from
these infections were either single-cell sequenced ex vivo or long-read bulk sequenced after
one month of culture adaptation. Long-read assemblies of parasite clones yielded
chromosomal-long contigs annotated with almost the entire set of genes expected in
Plasmodium falciparum, including the hypervariable family of var genes. The single-cell
sequencing performed well, as indicated by the IBD clusters of single-cell genomes
effectively segregating parasite genotypes. Finally, we were able to successfully de novo
assemble the almost complete var repertoire of each single-cell from the same infection.
Altogether, our findings demonstrate that low transmission seasons act as reservoirs of
parasites from asymptomatic infections, lying in wait for the high transmission season to
spread and recombine, thus renewing the genetic diversity at every high transmission
season. Moreover, we provide a wealth of quantity of genomic data on individual infections,
including new high-quality var gene sequences that can enrich existing databases. We argue
that active case detection is key to understanding asymptomatic chronic infections, the
hidden reservoir of malaria.
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Introduction

Le paludisme est une maladie qui a marqué les civilisations humaines les plus anciennes,
décrivant déja des symptomes de fievre et de splénomégalie [1]. En 1880, Charles Louis
Alphonse Laveran observa le parasite a l'origine du paludisme dans des globules rouges,
résolvant ainsi le cycle asexuel du parasite qui sera connu plus tard sous le nom de
Plasmodium [1, 2, 3]. Plus tard, Ronald Ross et Giovanni Battista Grassi montreront que ce
sont les moustiques qui permettent la transmission du parasite d'un hote a un autre [1, 4, 5].
Le cycle de vie du parasite fut complétement décrit en 1949 grace a Henry Shortt et Cyril
Garnham qui montrérent que le parasite séjourne dans le foie pendant plusieurs semaines

apreés la piqlire de moustique [1].

Il y a au total cinq espéces de Plasmodium qui infectent spécifiquement les humains :
Plasmodium falciparum, Plasmodium malariae, Plasmodium ovale curtisi, Plasmodium ovale
wallikeri et Plasmodium vivax. De plus, une sixiéme espéce, Plasmodium knowlesi, dont I’hote
naturel est le macaque, est responsable de la vaste majorité des infections zoonotiques chez
I’humain. Plasmodium falciparum, le seul parasite de I’humain du sous-genre Laverania (les
autres appartenant au sous genre Plasmodium), serait apparu en Afrique a partir d’un
transfert depuis une espece de parasite n’infectant pas ’humain, Plasmodium praefalciparum,
il y a entre 40 000 et 365 000 ans [6, 7].

Les deux parasites du paludisme les plus virulents sont Plasmodium falciparum,
principalement présent en Afrique et responsable de la majorité des morts dans le monde, et
Plasmodium vivax qui est localisé dans la plupart des régions endémiques du paludisme, sauf
en Afrique [8]. Le cycle érythrocytaire du parasite Plasmodium falciparum dure 48 heures
entre I'invasion initiale des globules rouges par les mérozoites et la libération des nouveaux
mérozoites ou alternativement gamétocytes dans le sang. Le cycle démarre avec le globule
rouge infecté au stade anneau jusqu’a 20 heures post-invasion, puis il poursuit avec le stade
trophozoite jusqu’a 36 heures post-invasion pour finir avec le stade schizonte ou les globules

rouges infectés libérent entre 20 et 30 mérozoites [9].

Les tests les plus utilisés permettant de diagnostiquer un cas de paludisme comprennent la
microscopie ou les érythrocytes infectés sont visualisés a ’aide d’un pigment, les RDT (rapid
diagnostic tests) qui sont basés sur la détection d’antigénes spécifiques du parasite ou encore les
tests PCR (polymerase chain reaction) qui amplifient des génes du parasite. Les tests PCR sont
les plus sensibles, permettant la détection et la quantification de parasites dans des infections
avec une tres faible parasitémie, mais ils sont plus cofliteux que les RDT ou la microscopie
[10, 11].
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De nombreuses actions sont menées par les pays dans lesquels le paludisme est endémique
pour limiter 'impact de cette maladie affectant 270 millions de personnes et en tuant 619 000
dans le monde en 2021 [12]. Le principal traitement utilisé contre le parasite correspond
aujourd’hui aux ACT (artemisinin-based combination therapies) qui contient plusieurs
anti-paludiques aux mécanismes d’action différents. Les moustiques, étant les vecteurs du
paludisme, sont également la cible des campagnes d’élimination a travers 'utilisation de
moustiquaires traitées a l'insecticide ou encore la vaporisation systématique d’insecticide en
intérieur. L’incidence et la mortalité due au paludisme ont baissé depuis les 20 derniéres
années grace a ces stratégies, cependant, la résistance des moustiques aux insecticides et des
parasites aux anti-paludiques a entrainé le ralentissement de I’élimination du paludisme
[13, 14, 15, 16, 17]. De plus, la pandémie de COVID-19, plus particuliérement a son apogée en
2020 et 2021, a provoqué une perturbation majeure des services dédiés au contrdle du
paludisme, ce qui a ramené a des niveaux d’incidence et de mortalité identiques a ceux de
2015 [12, 18].

Les infections causées par Plasmodium falciparum peuvent étre séveres avec un risque de
mortalité élevée, non compliquées lorsque les symptémes sont moins graves ou encore
asymptomatiques. Ces derniéres présentent généralement une faible parasitémie détectable
par PCR seulement et affectent en particulier les individus agés de plus de 5 ans
[19, 20, 21, 22, 23, 24]. Ces infections cachées ou les individus ne présentent aucun symptome

peuvent durer pendant plus d’un an [25, 22].

De nombreux anti-paludéens ont été utilisés a travers I’histoire dans une constante course
avec la capacité du parasite a générer des phénotypes résistants et les répandre dans le
monde. Le premier composé a étre massivement utilisé était la quinine, extraite dés 1820 d’un
arbre originaire d’Amérique du Sud dont I'écorce était connue pour guérir des fievres que
lon attribue aujourd’hui au paludisme [26, 27]. Par la suite, la chloroquine remplaca la
quinine mais peu de temps apres, la premiére résistance a cette molécule émergea en Asie du
Sud-est et en Amérique du Sud dans les années 50 ou 60 pour étre finalement présente
partout dans le monde en 1980 [28, 13]. Une thérapie combinant la sulfadoxine et
pyrimethamine remplaca la chloroquine mais encore une fois, des parasites résistants
émergerent dans les années 70 en Asie du Sud-est, la méme région ou la résistance a la
chloroquine émergea [29, 13]. De maniere similaire a la quinine, I’artémisinine a été extraite
en 1970 d’'une plante utilisée en médecine chinoise pour traiter des fiévres [30, 27].
Rapidement, I’artémisinine a été utilisée en combinaison avec un composé partenaire ayant
un mode d’action différent dans les thérapies ACT [31]. Cette molécule n’a pas fait exception

a la résistance de Plasmodium falciparum qui émergea en Asie du Sud-est dans les années
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2000 mais qui n’est pas répandue dans le monde pour le moment [32, 13, 33, 34]. Les ACT
étant la principale thérapie utilisée pour traiter le paludisme non sévere, la présence globale
de la résistance a 'artémisinine aurait des conséquences graves sur les cas de paludisme dans

le monde.

Plasmodium falciparum peut étre cultivé in vitro a partir de souches adaptées au
laboratoire comme 3D?7, la plus étudiée. La souche 3D7 est dérivée de NF54, un parasite qui
était présent dans un patient des Pays-Bas mais qui est probablement originaire d’Afrique
comme le suggere la comparaison avec des isolats cliniques du monde entier [35, 36, 37].
D’autres souches de laboratoire, comme Dd2 ou HB3, ont pu étre obtenues de différentes
parties du monde et sont couramment utilisées puisqu’elles sont plus facilement cultivables
que les souches de terrain. Les 23 millions de bases du génome haploide de Plasmodium
falciparum ont été totalement séquencées et assemblées a partir de la souche 3D7 en 2002,
qui est devenue le génome de référence [38]. Le parasite posséde 14 chromosomes nucléaires
constituant I'un des génomes les plus riches en taux de AT parmi toutes les espéces connues,
avec un pourcentage de AT d’environ 81 %, atteignant 84 % dans les régions non codantes. 11
y a également une mitochondrie et un apicoplaste par parasite avec respectivement 20 copies
du génome mitochondrial et 15 copies du génome apicoplastique [39, 40]. Les 16 différents
chromosomes du parasite contiennent pres de 5600 geénes, dont 5300 codants des protéines.
Autour de 10 % du génome correspond a des régions hyper variables et des répétitions
subtélomériques qui sont tres différentes entre les souches, ce qui rend leur comparaison tres
difficile [41]. Ces régions de faible complexité ne peuvent pas étre assemblées facilement avec
le séquencage de deuxiéme génération car les trés longues répétitions ne peuvent pas étre
couvertes par des courtes lectures de séquencage de 150 bases seulement. En 2018, grace au
séquencage de troisieme génération (ou séquencage en lectures longues), les assemblages des

régions de faible complexité des chromosomes de 3D7 ont été fortement améliorées [42].

La famille de genes var est la plus polymorphique du génome de Plasmodium falciparum.
Ces genes var sont transcrits a partir du stade anneau des globules rouges infectés et les
protéines qu’ils encodent, Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1),
sont exprimées a la surface des globules rouges infectés aux stades trophozoite et schizonte
[43]. L’une des fonctions de PfEMP1 est de se lier a la surface des cellules endothéliales, un
processus connu sous le nom de séquestration [44, 45]. Les quelques 60 genes var (leur
nombre varie entre les génomes de parasite) sont organisés de maniére similaire avec deux
exons séparés par un intron et sont localisés dans les régions subtélomeriques ou internes
des chromosomes au sein des régions hyper variables [41, 46]. De maniére similaire, PFEMP1,

d’une taille de 1000 a 4000 acides aminés dans 3D7, ont tous la méme configuration avec
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plusieurs domaines extracellulaires comprenant un segment N-terminal (NTS) suivi d’'une
succession de domaines variables DBL (Duffy binding-like) et CIDR (cysteine-rich interdomain
region) encodés par 'exon 1 et d'un domaine intracellulaire plus conservé appelé ATS (acidic
terminal segment) encodé par 'exon 2 [47]. De maniére intéressante, au cours du méme cycle
érythrocytaire, seul un géne var est transcrit, ce qui résulte en un seul type de PfEMP1 a la

surface du globule rouge infecté.

En se basant sur la similarité de séquence de la région génomique située en amont des
geénes (ups), trois principaux groupes de génes var (upsA, upsB, upsC) et un groupe mineur
ne comprenant qu'un géne (upsE) ont été définis a partir de 3D7 [38]. Les génes var des
groupes A et B (sauf un) sont localisés dans les régions subtélomériques tandis que les génes
var du groupe C sont localisés dans les régions internes des chromosomes. Le c6té 5 prime de
tous les genes var excepté var2csa (PF3D7_1200600) contient un domaine DBL« [49]. Dans ce
domaine, le ‘DBL« tag’ est composé d’approximativement 130 acides aminés et contient des
séquences variables entourées par des motifs conservés LARSFADIG et DYVPQ[YF]LRW
dont les séquences ADN correspondantes peuvent étre utilisées pour une amplification PCR
[50].

A cause de leur localisation particuliere dans des régions répétées et de leur grande
variabilité entre les génomes parasitaires, les génes var d’isolats de terrain ne peuvent pas
étre accessibles en utilisant un classique mapping de lectures courtes sur un unique
répertoire de référence. Les séquences de génes var sont plus facilement retrouvées en
utilisant des pipelines d’assemblage de novo, ce qui nécessite néanmoins des étapes en amont
et souvent ménent a des répertoires incomplets [51, 46]. La facon la plus fiable d’obtenir des
répertoires de geénes var complets est d’utiliser des technologies de séquencage de troisieme
génération tel que Pacific Biosciences (PacBio) SMRT (single molecule real-time) qui produit
des lectures d’'une longueur supérieure a 12 000 bases, couvrant les genes var en leur totalité
[52, 42].

La diversité des génes var peut étre générée par des recombinaisons chromosomiques
entre différents génes var (plus précisément entre différents exons 1) dans un processus
appelé recombinaison ectopique, qui est fréquent pendant la méiose dans le moustique
[53, 50]. Ces recombinaisons ectopiques peuvent avoir lieu lors des mitoses du cycle
érythrocytaire, générant ainsi des génes var chiméres a un taux de 2 x 107 par parasite a

chaque cycle érythrocytaire [54].

Il y a d’autres familles de genes qui encodent des protéines qui co-localisent avec PFEMP1 a

la surface des globules rouges infectés : RIFIN (repetitive interspersed families of polypeptides) et
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STEVOR (subtelomeric variable open reading frame) encodés respectivement par les génes rif et
stevor [55]. PEEMP1, RIFIN et STEVOR sont les principaux antigénes de surface de Plasmodium
falciparum, tous liant divers récepteurs de I’hote. Les 150 a 200 genes rif et les 28 genes stevor
sont organisés en cluster proche des génes var, ce qui suggere qu’ils subissent probablement

aussi de fréquentes recombinaisons au sein de ces régions hyper variables [56, 57].

La complexité d’infection représente le nombre de lignées de parasites qui sont distinctes
dans un méme hote. Il existe deux voies menant a plusieurs génotypes de parasites infectant
un méme hote simultanément. Cela peut passer par des piqlres successives de moustiques
qui chacune inocule un parasite distinct génétiquement (appelé une super infection), une
seule piqire de moustique portant différents sporozoites générés par la recombinaison de
deux gamétocytes (appelé une co-transmission), ou bien les deux voies a la fois [58]. Dans les
régions connaissant une forte prévalence de paludisme, la co-tranmission devient trés
commune alors que la super infection devient de plus en plus rare [59]. Quand la prévalence
du paludisme augmente dans une région, la proportion d’infections polyclonales augmente
aussi a cause d’une plus grande chance que le moustique porte un ou plusieurs parasites a la
fois [60, 61]. Le changement de valeur moyenne de complexité d’infection ou de proportion
d’infections multiples au cours du temps est I'un des meilleurs estimateurs (basé sur la
diversité génétique) du changement de la prévalence locale du paludisme [62, 63].
Cependant, les valeurs absolues de complexité d’infection ne peuvent pas étre utilisées pour
estimer directement la prévalence du paludisme ou pour comparer des populations de

parasites de deux régions distinctes [64, 65].

L’identification et la comparaison de souches de Plasmodium falciparum entre les infections
et au sein d’'une méme infection est nécessaire pour comprendre son histoire évolutive ou la
dynamique de transmission en cours dans une région. Il y a plusieurs catégories de marqueurs
génétiques capables d’identifier les souches de Plasmodium falciparum avec différents niveaux
de précision. Puisque beaucoup d’alleles MSP2 (merozoite surface protein-2; PF3D7_0206800)
sont différents en terme de taille, le génotypage des souches peut étre accompli en utilisant les
tailles des produits de PCR sans avoir besoin d’obtenir la séquence entiére [66, 67]. De plus,
des hauts niveaux de complexité d’infection peuvent étre estimés par amplification PCR de
MSP2 en comptant le nombre de produits de PCR avec une taille différente au sein du méme
isolat [68, 24]. Comme décrit plus haut, la région hautement polymorphique des DBL« tag
peut étre utilisée comme un code-barre génétique qui peut distinguer différentes populations
aux niveaux local et mondial [69, 70]. Les parasites peuvent étre identifiés par le génotypage
de SNP (single nucleotide polymorphisms) bi-alléliques répartis dans le génome qui sont choisis

pour leur capacité a décrire une grande diversité génétique. Aussi peu que 24 SNP est déja
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suffisant pour obtenir une estimation de la diversité génétique qui correle bien avec 'intensité
de transmission ou la distance géographique [71, 60, 72, 73]. Les marqueurs micro-satellites,
qui correspondent a des courtes répétitions en tandem situées dans de nombreuses régions du
génome, sont aussi utilisés communément pour estimer la diversité des parasites ou méme la

complexité d’infection [74, 75].

Bien que le génotypage de locus est treés efficace, il ne peut pas capturer totalement la
diversité des parasites, plus particulierement dans des régions avec un niveau de
transmission intermédiaire ou élevé ou les trés hauts niveaux de complexité d’infection
peuvent biaiser la similarité calculée entre les infections [76]. Dans ces cas, le séquencage en
génome entier peut étre utilisé pour accéder a plus de locus génétiques dans chaque parasite,
impliquant des dizaines de milliers de SNP [77, 78]. Si deux parasites partagent un méme
ancétre commun, ils posséderont des fragments génétiques avec des SNP identiques, dont la
taille dépendra du nombre de générations les précédant selon le taux de recombinaison de
Plasmodium falciparum de 13.5 kb/cM [41]. Ces parameétres sont utilisés par hmmIBD, un
modele de Markov caché qui recherche des fragments en identité par descendance (identity
by descent abrégé IBD) partagés entre deux génomes avec un minimum de 200 marqueurs
bi-alléliques basés sur leur plus probable historique de recombinaison [79, 80]. En
conséquence, chaque paire de génome aura une valeur associée de parenté qui indiquera le
pourcentage global d’identité le long des fragments chromosomiques qui sont soit en IBD ou
non [60]. Mesurer la complexité d’infection avec un séquencage en bulk peut étre possible
avec les mesures Ry et Fys, qui utilisent les fréquences alléliques des locus génomiques
polymorphiques [81, 82]. Pour obtenir la séquence précise des souches individuelles de
parasites dans une infection complexe, le séquencage en cellule unique est un outil
nécessaire pour assurer que des parasites co-transmis avec une forte parenté sont

correctement ségrégés [59].

Une fois que les mérozoites de Plasmodium falciparum entrent dans le sang de leur hote
humain, ils envahissent graduellement les globules rouges. L’hote posséde différentes
stratégies pour se débarrasser du parasite, en commencant par les cellules immunitaires mais
aussi via la rate. En effet, les globules rouges infectés perdent leur déformabilité d’autant plus
apres le stade anneau, ce qui les rend sujets a étre détruits par la rate qui supprime les
globules rouges qui sont trop rigides [83]. Pour éviter d’étre immédiatement éliminés du
sang, les parasites ont développé la capacité de lier les cellules hotes via des protéines
exportées pour qu’ils puissent compléter leur cycle sans étre génés par la rate ou les cellules
immunitaires [84]. Cette adhérence a été associée principalement avec PfEMP1 mais aussi

avec d’autres antigenes de surfaces comme les RIFIN ou STEVOR. Quelques RIFIN sont
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capables de lier LILRB1 (leucocyte immunoglobulin-like receptor B1), un récepteur de surface

de plusieurs cellules immunitaires, et réduire la production d’anticorps [85].

L’expression mutuellement exclusive des génes var permet au parasite de développer une
variation antigénique au cours du temps pour échapper au systéme immunitaire adaptatif. Les
mécanismes qui gouvernent I'expression d’un seul géne var et la répression de tous les autres
impliquent les différents états de condensation de la chromatine a la périphérie du noyau et
la modification d’histones en amont des geénes var [86, 87]. Le taux de changement de gene
var exprimé d’approximativement 2 % differe entre les souches de Plasmodium falciparum et
entre les génes var en fonction de leur localisation chromosomique, avec les internes plus

susceptibles d’étre sélectionnés par rapport aux subtélomériques [88, 89, 90].

L’incidence du paludisme da a falciparum est treés hétérogéne a travers le monde, avec le
contient africain comprenant le plus de cas [12]. Cela reste vrai au sein des pays comme la
Gambie, le Sénégal ou le Laos, ou l'incidence du paludisme suit généralement un gradient
d’intensité de transmission [91, 92, 93]. A une échelle régionale, au Ghana ou en Tanzanie
par exemple, la prévalence du paludisme peut étre hétérogene avec des zones de forte
transmission séparées par quelques dizaines de kilometres de régions de faible transmission
[94, 95]. Plusieurs parasites de régions faiblement endémiques ont montré des hauts niveaux
de similarité par rapport a ceux de régions plus endémiques, comme entre la Gambie de
I’Ouest et la Gambie de I’Est, et cela peut expliquer comment le paludisme est maintenu dans
ces régions [73, 96, 97]. En général, le niveau de similarité entre les parasites du paludisme
tend a décroitre avec la distance spatiale et temporelle qui sépare leur échantillonnage, et
cette relation semble aller jusqu’au niveau du foyer [73, 98, 99, 100]. Cette connectivité de la
population de parasites peut étre synthétisée par une propagation clonale avec un niveau de

similarité descendant graduellement [101].

La transmission de Plasmodium falciparum est modulée par les conditions climatiques,
principalement parce que son vecteur, le moustique anophéle, est adapté a seulement
certaines températures et taux d’humidité relative, et requiert la présence de poches d’eau
pour pondre leurs ceufs. La transmission du paludisme est corrélée positivement avec le taux
d’humidité relative de plus de 50 a 60 % et avec 'intensité des pluies [102, 103, 104, 105, 106].
Dans certaines régions endémiques du paludisme, les conditions climatiques permettant la
transmission du paludismes sont réunies tout au long de ’année. Cependant, d’autres régions
sont touchées par un paludisme saisonnier caractérisé par une forte transmission durant la
saison des pluies et au commencement de la saison seche, mais une transmission tres faible a
nulle le reste de I’année. Dans la Gambie, ou le paludisme est plus prévalent dans ’Est du

pays, la saison humide commence généralement en juin et finit en septembre, ce qui se
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traduit par une transmission du paludisme élevée entre aott et décembre [107, 108].

A ce jour, on ignore comment les parasites parviennent & maintenir leur présence dans les
régions endémiques caractérisées par de longues périodes de faible transmission. En effet,
pendant la saison de faible transmission, qui s’étend sur la majorité de I’année dans certains
pays comme la Gambie (environ 7 mois), les cas symptomatiques de paludisme sont
pratiquement inexistants. A I'inverse, le pourcentage de porteurs asymptomatiques reste
souvent constant tout au long de l’année, quelle que soit la saison de transmission
[109, 110, 111, 22]. Les parasites échantillonnés réguliérement entre les différentes saisons de
forte transmission sont génétiquement proches et montrent des niveaux de clonalité
similaires, ce qui implique qu’il y a une continuité génétique des parasites pouvant traverser
les longues saisons de faible transmission [112, 113, 100, 114]. Puisque les infections
asymptomatiques peuvent présenter de hauts niveaux de densité de gamétocytes qui ont le
potentiel d’infecter les moustiques, il est probable qu’elles représentent le principal réservoir
de parasites responsables des cas de paludisme symptomatique pendant la saison de forte
transmission, tandis que les parasites importés d’autres régions endémiques y contribuent
dans une moindre mesure [22, 115]. De plus, les infections asymptomatiques sont souvent
polyclonales avec de nombreux parasites distincts circulant dans le sang, ce qui aide a

maintenir une forte diversité génétique de la population de parasites [24, 109, 116].

Toutes ces preuves confirment que les infections asymptomatiques, bien qu’elles ne soient
pas nocives pour leur hote, contribuent fortement aux conséquences du paludisme, ce qui
nécessite de leur accorder une attention particuliére dans les programmes d’élimination du
paludisme. De plus, il pourrait étre possible de prédire la durée de Iinfection
asymptomatique, ainsi que son potentiel de transmission, a partir de la densité parasitaire a
la fin de la saison de forte transmission, puisqu’elle est positivement corrélée a la durée de
I'infection pendant la saison seche [24]. Deux hypothéses principales ont été avancées pour
expliquer comment les infections chroniques de Plasmodium falciparum persistent dans
I’hote durant toute la saison séche. Premiérement, Andrade et al. suggerent que les parasites
des saisons de faible transmission présentent une adhésion vasculaire moins importante que
les parasites des saisons de forte transmission, les rendant ainsi plus susceptibles d’étre
détruits par la rate [117]. Une autre possibilité est que les parasites des saisons de faible
transmission ont un taux de multiplication dans le sang si bas qu’ils restent quasiment
invisible pour le systéme immunitaire de I’héte [118]. Une question qui n’a pas encore été
étudiée est 'importance de la génération des génes var chimériques au cours d’une infection
dans le maintien des parasites dans le sang pendant plus longtemps, en augmentant la taille

du répertoire de genes var, et ainsi améliorant leur capacité d’évasion immunitaire.
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Matériels et méthodes

A partir de décembre 2014, nous avons recruté tous les habitants de deux villages (Madina
Samako et Njayel), avec deux villages supplémentaires (Sendebu et Karandaba) recrutés a
partir de juillet 2016, les villages étant dans la ‘Upper River Region’ de la Gambie et situés a 5
kilomeétres les uns des autres. Plus d’information a propos des participants recrutés peut étre
trouvée dans une étude précédente [119]. En décembre 2016, une cohorte de 42 porteurs
asymptomatiques du paludisme a été échantillonnée pendant 6 mois, comme reporté

précédemment [24].

La description compléte de l'extraction d’ADN des parasites est fournie dans un travail
précédent [119]. Un total de 101 SNP localisés sur les 14 chromosomes ont été génotypés et
fusionnés dans un ‘code-barre moléculaire’. Les SNP sont tous bi-alléliques et ont été choisis
pour leur utilité dans les analyses de relation génétique entre les parasites. Parmi les 442
échantillons génotypés, 334 ont aussi été séquencés en génome entier (Illumina) avec une
étape d’amplification sélective [120]. Les paires de lectures d’ADN (150 bases) ont été
mappées sur le génome de référence 3D7 version 3 et les variants ont été obtenus a partir
d’un script du consortium MalariaGen utilisant GATK HaplotypeCaller [121, 122]. Six
marqueurs de résistance a multiples anti-paludéens (amodiaquine, artémisinine, chloroquine,
luméfantrine, méfloquine, pyriméthamine, sulfadoxine) ont été obtenus a partir du
génotypage et du séquencage [123]. Ces marqueurs correspondent a six changements non
synonymes dans six protéines encodées par les génes : aatl (PF3D7_0629500) S528L, crt
(PF3D7_0709000) K76T, dhfrr (PF3D7_0417200) S108N, dhps (PF3D7_0810800) A437G, kelchi3
(PF3D7_1343700) C580Y et mdr1 (PF3D7_0523000) N86Y, dont chacun est connu pour réduire

la susceptibilité du parasite a multiples anti-paludéens.

Pour estimer de maniére précise la similarité des parasites de différentes infections
échantillonnées, nous avons estimé la valeur d’IBD entre chaque paire de génomes ou de
code-barres en utilisant hmmlIBD [79]. La probabilité que deux échantillons soient en IBD
représente la fraction partagée de leur génome. Une IBD de 0.9 est considérée comme

identique, décrivant ainsi le méme génotype de parasite.

La clonalité de chaque isolat a été estimée a partir du séquencage en génome entier par
la mesure de Fys, basé sur les fréquences alléliques [82]. Additionnellement, la complexité

d’infection a été estimée par la méthode categorical du programme THE REAL McCOIL [124].

Nous avons développé un pipeline permettant d’améliorer les code-barres génotypés a

l'aide des séquencages en génome entier obtenus sur les mémes échantillons. Ces
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‘code-barres consensus’ sont par la suite utilisés par le pipeline pour déterminer les relations

génétiques spatio-temporelles entre les code-barres.

Les code-barres ont été groupés par leur date de récolte et la localisation de
I’échantillonnage. Pour chaque paire de groupes de code-barres, la parenté génétique a été
estimée par la proportion de code-barres similaires (IBD > 0.5) par rapport a toutes les
combinaisons possibles de code-barres en excluant ceux échantillonnés dans le méme
individu.

Les fragments génomiques en IBD entre les 19700 paires de génomes non-identiques
(IBD < 0.5) ont été combinés pour obtenir, pour chaque position, le nombre de génome en
IBD. Les régions génomiques dans le top 5 % des plus couvertes ont été extraites et

fusionnées lorsqu’elles étaient espacées de moins de 10000 bases.

Les génomes hautement similaires (IBD > 0.9) et ceux faiblement similaires (IBD entre 0.35
et 0.65) ont été groupés dans des clusters en utilisant le package R igraph (version 1.2.11)
[125, 126]. Dans chaque cluster, trois génomes ont été associés en ‘triade’ quand 'un d’eux,
supposé étre la progéniture, était relié a deux autres génomes, supposés étre les parents (IBD

entre parents < 0.2).

Parmi les 42 porteurs d’infection asymptomatique recrutés en décembre 2016, 11 ont été
sélectionnés pour un suivi précis de leur infection a I'aide de séquencages en lecture longue
et en cellule unique sur différents échantillons sanguins. Prince Nyarko (doctorant dans
I’équipe d’Antoine Claessens) était en charge de toutes les étapes nécessaires avant
I'obtention des données de séquencages, ses compétences en culture de parasite ont été
particulierement utiles sur ces infections a trés faible parasitémie et a clonalité parfois élevée.
Pour chacun des 11 individus, au moins un échantillon sanguin a été sélectionné dans le but
d’adapter ses parasites a la culture. Quand 'adaptation a la culture a été un succes, les
parasites ont été clonés puis séquencés en lecture longue grace aux lectures PacBio de plus
de 10000 bases. En parallele, deux échantillons les plus espacés en temps d’infection ont été
choisis pour un triage de leurs globules rouges infectés au stade schizonte, soit
approximativement 40 heures aprés décongélation de I’échantillon sanguin. Les schizontes

ont été séquencés individuellement en utilisant les lectures Illumina de 150 bases.

Les données de séquencages en lecture longue ont été utilisées pour construire un
assemblage par clone grace aux pipelines de I’équipe Tree of Life du Sanger Institute qui
utilisent hicanu et hifiasm [127, 128]. Les contigs ont été associés avec les chromosomes de
3D7 en utilisant ragtag (version 2.1.0) [129]. Les geénes ont été prédits avec Augustus (version

3.3.3) [130]. Les genes var ont été extraits a partir de la liste compléte des geénes en
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recherchant les motifs LARSFADIG et DYVPQYLRW en autorisant deux acides aminés
différents. Les domaines des PFEMP1 ont été identifiés avec VarDom (version 1.0) [47].

Pour I'individu DC05, aucun génome de référence n’a pu étre généré car les parasites en
culture n’ont pas survécu in vitro. Les génomes obtenus avec les séquencages en cellules
multiples et cellule unique des deux échantillons ont été utilisés pour générer les répertoires
de génes var en utilisant un pipeline d’assemblage de novo de lecture courte basé sur les
méthodes développées par Otto et al. (2019) et Andradi-Brown et al. (2023) [51, 46]. Les
répertoires de PfEMP1 de chaque génome (cellule unique ou cellules multiples) ont été
alignés I'un avec l'autre et groupés avec Clustal-Omega (version 1.1.0) [131]. En utilisant
igraph, tous les PFEMP1 ont été groupés dans des clusters de haute similarité dans lesquels ils
partagent une identité supérieure a 95 % avec au moins un autre PfEMP1 du méme cluster
[125, 126].

Les lectures séquencées des génomes en cellule unique ou cellules multiples des
échantillonnages du mois 6 ont été mappées sur les répertoires de génes var extraits ou
assemblés a partir des échantillonnages précédents en utilisant discovarif
(https://github.com/marcguery/discovarif, version 0.0.6). Les génes var chimeres ont été
recherchés avec DELLY (version 1.1.6), qui est capable d’identifier des translocations entre

contigs en utilisant la localisation différentielle des paires de lectures apres mapping [132].
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Résultats

Pour anticiper 'aire de pré-élimination du paludisme, nous avons utilisé des méthodes de
génotypage et de séquencage en génome entier pour construire un réseau de parenté génétique

de parasites et ainsi d’accéder aux mécanismes de transmission du paludisme en Gambie.

En majorité, les parasites étaient génétiquement différents et ceux similaires étaient
partagés entre les différents villages étudiés. Nous avons aussi trouvé que les parasites
échantillonnés dans des foyers voisins étaient plus proches génétiquement seulement
lorsqu’ils étaient échantillonnés a moins de trois mois d’écart. Quasiment toutes les souches
identifiées avaient recombiné l’année suivante, renouvelant completement la diversité

génétique des parasites.

Au cours de cette étude, la plus longue infection que nous avons été capable d’observer a
impliqué un individu de 9 ans continuellement infecté, sans aucun symptéme, pendant un an
et demi par la méme souche de parasite. Presque toutes les régions chromosomiques avec de
hauts niveaux d’IBD partagés sont en déséquilibre de liaison avec les marqueurs de résistances
aux anti-paludéens connus, ce qui indique que la résistance aux anti-paludéens exerce toujours

une forte pression de sélection sur le génome parasitaire en Gambie.

Un aspect clé de notre approche était la détection active de cas d’infection asymptomatique
contrairement a la plupart des études focalisées sur des parasites dérivés de cas cliniques. Nos
résultats promeuvent la détection passive de cas comme une étape nécessaire pour caractériser

correctement la diversité génétique des parasites.

Afin de découvrir les mécanismes de résilience de Plasmodium falciparum, 11 individus
avec un paludisme asymptomatique durant 3 a 6 mois ont eu leur infection précisément
suivie pendant la saison séche 2016/2017 de la Gambie avec des échantillonnages sanguins

mensuels pour chacun d’eux.

Parmi les 11 infections, 7 ont eu un ou plusieurs clones de parasite séquencés en lecture
longue et 7 ont eu des cellules uniques ou cellules multiples séquencées en lecture courte a
partir de 1 ou 2 échantillons de sang séparés de plusieurs mois. Malgré la faible parasitémie
des infections asymptomatiques, les séquencages en lecture courte ou longue ont fait preuve
de leur grandes qualités, le premier résultant en une couverture génomique élevée et le dernier
en un tres faible nombre de contigs presque aussi longs que des chromosomes et contenant la

quasi totalité des génes attendus dans Plasmodium falciparum.

Dans deux infections, le méme clone parasitaire a été séquencé en cellule unique a partir de

deux échantillonnages, le premier en décembre et le dernier en mai, ce qui a rendu possible la
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découverte de variants qui ont augmenté en fréquence dans la population de parasites. Cette
augmentation des alléles mutants pourrait résulter d'un avantage sélectif d’adaptation a I'’hote

humain.

Un total de trois infections avaient a la fois plusieurs cellules uniques séquencées a partir
du dernier échantillonnage (mois 6) et un ou plusieurs génomes distincts séquencés en
lecture longue a partir d’'un échantillonnage précédant. Pour une quatriéme infection (DC05)
disposant de nombreux génomes séquencés en cellule unique, un répertoire de génes var a
été directement assemblé a partir des lectures courtes des 67 cellules uniques afin de
compenser le fait qu’aucun génome en lecture longue n’était disponible. L’assemblage de
novo des genes var a partir des lectures courtes a été un succes a la fois en terme du nombre
attendu de génes et de leur longueur par rapport a 3D7 et des autres génomes assemblés en
lecture longue. Pour trois infections (dont DCO05), les mappings des cellules uniques des
échantillons du mois 6 sur les répertoires des génes var obtenus dans des échantillonnages
précédents ont montré une forte similarité entre les deux, suggérant que ces cellules uniques
correspondent exactement a la souche de parasite utilisée pour obtenir le répertoire. Les
geénes var chimeéres ont été recherchés a partir de ces mappings de haute similarité, mais

aucun exemple convainquant n’a pu étre reporté pour le moment.
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Conclusion et perspectives

L’éradication du paludisme implique la destruction individuelle de chacun des parasites
Plasmodium falciparum, incluant ceux des infections asymptomatiques a faible parasitémie
qui sont généralement indétectables au microscope. Il est crucial que ces ‘infections
silencieuses’, agissant comme un réservoir, soient éradiquées. Aujourd’hui, la grande
majorité de la recherche sur le paludisme est concentrée sur une poignée de parasites adaptés
aux conditions de laboratoire ou provenant d’infections symptomatiques obtenues en
clinique. L’intérét du projet de la cohorte de Gambie était de précisément décrire les
infections chroniques asymptomatiques aux niveaux génomique et transcriptomique, de la
cellule unique a la population de parasites, avec une attention particuliére sur les variants de

surface antigéniques du parasite.

Ce travail présente une large analyse de la diversité génétique aux niveaux populationnel
et individuel du parasite Plasmodium falciparum présent dans des infections
asymptomatiques en Gambie. Une grande variété de méthodes de séquencage a été utilisée
pour accéder aux génomes parasitaires, incluant le génotypage de code-barres, le séquencage
en lecture courte de cellules multiples et cellules uniques et finalement le séquencage en
lecture longue de clones. De nombreuses difficultés ont di étre surmontées a la fois avant et
aprés l'acquisition de données génomiques. La collecte et la culture des échantillons
constituaient un défi a cause de la nature cachée des infections asymptomatiques mais aussi a
cause de leur tres faible parasitémie. Concernant les analyses des séquences génomiques, le
génome de Plasmodium falciparum a imposé ses contraintes, notamment son extréme
richesse en AT et son nombre important de régions hyper variables entourant les familles

d’antigénes de surface, dont les génes var.

Choisir le moyen approprié pour comparer les séquences génomiques est essentiel pour
arriver a des conclusions biologiquement pertinentes. Grace a I'IBD, la parenté entre les
génomes des parasites peut étre obtenue de maniére informée a travers linclusion des
caractéristiques de recombinaison de Plasmodium falciparum. Cette méthode a permis de
montrer que les parasites étaient plus similaires lorsqu’ils étaient échantillonnés dans les
trois mois et dans des individus vivant proches les uns des autres. Cela a été confirmé plus
tard grace aux multiples génomes séquencés en cellule unique. Deux autres facteurs ont
affecté la parenté des populations de parasites. Premierement les anti-paludéens ont pour
effet de diminuer la diversité des haplotypes de parasite, puisque les régions les plus
partagées entre les parasites sont situées proches des marqueurs de résistance aux

anti-paludéens. L’autre facteur important concerne la saisonnalité du paludisme, ou le début
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des saisons de forte transmission est crucial pour que les parasites puissent recouvrer des

longues périodes de faible transmission marquées par peu de recombinaisons.

Pour aller plus loin dans l'analyse des génomes des parasites, quelques individus
sélectionnés ont eu leur infection analysée plus en détail. L’intérét de cette étude a porté sur
des infections chroniques durant plusieurs mois sans possibilité de ré-infection pendant les
saisons de faible transmission. Certains parasites peuvent en effet rester dans le méme hote
durant la totalité de la saison séche, comme c’est le cas pour un individu de la cohorte infecté
par la méme souche de parasite pendant au moins un an et demi. Nous avons testé
I’hypothése que des recombinaisons entre les génes var étaient la principale raison pour
laquelle les parasites ne sont pas éliminés par le systéme immunitaire de 1'hote apres
plusieurs mois. Pour ce faire, des méthodes de séquencages plus précises, en particulier le
séquencage de lectures courtes en cellule unique et le séquencage de lectures longues, étaient
nécessaires pour rechercher ces événements rares qui ont lieu dans des régions hyper

variables du génome.

Tous les génomes séquencés en lecture longue a partir des parasites adaptés a la culture
pendant un mois ont été assemblés fructueusement avec de nombreux genes identifiés dans
peu de contigs presque aussi longs que les chromosomes de Plasmodium falciparum.
Cependant, il est toujours nécessaire de les améliorer manuellement puisqu’il y avait des
erreurs d’assemblage détectées lors de la comparaison des contigs avec les chromosomes de
3D7. L’annotation des génes est actuellement améliorée par Mathieu Quenu (post-doctorant
dans I’équipe d’Antoine Claessens) qui a fait le lien entre les génes prédits et ceux annotés
dans le génome de 3D7. De plus, I'un de ses objectifs principaux est d’obtenir ’assemblage de
la famille hyper variable des geénes rif dans chacun des génomes assemblés.
Malheureusement il n’y avait presque aucun génome en cellule unique disponible pour
certains échantillons sanguins. Néanmoins, pour les globules rouges infectés au stage
schizonte qui ont pu étre triés, le séquencage en cellule unique a trés bien fonctionné comme

I'indique la haute couverture du génome de référence 3D7.

Pour deux infections monoclonales avec des cellules uniques disponibles pour les
échantillonnages des mois 1 et 6, plusieurs mutations ont augmenté en fréquence. Pour
retracer I'histoire de ces mutations, la prochaine étape se concentrera sur la ségrégations des
cellules dans des groupes d’haplotypes. De plus, pour confirmer le potentiel avantage sélectif
de ces SNP, leur fréquence allélique dans toutes les cellules devra étre vérifiée. Des génomes
séquencés en bulk ont été obtenus sur de nombreux échantillons sanguins des saisons
humide et seche. Les fréquences alléliques des SNP de ces génomes séquencés en bulk

pourraient étre comparées a celles obtenues a partir des cellules uniques des mémes
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échantillons sanguins. De plus, la totalité des génomes séquencés en bulk pourrait étre
utilisée pour vérifier que les fréquences alléliques des mutations identifiées des génomes
séquencés en cellule unique sont aussi différentes entre les saisons séche et humide,
suggérant un rdle dans I’adaptation du parasite aux infections chroniques. Finalement, les
mesures Fys et Ry calculées sur les échantillons bulk pourraient étre comparées avec les

clusters IBD des cellules uniques.

Pendant ma these, j’ai développé deux pipelines qui pourront étre utilisés dans le futur
pour des travaux similaires. Le premier permet la comparaison et la fusion de données de
séquencage en génome entier et de données de génotypage obtenues sur le méme échantillon
sanguin. Ce pipeline s’étend au calcul de la parenté entre les génomes, leur complexité
d’infection et l'identification de génomes possédant des liens parents-progénitures. Le
deuxieme pipeline assemble des génes var de génomes parasitaires séquencés en cellule
unique et les fusionne par similarité, obtenant ainsi un répertoire de génes var par infection.
Bien qu'une méthode plus précise pour obtenir des répertoires de geénes var était de
séquencer en lecture longue, cela a requit que les parasites étaient capables d’étre cultivés in
vitro et était plus coliteux que le séquencage en lecture courte. Pour valider la qualité du
pipeline d’assemblage des geénes var a partir des cellules uniques, il pourrait étre utilisé sur
des génomes en cellules uniques qui sont identiques a un génome assemblé afin que les deux
répertoires puissent étre comparés. Tous ces genes var assemblés de novo a partir de lectures
courtes ou longues pourraient étre ajoutés a la base de données de génes var connus afin que

les travaux futurs puissent inclure la diversité des parasites de Gambie.
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1.1 Malaria burden

1.1.1 Brief history of malaria life cycle discovery

Malaria is an ancient disease that was presumably at the origin of written records
describing symptoms of fever and enlarged spleen in ancient Chinese, Egyptian, Indian and
Mesopotamian civilizations dating back millennia [1]. These fevers, like many other illnesses
at the time, were initially thought to be caused by a sort of poisonous cloud (called miasma)
hovering swamps that could affect unfortunate people passing by [2]. It was not until the late
19th century, in a thriving microbiologist world led by Louis Pasteur and Robert Koch, that
scientists began thinking a germ might be at the origin of malaria. In 1880, following his
intuition of searching near pigmented bodies that were known to be degraded haemoglobin,
Charles Louis Alphonse Laveran managed to observe parasites within red blood cells (RBC),
discovering the asexual blood cycle of what will be latter known as Plasmodium [1, 2, 3]. The
process by which Plasmodium is transmitted between humans was discovered later by
Ronald Ross who was the first to describe mosquito stages of bird malaria parasites in 1897
and by Giovanni Battista Grassi who confirmed that mosquito bites could transmit malaria to
humans in 1898 [1, 4, 5]. The complete life cycle was made available in 1949 when Henry
Shortt and Cyril Garnham discovered that an exoerythrocytic life cycle of Plasmodium
occurred in the liver, finally explaining why the parasite was missing from the blood for a

few weeks after the mosquito bite (Figure 1.1) [1].
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Figure 1.1: Malaria life cycle. Laveran discovered that malaria was caused by a parasite infecting RBCs. Ross and Grassi
showed that the vector carrying parasites between humans is a mosquito. Finally, Garnham completed the life cycle by
describing a exoerythrocytic stage in the liver immediately after the mosquito bite.

© Hill (2011), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [133].

1.1.2 Human malaria species

Malaria parasites infect a wide range of species like birds, lizards, rodents and primates.
There are in total five Plasmodium species specific to humans: Plasmodium falciparum,
Plasmodium malariae, Plasmodium ovale curtisi, Plasmodium ovale wallikeri and Plasmodium
vivax (Figure 1.2). A sixth species, Plasmodium knowlesi, whose natural hosts are macaques,
is responsible for almost all zoonotic malaria infections in humans and is able to survive in a
human-mosquito-human transmission setting, although this has only been experimentally
demonstrated yet [134].
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Figure 1.2: Phylogenetic tree of Plasmodium species built by comparing orthologous genes. The five main species
infecting human are highlighted in red.
© Escalante et al. (2022), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [135].

Conserved genetic material between available malaria species genomes like the
mitochondria or orthologous genes are commonly used to infer the evolutionary history of
Plasmodium [135]. There were seemingly two successive major speciation events that led to
malaria in primates. A split from the bird malaria parasites branch that led to the Laverania
subgenus occurred some 40 to 50 million years ago and was followed by another speciation
event leading to the subgenus Plasmodium specific to primates [136, 137].

Plasmodium falciparum, the only human malaria parasite from the subgenus Laverania,
may have originated in Africa from a transfer of its closest non-human malaria parasite found
to date, Plasmodium praefalciparum, between 40 000 and 365 000 years ago [6, 7].

Despite their indistinguishable morphologies and their specificity to the same host, the two
Plasmodium ovale species exhibit a high genetic divergence and may have split 5 times earlier
than the split between Plasmodium falciparum and Plasmodium reichenowi which occurred
between 140 000 and a few million years ago [137, 138, 139].

Plasmodium vivax geographical origin in human has not reached a strong consensus to

date mainly because of its ability to remain dormant in the liver for an extensive time under
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a hypnozoite form, which makes divergence values harder to estimate [7]. Some support a
South-East Asian origin because of the highest genetic diversity of Plasmodium vivax observed
in this region which gradually decreases with the geographical distance [140]. Other favour an
African origin because multiple African ape malaria parasites (such as Plasmodium vivax-like)
are genetically close to Plasmodium vivax and the indirect evidence that a human mutation
conferring resistance to Plasmodium vivax, Duffy-negative, is widely spread in Central and

Western Africa, suggesting a past history of an important selective pressure [141].

The two most virulent human malaria parasites are Plasmodium falciparum, mainly active
in Africa and responsible for the vast majority of deaths worldwide, and Plasmodium vivax

which is located in almost all malaria-endemic regions except Africa (Figure 1.3) [8].
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Figure 1.3: Plasmodium falciparum (top) and Plasmodium vivax (bottom) malaria incidence in 2017. Plasmodium
falciparum is highly prevalent in sub-Saharan Africa while Plasmodium vivax is more globally homogeneously distributed.
© Price et al. (2020), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [8].

Although all human malaria species share the same host and vectors, their erythrocytic
cycles are not all identical in terms of duration or infected red blood cell (iRBC) morphology.
More specifically, Plasmodium falciparum erythrocytic life cycle lasts for 48 hours from the
initial merozoite invasion to the release of new merozoites or alternatively gametocytes in
the blood. Its cycle starts with rings until around 20 hours post invasion, then it follows with

pigmented-trophozoites until 36 hours post invasion to finally end with the schizont form
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which releases between 20 to 30 merozoites during a process called egress (Figure 1.4) [9].
The RNA and DNA content of the iRBC increase with the different stages, allowing for
developmental stage determination [142]. The two biggest bottlenecks drastically reducing
the population of parasites are during the exoerythrocytic phase in the liver with sometimes
just one sporozoite making it and during fertilisation in the mosquito leading to very few
oocysts [143, 144].
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Figure 1.4: Plasmodium falciparum erythrocytic cycle timing. Plasmodium falciparum infects the human host (pink
area) and is transmitted by an anopheles vector (grey area). After sporozoites enter the liver, they release merozoites in the
blood which starts the erythrocytic cycle.

© Molnar et al. (2018), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [145].

1.1.3 Malaria detection tools

Microscopy: The most direct way to diagnose malaria is by screening iRBCs in stained blood
films through a light microscope. This provides a quantitative measure of parasitaemia and an
experienced microscopist can distinguish malaria species that are morphologically different
[146].

Rapid Diagnostic Tests (RDTs): RDTs detect Plasmodium specific antigens in blood pricks
such as histidine-rich protein 2 (HRP2; PF3D7_0831800), specific to Plasmodium falciparum or
Plasmodium lactate dehydrogenase (pLDH; PF3D7_1324900), with a conserve region similar
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in all human malaria species and variable regions able to differentiate falciparum from non-
falciparum malaria [147, 148]. These tests offer a cheaper and faster alternative to microscopy,
however they have a similar (using HRP2 RDTs) to lower (using pLDH RDTs) sensitivity and
cannot be used for quantification (Figure 1.5) [149, 11]. Moreover, the increasing number of
strains with a deletion of hrp2 poses a major threat as this antigen is by far the most used for

Plasmodium falciparum malaria detection [150].

Polymerase Chain Reaction (PCR) tests: The two main Polymerase Chain Reaction
(PCR) tests are used to amplify the 18S ribosomal RNA (rRNA) gene shared by all malaria
species, or the wvar gene acidic terminal sequence (varATS), specific to Plasmodium
falciparum [151, 152]. Thanks to quantitative real-time PCR (qPCR), both PCR tests can be
used to obtain an accurate estimation of parasitaemia and the 185 rRNA qPCR can even be
used to distinguish the different malaria species with a single pair of primers [153, 154, 155].
Although much more sensitive than both RDTs and microscopy tools, performing PCR tests
requires more human and financial resources which is not always affordable in malaria
endemic regions (Figure 1.5) [10, 11].
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Figure 1.5: Schematic representation of optimal usage of malaria detection tools regarding parasitaemia in an
infected individual. Of all three commonly used methods, PCR is by far the most sensitive. Because they are based on
antigens, RDTs can still detect an infection that had been cleared a few weeks earlier as opposed to PCR or microscopy.

© Wu et al. (2015), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [11].
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1.1.4 Control and elimination efforts

Multiple actions are led by malaria endemic countries to limit the malaria burden
estimated to have affected 270 millions humans and taken 619 000 lives worldwide in 2021
[12]. Malaria surveillance is undertaken through passive case detection (PCD), where
symptomatic people directly seek care and through active case detection (ACD), where
health workers test individuals in a generally low transmission area with (reactive case

detection) or without (proactive case detection) malaria infection previously reported.

Malaria-endemic countries use mainly artemisinin-based combination therapies (ACT),
which contains two distinct anti-malarial drugs to treat infected people. Vector control
comprises measures such as the widespread distribution of insecticide-treated mosquito nets
(ITNs) or indoor residual spraying of insecticides. Both global malaria case incidence and
mortality rate have been declining in the last two decades thanks to these strategies, however
some limitations emerged and slowed down the progress towards malaria elimination
(Figure 1.6) [12, 156]. First, ACD require massive human, logistic and financial resources,
more so in very low endemic regions as more sensitive and consequently expensive tests
(PCR-based) are needed to be truly efficient [157]. Over the years Plasmodium falciparum has
developed a resistance to most of the antimalarials which triggered the switch from
monotherapies to ACTs with two or even three distinct drugs combined [13, 14]. Mosquitoes
also are showing increasing level of resistance to different insecticides, including the highly
efficient pyrethroid-based ITNs which represents almost 80 % of all insecticide usage in
Africa [15, 16, 17]. Malaria elimination is also threatened by less direct factors, the most
notable being the COVID-19 pandemic, especially at its peaks in 2020 and 2021, which caused
a major disruption of malaria control services, leading to both case incidence and mortality
rate falling back to their 2015 levels (Figure 1.6) [12, 18]. Other more regional political and
economical instabilities, like the one currently hitting Venezuela, can interfere with malaria

programs not only from within the country but also from neighbouring countries [158, 159].
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Figure 1.6: Malaria point prevalence. For each selected year among 2000 (a), 2015 (b), 2019 (c) and 2021 (d), the number
of malaria cases available in the WHO 2022 malaria report were divided by the country population at that time to obtain
the point prevalence [12]. For years after 2000, increase (green triangle) and decrease (red triangle) in prevalences from a
chosen previous year are shown. The most significant progress towards malaria elimination was made between 2000 and
2015. However, malaria prevalence remained stable or even sometimes slightly increased after 2015, although some countries
achieved malaria elimination during that time. Made with Natural Earth.

1.1.5 Malaria disease and treatments

Plasmodium falciparum infections are generally classified into three categories based on the

severity of symptoms.

Severe: Of all human malaria species, falciparum is the most likely to induce serious
medical conditions. An infection that induces high risks of death is classified as severe
[160, 161, 162]. The deadliest form of the disease, cerebral malaria, is characterised by an
impaired consciousness with neurological symptoms such as coma, seizures or headache.
Even with treatment, cerebral malaria has a mortality rate ranging from 10 to 20 % and

patients are at high risk of developing sustained neurological impairments [163, 164].

Uncomplicated: More frequently, Plasmodium falciparum malaria can cause a cyclic fever

with intermediate to high level of parasitaemia but without any severe symptoms.

Asymptomatic: Although positive for Plasmodium falciparum, an individual can be free of
any symptom for an extensive period of time with often low parasite densities that are not

detectable with microscopy or RDT but only PCR. This type of infection is described as a
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subpatent chronic infection [19, 20]. In some endemic regions, asymptomatic infections are
highly prevalent in individuals older than 5 years who sometimes present a parasite density
nearing that of symptomatic infections [21, 22, 23, 24]. Asymptomatic infections tend to last
longer in children between 5 and 15 years old and more generally in male individuals, with
durations of infection of more than on year reported multiple times [165, 25, 22]. However,
much longer durations of infections have been reported in several documented cases of
blood donation where the donor transmitted Plasmodium falciparum malaria to their
recipients through iRBC, although neither of them had been in a malaria endemic region for

up to 13 years [166].

Multiple drugs have been used throughout the history of antimalarial therapies in a constant

race with the parasite and its ability to generate resistant phenotypes and spread them globally.

Quinine: The first antimalarial drug to be widely used was quinine, chemically extracted
in 1820 from the cinchona, a tree originating from South-America whose bark was already

known to cure fever-like symptoms that we can nowadays attribute to malaria [26, 27].

Chloroquine: The search for synthetic quinine analogues led to the discovery of
chloroquine in 1934, which gradually replaced quinine as the main antimalarial used
worldwide [26]. However, it did not take long before the first resistance to chloroquine
emerged in Plasmodium falciparum both in South East Asia and South America in the 1950s
or 1960s. In the 1980s, chloroquine resistance was widespread globally [28, 13]. Chloroquine
resistance is known to be induced by multiple mutations in positions 72 to 76 of the
Plasmodium falciparum chloroquine resistance transporter (pfCRT; PF3D7_0709000) that
generate resistant haplotypes CVIET or SVMNT instead of the sensitive form CVMNK
[167, 28]. Two other mutations are also commonly found in chloroquine resistant parasites:
N86Y of the Plasmodium falciparum multidrug resistance protein 1 (pfMDRI;
PF3D7_0523000) and S258L of the Plasmodium falciparum amino acid transporter (pfAATI;
PF3D7_0629500) [168, 169].

Sulfadoxine/Pyrimethamine: The global spread of chloroquine resistance made obvious
that other drugs were needed to reduce the malaria burden. Sulfadoxine/Pyrimethamine (SP),
which contains two drugs acting synergically, is the first combination therapy used to treat
malaria as a replacement for chloroquine. Unfortunately, shortly after its commercial use,
Plasmodium falciparum resistance arose in the 1970s in South East Asia, the same region where
chloroquine resistance emerged [29, 13]. The main non-synonymous mutations associated
with resistance were here found in positions 51, 59, 108 and 164 of Plasmodium falciparum
dihydrofolate reductase (pfDHFR; PF3D7_0417200) and positions 436, 437, 540, 581 and 613
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of Plasmodium falciparum dihydropteroate synthase (pfDHPS; PF3D7_0810800) [28]. A high
number of distinct haplotypes are present in different proportions between malaria-endemic
regions, with in majority parasites containing 2 or 3 substitutions in pfDHFR and 1, 2 or 3
substitutions in pfDHPS [170, 171].

Artemisinin: Similarly to quinine, artemisinin was extracted in 1971 from a plant that had
been used to treat fevers in Chinese medicine [30, 27]. Due to its short half life, artemisinin
was rapidly used in combination with a partner drug that had a distinct mode of action in ACT
(artemisinin-based combination therapies) [31]. Drug resistance to artemisinin emerged in
South East Asia in the 2000s, with parasites displaying a range of non-synonymous mutations
in the gene Plasmodium falciparum Kelch 13 (pfK13; PF3D7_1343700), the most prevalent being
C580Y [32, 13, 33, 34]. Additionally, Plasmodium falciparum harbouring several gene copies
of pfMDR1 were shown to be less sensitive to artemisinin and several of its partner drugs
[172, 173]. Artemisinin resistance was also recently spotted in Uganda with a small proportion
of patients carrying parasite strains requiring a longer treatment before complete clearance
[174]. As ACTs are the main therapeutic strategy used today against uncomplicated malaria
infections, the worldwide spread of artemisinin resistance would severely hinder global efforts

against malaria elimination.

Most of the resistant strains for the different antimalarials emerged in regions with a
relatively low prevalence of Plasmodium falciparum infections like in South East Asia or
South America (Figure 1.7) [28]. This could be explained by a lower immunity and a better
access to healthcare of the human populations in these regions, therefore more likely to seek
treatment and thus leading to the selection of resistant parasites. The intra-host competition
between strains should favour sensitive over resistant strains as most resistant mutations
come with a fitness cost. However, in these regions of low prevalence, the low complexity of
infection makes this competition almost non existent and this allows resistant strains to
acquire even more polymorphisms that might lower the cost of the resistance [175, 176]. But
even highly prevalent resistant strains can be out competed by sensitive ones in the absence
of the drug pressure, as it was observed in several countries that discontinued the use of
chloroquine and have now a majority of parasites susceptible to this antimalarial
[177, 178, 179].
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Figure 1.7: Spread of chloroquine resistance. Chloroquine resistance most likely emerged independently first in South
East Asia and then in South America to finally spread from Asia to Africa. The resistance to SP probably had the same route
as chloroquine resistance [29, 13].

© Roux et al. (2021), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [28].
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1.2 The diversity of Plasmodium falciparum

1.2.1 Plasmodium falciparum genome

Plasmodium falciparum can be cultivated in vitro, the most studied laboratory-adapted strain
is 3D7. It is derived from NF54, a parasite that infected a patient from the Netherlands, but
likely originated from Africa as is suggested by the comparison with global clinical isolates
[35, 36, 37]. Other laboratory-adapted strains were obtained from different parts of the world.
Dd2 was cloned from a strain cultivated in the presence of the antimalarial mefloquine (W2-
mef) that was itself derived from W2, collected from a patient in former Indochina [180, 181].
HB3 is another commonly used strain which was collected in Honduras. As these 3 strains
originate from distant parts of the world, they have several specificities. W2 and Dd2 are
resistant to many antimalarials such as quinine, chloroquine, sulfadoxine and pyrimethamine
while 3D7 and HB3 are only resistant to sulfadoxine and pyrimethamine respectively [182,
183, 184, 185]. Additionally, Dd2 lacks the hrp2 gene and HB3 lacks the hrp3 (histidine-rich
protein 3; PF3D7_1372200) gene (HRP3 shares similar epitopes with HRP2), reducing both their
sensitivity to RDT tests [186].

Plasmodium falciparum 23 Mb (million of base pairs) haploid genome was fully sequenced
and assembled from the 3D7 strain in 2002 which then became the reference genome [38]. The
parasite has 14 nuclear chromosomes constituting one of the most AT-rich genome among all
known species with an overall AT content of 81 %, reaching 84 % in non-coding regions. There
are additionally one mitochondrion and one apicoplast per parasite with respectively around
20 copies of 8 kb (thousand of base pairs) long mitochondrial genome and 15 copies of 35
kb long apicoplast genome [39, 40]. The 16 different chromosomes of the parasite contain
almost 5600 genes, among which 5300 code a protein. The base pair substitution (BPS) rate
of the nuclear genome was estimated to be between 5 x 10® and 1 x 10? non-deleterious
mutations per erythrocytic life cycle and was similar for all strains tested (3D7, Dd2, HB3,
KHO01 and KHO02) [187, 54, 188]. G:C to A:T mutations are about 5 times more likely to occur
than A:T to G:C mutations, which explains the 81 % AT content of Plasmodium falciparum
genome [188]. Around 10 % of the genome corresponds to hypervariable regions (regions
including genes with a high degree of polymorphism) and subtelomeric repeats (non-coding
repeated regions near the end of chromosomes) that are highly variable between strains and
complicates the comparison of these regions [41]. Repeated regions cover roughly 23 % of
Plasmodium falciparum genome and are differentially present in exonic (10 %), intronic (48 %)

and intergenic regions (38 %) (Figure 1.8).
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Figure 1.8: Repeated sequences in Plasmodium falciparum 3D7 genome. Roughly half of the 23 Mb of the genome
of Plasmodium falciparum contains exons. This region is the one that has the smallest proportion of repeated regions (10 %)
behind intergenic regions (38 %) and intronic regions (48 %). Repeats were identified with Tandem Repeats Finder, as described
in C.1.2 Repeat motif identification [189].

These low complexity regions cannot be easily assembled using next generation
sequencing technologies because the very long repeats cannot be bridged by short-reads of
typically 150 bases. In 2018, thanks to third generation sequencing (or long-read sequencing),
the assemblies of the low complexity regions of 3D7 chromosomes were dramatically
improved and supplementary assemblies of other strains such as Dd2 and HB3 were
produced [42].

1.2.2 Hypervariable genes

To successfully invade a human host, Plasmodium falciparum exports certain proteins to
the surface of either its own plasma membrane or the membrane of the RBCs it infects. These
genes have evolved to carry highly polymorphic sequences, allowing them to adapt to diverse

immune systems and hinder the rapid elimination of the parasite by the host.

Plasmodium falciparum possesses several genes exposed at its plasma membrane surface
such as CSP (circumsporozoite protein; PF3D7_0304600), which is exported at the surface of
sporozoites, AMA1 (apical membrane antigen 1; PF3D7_1133400) or MSP2 (merozoite surface
protein-2; PF3D7_0206800), which are both exported at the surface of merozoites. A total of
66 non-synonymous mutations were found in the worldwide available sequences of CSP, with
most of the polymorphisms observed in Th2R and Th3R C-terminal regions [190]. AMA1
contains 62 polymorphic amino acids, especially those located in the c1L domain that are
the most diverse among parasites worldwide [191]. The MSP2 gene is also very diverse with

numerous size specific alleles belonging either to 3D7 or FC27 families [151, 192].
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A very particular gene family called var is also very diverse within and between
individuals. var genes are transcribed from the early ring-stage of the erythrocytic cycle and
the proteins that they encode, Plasmodium falciparum erythrocyte membrane protein 1
(PfEMP1), are expressed in knob structures on the surface of iRBCs from the trophozoite and
schizont stages [43]. One function of PfEMP1 is to bind to host receptors at the surface of
endothelial cells, a cytoadherence process known as sequestration [44, 45]. The roughly 60
var genes (their number varies between parasite genomes) are all organised similarly with
two exons separated by one intron and are located in subtelomeric or internal parts of
chromosomes within hypervariable regions (Figure 1.9) [41, 46]. PfEMP1s, with a size of 1000
to 4000 amino acids in 3D7, all have the same configuration with several extracellular
domains comprising a N-terminal segment (NTS) and successive highly variable DBL (Dufty
binding-like) and CIDR (cysteine-rich interdomain region) domains encoded by the exon 1,
and a more conserved intracellular domain called ATS (acidic terminal segment) encoded by
the exon 2 [47]. All var genes start with a specific DBL domains called DBL«, with the
exception of the only strain-transcending var gene, var2csa (PF3D7_1200600). Interestingly,
only one var gene per erythrocytic cycle is transcribed, resulting in only one type of PfEMP1
at the surface of the iRBC.
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Figure 1.9: var gene classification. (a): Each var gene contains one intron and two exons which encode a protein called
PfEMP1. (b): var genes are generally organised in cluster in subtelomeric or internal regions of most chromosomes. (c):
PfEMP1 have a wide variety of possible domain configurations and all but the one belonging to group E contain a DBL«
domain.

© Andradi-Brown et al. (2023), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [46].
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Based on the sequence similarity of the upstream (ups) genomic region, three major groups
of var genes (upsA, upsB, upsC) and one minor group with one var gene (upsE) were defined
using 3D7 genome [38]. Interestingly, upsA and upsC var genes are exclusively located in
respectively subtelomeric or internal regions of chromosomes while upsB var genes are located
in both regions (Figure 1.10). As this classification was too limited to characterize the full
diversity of var genes, deeper classifications were made available. The similarity between
DBL-CIDR, ATS or downstream regions showed that several upsB var genes contain domains
that are typically observed in upsA or upsC var genes [48]. Even though var genes are highly
heterogeneous, there are two var genes that are particularly conserved between Plasmodium
falciparum strains. Belonging to upsA group, varlcsa (PF3D7_0533100), which is truncated
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with a missing exon 2 in 3D7, is transcribed mostly at the trophozoite stage and not the ring
stage like all other var genes [193, 194]. var2csa, the sole member of the upsE group, is the only
var gene that is not starting with a DBLa domain and is highly expressed in parasites from
pregnancy-associated malaria (PAM) cases [195]. About 30 % of all Plasmodium falciparum
genomes available, including HB3, present multiple copies of varZ2csa, while the remaining

genomes, including 3D7, only have one copy [196, 197].
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Figure 1.10: var gene chromosomal location in 3D7. Each var gene belongs to upsA, upsB, upsC or upsE group. upsA and
upsC var genes are exclusively located in respectively subtelomeric and internal regions, while upsB var genes are present
in both regions. var genes can be organised in clusters in subtelomeric and more particularly in internal regions of most
chromosomes. Categories of genomic regions were extracted from Miles et al (2016) and var genes were grouped using the
classification of Lavstsen et al. (2003) [41, 48].

Because of their particular location in repeated regions and their high variability between
parasite genomes, var gene sequences from clinical isolates cannot be accessible using a
typical mapping of short-read sequences to a unique reference repertoire. Instead, var gene
sequences are better retrieved using de novo assembly pipelines, which, despite the gradual
improvement of their efficacy, still require many pre-processing steps and often lead to
incomplete repertoires [51, 46]. The most reliable way to obtain complete high quality var
gene repertoires is to use third generation sequencing technologies, such as Pacific

Biosciences (PacBio) single molecule real-time (SMRT) sequencing which can produce reads
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exceeding 12 kb, covering var genes from end to end [52, 42]. Circular consensus sequencing
(CCS) overcomes the high error rate associated with long-read sequencing by building a
consensus read from multiple sub-reads of the same DNA template, resulting in high fidelity
(HiFi) reads [198]. These consensus reads exhibit error rates comparable to those of
short-read sequencing, enabling the precise detection of even rare structural variants
[199, 200, 201].

The diversity of var genes can be generated via chromosomal recombination between
different var genes (more precisely between different var exons 1) in a process called ectopic
recombination, which is frequent during the meiosis in the mosquito [53, 50]. These ectopic
recombinations can partly explain why multiple var genes from a ups group display domains
typically observed in another ups group. Chimeric var genes can also be generated from
ectopic recombinations during mitosis with a rate of about 2 x 107 per parasite for every
asexual erythrocytic cycle (Figure 1.11) [54]. There are multiple potential breaking points
within var genes corresponding to regions with a higher homology that are generally located

between two identical domain classes encoded by the exon 1 [54].
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Figure 1.11: Mitotic var gene recombinations from the erythrocytic life cycle. (a): The laboratory-adapted strains
3D7, HB3, Dd2 and W2 were cultivated for several months and regularly cloned before being sequenced in the aim of finding
genetic variants. The overall detected structural variants of 3D7 were the result of intra-chromosomal and inter-chromosomal
recombinations either between var genes (exon 1) or between intergenic regions. For the remaining strains, var gene structural
variants could not be mapped as high quality chromosomal assemblies were not available at the time. (b): An unbalanced
ectopic recombination was detected between the first exons of two var genes located in chromosomes 4 and 9.

© Claessens et al. (2014), Figure 2 & Figure 3B (modified), CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [54].
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The 5 prime end of almost all var genes contains a DBLa domain [49]. Within that
domain, the ‘DBL« tag’ is about 130 amino acids long and contains a variable sequence
surrounded by the conserved motifs LARSFADIG (N terminal side) and DYVPQ[YF]LRW (C
terminal side) whose conserved corresponding DNA sequences can be used for PCR
amplification (Figure 1.12) [50]. As var genes sometimes show a higher degree of similarity
between them, several classifications based on mutually exclusive semi-conserved motifs or
on homology blocks emerged [202, 47]. Classifications obtained with just these 130 amino
acids have been shown to correlate well with the consistent presence of features from whole
var genes such as domains or ups regions [203]. Knowing the extent of the information

brought by DBL« tag classification alone is essential as the PCR amplification of this short

sequence is much less cost-intensive than the sequencing of full length var genes.
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Figure 1.12: Frequency of DBLa tag amino acids. The DBL« tag from the DBLa domain of var genes is defined as a
highly variable sequence surrounded by conserved motifs LARSFADIG and DYVPQ[YF]LRW. The amino acid frequency was
calculated from a random subset of 1000 sequences from the varDB database [51].

There are other similar families of genes that encode proteins that co-localize with PFEMP1
around knobs of the iRBCs: RIFIN (repetitive interspersed families of polypeptides) and
STEVOR (subtelomeric variable open reading frame) encoded respectively by rif and stevor
genes (Figure 1.13) [55]. Together PfEMP1, RIFIN and STEVOR are the main variant surface
antigens (VSAs) of Plasmodium falciparum, all binding to various host receptors. The 150 to
200 rif genes and the 28 stevor genes are organised in clusters close to var genes, suggesting
that they might also undergo frequent recombination events lying in these hypervariable
regions [56, 57].
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Figure 1.13: Variant surface antigens location. (A): PfEMP1, RIFIN and STEVOR are three VSAs located in or next to
knobs on the surface of iRBCs. The other proteins shown are the human Band 3 and the Plasmodium falciparum KAHRP
(knob-associated histidine-rich protein; PF3D7_0202000) and SURFIN (surface-associated interspersed protein). (B): Knobs at
the surface of an iRBC visible under an electron microscope (EM).

© Chan et al. (2014), Figure 1 (modified), CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [55].

1.2.3 Complexity of infections

The complexity of infection (COI) represents the count of distinct clones within an
individual infection. There are two ways leading to multiple parasite genotypes infecting a
human host simultaneously. This can be achieved by successive bites of mosquitoes that each
inoculates a genetically distinct parasite (called a superinfection), a single bite of a mosquito
carrying different sporozoites generated from the recombination of two gametocytes (called
a co-transmission), or both ways concurrently (Figure 1.14) [58]. In regions with a high
malaria prevalence, co-transmission becomes very common while superinfection is
surprisingly much more rare [59]. When malaria prevalence increases in a region, the
proportion of polyclonal (or poly-genotype) infections will also increase as a result of a
higher chance of mosquito carrying one or more parasites [60, 61]. In fact, the change in
values of mean COI or proportion of mixed infections over time offer one of the best genetic
diversity-based estimators of the change in local malaria prevalence with a change lagging
just a few weeks behind its effect on malaria prevalence [62, 63]. However, absolute values of
COI cannot be used to estimate malaria prevalence or even to compare population of
parasites from two distinct locations [64, 65]. This is mainly because populations of parasites
geographically isolated do not share the same level of genetic diversity, those highly inbred

cannot allow for many distinct parasite strains even in high transmission settings.

38


https://plasmodb.org/plasmo/app/record/gene/PF3D7_0202000
https://creativecommons.org/licenses/by/4.0/

INTRODUCTION | The diversity of Plasmodium falciparum Guery, 2023

Effective recombination

4 Effective recombination J

Effective rggt)ml?inalion
/ ™~
Brood mating \\ Cotransmission

e Superinfection ~ ’ O * O \‘i @Multiclonal infections

Ineffective rfriombinahon Cotransmission "j\ Non-brood mating /
— \ O . Q /,/’ [Supen’nfection
= AN A
O l:‘ ~— TTransmission intensity + TGenetic diversity
+ —
(A) Multiclonally infected humans lead to effective recombination (B) Modeling effective recombination

Trends in Parasitology

Figure 1.14: Complexity of infection. (A): A superinfection occurs when a mosquito transmits identical sporozoites
originating from identical gametes to an already infected human host who then becomes multiclonally infected. When a
mosquito bites a multiclonally infected host, it has a high chance to carry and then co-transmit different but related sporozoites
originating from distinct gametes. (B): In high transmission settings, both co-tranmssion and superinfection increase the
genetic diversity, provided that the initial population is sufficiently diverse.

© Camponovo et al. (2023), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [204].

1.2.4 Identifying parasite strains

The identification and comparison of Plasmodium falciparum genotypes between
infections and within infections is necessary to understand its evolutionary history or the
on-going transmission dynamics in a region. There are multiple categories of genetic
markers able to identify specific Plasmodium falciparum strains with different level of

precision.

Highly polymorphic genes: The two genes csp and amal can be amplified by PCR using
primers of the conserved regions and sequenced to identify individual parasite strains [205,
206]. Another commonly used marker is the gene msp2. As msp2 alleles are size specific,
genotyping can be achieved simply using PCR product sizes without the need to sequence
them [66, 67]. High levels of COI can be estimated from PCR amplification of msp2 by counting
the number of distinct sizes of the PCR products within the same isolate [68, 24]. As detailed
above, the highly polymorphic region within the DBL« tag can act as a genetic ‘barcode’. An
amplicon-sequencing approach of DBL«a tags from field isolates can distinguish geographic
population structure at the local and worldwide level [69, 70]. Similarly, the comparison of
full-length var gene repertoires between isolates can be used to infer the level of similarity

between parasites [51].

Locus Genotyping: Parasites can be identified by genotyping bi-allelic single nucleotide
polymorphisms (SNPs) scattered in the genome. Levels of similarity between parasites are

then obtained by calculating their pairwise distance which is an estimate of their level of
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genetic similarity. As little as 24 SNPs is already enough to obtain an estimate of population
genetic diversity that correlates well with transmission intensity or geographical distance
[71, 60, 72, 73]. A better resolution of genetic diversity can be achieved by using more SNPs,
for example 96, 101 or even 250 [61, 123, 98]. The COI can be estimated by providing these
bi-allelic SNP calls to THE REAL McCOIL, an algorithm that estimates the population allele
frequencies [124]. Microsatellite markers, which correspond to short tandem repeats located
in many places throughout the genome, are also commonly used to estimate the parasite

genetic diversity or even the complexity of infections [74, 75].

Whole genome sequencing (WGS): Although locus genotyping is highly effective and
relatively cost-efficient, it may not fully capture the diversity of parasites, especially in
regions with intermediate or high transmission intensities, where the very high complexity
of infection (COI) can bias the calculated relatedness between infections [76]. In such cases,
whole genome sequencing (WGS) can be used to access much more genetic loci in each
parasite, typically involving tens of thousands of SNPs [77, 78]. These SNPs are generally
located in the core genome as these conserved regions are similar and thus comparable
between all parasite genomes [41]. With a high number of SNPs, a straightforward pairwise
comparison might not accurately reflect the actual genetic relatedness between two parasites
because they are not independent. Each meiosis fragments and shuffles two initially distinct
genomes, with a fixed recombination rate of 13.5 kb/cM [41]. If two parasites share a recent
common ancestor, they will consequently possess genetic fragments with identical SNPs, the
size of which depends on the number of generations that precede them, given the
recombination rate of Plasmodium falciparum. These parameters are employed by hmmIBD,
a hidden Markov model that seeks genetic fragments in identity by descent (IBD) shared
between two genomes (with a minimum of 200 bi-allelic markers) based on their most likely
recombination history (Figure 1.15) [79, 80]. A pairwise SNP comparison can also be biased
by the level of linkage disequilibrium in a population of parasites or the presence of markers
under non-neutral selection, such as those involved in drug resistance. Consequently, each
pair of genomes will have an associated value of relatedness, indicating the overall
percentage of identity along with the coordinates of chromosomal fragments that are either
in IBD or not [60]. Measuring COI with bulk WGS data can be achieved using Ry or Fys,
which both take advantage of the within-sample allele frequencies of polymorphic genomic
loci [81, 82]. The Fws metric is calculated for each individual as 1 — Hy, /Hg (with Hyy the
within-sample heterozygosity and Hg the local population heterozygosity) in a similar way
to the inbreeding coefficient Fis. A higher Fys value indicates lower heterozygosity (and

therefore lower polyclonality) in the sample. For example, an Fys value above 0.95 typically
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indicates that a sample is monoclonal [207]. Ry is very similar to Fys but has also the ability
to distinguish co-transmissions from superinfections. To obtain the precise sequence of
individual parasite strains in a complex infection, single-cell sequencing is a necessary tool
to ensure that highly related co-transmitted parasites can be segregated [59]. WGS can also
be used to highlight genomic regions with a lower heterozygosity than for the rest of a
genome, which is generally observed around genetic loci under recent positive selection: the

integrated haplotype score (iHS) was developed for that purpose [208].

: : Generation 0 : :

Figure 1.15: Identity by descent. IBD refers to the proportion of genetic material shared between two individuals that has
been inherited from a common ancestor. In this example, two pairs of parasites from generation 0 recombine their haploid
genomes during meiosis to produce four new parasites in generation 1. The IBD between a parent and its direct offspring is
expected to be close to 0.5, assuming that the parents are not closely related (IBD = 0).
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1.3 The resilience of Plasmodium falciparum

We describe here how thousands of years of evolution have shaped the host-pathogen
interaction and identify key elements that are currently missing from our understanding of

this interaction.

1.3.1 Interacting with the human host

Once Plasmodium falciparum merozoites enter the blood system of their human host, they
gradually invade RBCs. The host has different strategies to get rid of the parasite, starting by
the immune cells but also via the spleen. Indeed, iRBCs lose their deformability after the ring
stage, which makes them subject to removal by the spleen that clears RBCs that are too rigid
[83]. To avoid being immediately eliminated from the blood system, parasites have developed
the ability to bind to host cells via exported proteins so that they can complete their cycle
unworried by the spleen or the immune cells [84]. This cytoadherence has been associated
mainly with PfEMP1 but also with other VSAs such as RIFIN and STEVOR. Some RIFINs are
able to bind LILRB1 (leucocyte immunoglobulin-like receptor B1), a receptor at the surface
of several immune cells, and induce a reduced antibody production [85]. STEVOR binding to
host receptor Glycophorin C can enhance rosetting, a process in which Plasmodium falciparum
iRBCs surround themselves with multiple uninfected RBCs, which could possibly protect from
phagocytosis and splenic clearance [209, 210].

The binding of PfEMP1 with endothelial cell receptors ICAM-1 (intercellular adhesion
molecule 1) and EPCR (endothelial protein C receptor) is responsible for the parasite
sequestration in the microvasculature which helps parasites avoid splenic clearance and is
associated with acute malaria symptoms potentially leading to cerebral malaria [211]. The
binding of PfEMP1 to CD36 receptors can lead to various effects depending on the host cell
type carrying the receptor: binding to macrophages can lead to parasite phagocytosis while
binding to uninfected RBCs causes the formation of a rosette [211, 210]. All upsA and some
upsB var genes encode PfEMP1 that preferentially binds EPCR and are generally observed in
cases of severe malaria, including cerebral malaria [212, 213, 214, 215]. Group B and C var
genes encode PfEMP1 types that tend to bind CD36 and induce rather asymptomatic malaria
[216, 215]. Although both varicsa and var2csa are able to bind the placental chondroitin
sulfate A (CSA) in vitro, only var2csa is more expressed in PAM cases [217, 218, 195].

The mutually exclusive expression of var genes enables the parasite to develop an
antigenic variation over time which allows them to remain longer in the host by keeping at

hand unseen antigens from the adaptive immune system (Figure 1.16). The mechanisms that
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govern the expression of a single var gene and the silencing of all others involve the
differential condensation states of chromatin at the nuclear periphery and histone
modifications of the upstream region of var genes [86, 87]. The switching rate of about 2 %
differs between Plasmodium falciparum strains and between var genes depending on their
chromosomal location, with those internal more likely to be selected that those subtelomeric
(88, 89, 90]. The choice of the next expressed var gene could be random or coordinated.
Indeed, populations of parasites showed two expression patterns in vitro: either a single
dominant var gene is expressed or many simultaneously [219, 220]. In this model, some
genes such as var2csa would act as sink nodes thanks to the high competitiveness of their
promoter, which could then favour var gene switching by making the bridge between two
successive var genes [220]. However, even under the most optimistic models, the antigenic
var switching process alone cannot explain how parasites can remain in the same host for
several years without being cleared by the immune system [166]. One possibility is that the
parasite is able to progressively reshuffle its antigenic repertoire size by ectopic
recombinations of its var gene family and more generally its VSAs (Figure 1.16). Although
this basic model is an oversimplification of highly complex host-parasite interaction, it
provides a testable hypothesis on Plasmodium falciparum isolates derived from chronic

infections.

A Antigenic variation W Immune clearance “¢ Ectopic recombination

v v )4 v

Parasitaemia

var remaining : var remaining : var remaining :
0 60 -1 60-2+1 60-3+ 2

Start of Several years
erythrocytic cycle

Time

Figure 1.16: Hypothetical example of antigenic variation in chronic infections. After the first rise in parasitaemia,
parasites are being cleared by the immune system that recognises the major PfEMP1 expressed at the surface of iRBCs.
Before being completely cleared by the immune system, parasites undergo var gene switching which enables them to express
a different non recognised PFEMP1 at the surface of iRBCs and the parasitaemia rises again. The new antigen is recognised and
infected cells cleared until the cycle repeats for an extended period of time leading to a chronic infection. During the process,
some parasites might undergo ectopic recombination of var genes which increase the size of the repertoire of available var
genes unseen by the immune system and consequently the duration of infection.
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Controlled human malaria infections (CHMI) studies are able to inspect the behaviour of
the parasite in vivo by monitoring very frequently infection-related metrics such as
symptoms, parasitaemia, host antibody levels or parasite antigenic levels in volunteers of
different immune backgrounds in whom Plasmodium falciparum was inoculated [221]. One
CHMI study showed a different distribution of wvar group expression related to host
immunity, with more upsA wvar genes expressed in naive individuals compared to
semi-immune individuals able to control the parasitaemia, adding a new evidence of the role

of upsA var genes in inducing a severe malaria [222].

1.3.2 Spatio-temporal connectivity

The incidence of falciparum malaria is highly heterogeneous throughout the world, with
the African continent reporting most of the cases [12]. At a finer regional scale in Ghana or
Tanzania for example, malaria prevalence can be heterogeneous with high transmission areas
localised just a few kilometres away from low transmission areas [94, 95]. Several parasites
from low endemic regions have shown high level of similarity with those from more endemic
regions, like in East versus West Gambia, and this might explain how malaria is sustained in
these regions [73, 96, 97]. In general, the level of similarity between malaria parasites tends
to decrease with both the spatial and temporal distances that separate their sampling and this
relationship seems to extend up to the household level [73, 98, 99, 100]. The parasite population
connectivity can be summarised as a clonal propagation with a gradually decreasing level of

similarity [101].

This parasite connectivity makes the idea of targeting only malaria hotspots appealing at
first; this is the basis of the strategy of surveillance and containment that led to smallpox
eradication [223]. Indeed, targeted approaches could rely on distribution of antimalarial drugs
to members and neighbours of a household with an individual presenting to a health facility
with malaria [224]. However, this is without considering the extent of asymptomatic malaria,
whose cases are harder to diagnose and can present a different spatial distribution than that of
symptomatic cases [225]. Furthermore, the location of hotspots in a region might vary between
the different transmission seasons, which makes them even harder to predict [226]. Finally,
targeting hotspots only might not always be the best strategy to achieve malaria elimination,

as there is a lack of evidence on its efficacy, especially in high transmission settings [227, 228].

1.3.3 Climate conditions and seasonal malaria

The transmission of Plasmodium falciparum is modulated by climate conditions mostly

because its vector, the anopheles mosquito, is adapted to only certain temperature and
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relative humidity levels and requires the presence of pockets of water to lay their eggs. The
optimal temperature for malaria transmission differs between studies, but overall, they tend
to agree that when below 15°C or above 35°C, parasites cannot invade properly mosquitoes
which on the top of that do not survive such conditions [229, 230, 231]. Malaria transmission
is positively correlated with relative humidity levels of above 50 to 60 % and with the
intensity of rainfall [102, 103, 104, 105, 106]. The best correlation with the increase of malaria
incidence is generally observed when these climate parameters lag a few months behind

malaria incidence [232].

Temporary changing climate conditions are able to shift transmission hotspots from one
region to another, making it difficult to plan the most efficient malaria elimination campaign
[226]. At the global level, climate change is expected to actively reshape regional malaria
transmission dynamics, which could lead to regions with a contraction or expansion of the
transmission season, a shift later or earlier in the year, or even the emergence of malaria in

currently unaffected regions [233, 234, 235].

In some malaria-endemic regions, climate conditions allowing malaria transmission are met
throughout the entire year. However, other regions are hit by a seasonal malaria characterised
by a high transmission during the wet season and at the beginning of the dry season but a
very low to non-existent transmission for the rest of the year. In The Gambia, where malaria
is more prevalent in the eastern part of the country, the wet season generally starts in June
and ends in September, which translates into a high malaria transmission between August and
December (Figure 1.17) [107, 108].
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Figure 1.17: Seasonality of malaria in The Gambia. (a): The Gambia is a West African country where malaria greatly
affects its eastern part every year during the high transmission season. (b): The high transmission season is lagging 2 months
behind the wet season which lasts from June to September. For the majority of the year (around 7 months), there is little to
no malaria transmission, yet every year, the country is hit by malaria again. Made with Natural Earth.

How parasites are able to remain prevalent in malaria-endemic regions with long-lasting
low transmission seasons is not fully understood to this date. Indeed, during the low
transmission season that last the majority of the year in some countries, around seven
months for The Gambia, there are almost no symptomatic malaria infections reported.
Contrary to symptomatic cases which are absent during low transmission seasons, the

percentage of asymptomatic carriers is often constant throughout the year regardless of the
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transmission season [109, 110, 111, 22]. Parasites sampled regularly across the different high
transmission seasons are genetically close and display similar levels of clonalities, which
implies that there is a genetic continuity of parasites even across long low transmission
seasons [112, 113, 100, 114]. As asymptomatic infections can present high levels of
gametocyte density which have the potential to infect mosquitoes, it is likely that they
represent the main reservoir of parasites responsible for cases of symptomatic malaria during
the high transmission seasons while imported parasites from other endemic regions
contribute to a lesser extent [22, 115]. Furthermore, asymptomatic infections are often
polyclonal with many distinct parasites circulating in the blood, which helps maintaining a

high genetic diversity of the parasite population [24, 109, 116].

All these evidences support the fact that asymptomatic infections, while not directly harmful
to their host, largely contribute to malaria burden and thus require specific attention in malaria
elimination programs. However, predicting the duration of an asymptomatic infection, and
consequently its transmission potential, may be possible from the parasite density at the end of
the high transmission season, as it was positively correlated with the duration of Plasmodium
falciparum carriage across the dry season [24]. Two main hypotheses have been proposed to
explain how Plasmodium falciparum chronic infections persist in the host for the entire dry
season. First, Andrade et al. suggests that parasites from the low transmission season exhibit
a reduced vascular adhesion phenotype compared to those from high transmission seasons,
making them more susceptible to clearance by the spleen [117]. Another possibility is that
parasites from the low transmission season have such a low multiplication rate in the blood
that they remain virtually invisible from the host immune system [118]. An aspect yet to be
explored is the significance of chimeric var gene generation during the course of an infection
in extending parasites presence in the blood. This increase in the var repertoire size might

enhance their immune evasion capabilities, contributing to a longer duration of infection.
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The goal of this thesis is to understand the genetic mechanisms enabling the parasite

Plasmodium falciparum to establish an asymptomatic chronic infection.

Project 1

The primary objective of this project is to elucidate the variations in transmission dynamics
within a wet-dry season climate by analysing genetic relatedness. Hundreds of blood
samples were collected for inhabitants of 4 nearby villages in the Upper River Region of The
Gambia between 2014 and 2017. We will employ genotyping and whole genome sequencing
techniques to assess the relatedness among parasites sampled across different spatial and
temporal distances. Additionally, we will determine the minimum duration of infections
caused by the same parasite genotype and utilize shared genetic fragments’ locations to infer

recombinatorial histories at various scales.

Project 2

We aim to characterise the impact of long-lasting chronic infections on Plasmodium
falciparum genome, including its most polymorphic gene family, var genes. We will be using
a combination of long-read and single-cell short-read sequencing data from parasite isolates
obtained from asymptomatic individuals with chronic infections, spanning time intervals of
up to 6 months. The long-read genome assemblies to be generated will encompass the entire
genome of each individual infection, including var genes. Additionally, our single-cell
sequencing approach will allow us to identify exceptionally rare variants that might be
overlooked in bulk sequencing. Initially, we will compare uncultured single-cell genomes
from two time points separated by several months within the same infection, aiming to
identify mutations conferring a selective advantage. Subsequently, we will compare the
uncultured single-cell genomes from later time points with the complete genome assembly
obtained from the same infection at an earlier stage. This comparison will help us identify

putative structural variants involving var genes.

Collaborative projects

During my thesis, I could collaborate with various teams from within the same laboratory I
was hosted in, or from other laboratories with common interests in Plasmodium falciparum
malaria. A thorough description of each collaborative project is provided in the appendices

(Appendix C Collaborative Projects).
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Mutation rates: During this project in collaboration with William L. Hamilton', I
performed an in-depth analysis of 254 de novo micro-insertions/deletions (INDEL) called
from 354 whole genome sequencing of parasites cultivated from 5 distinct
laboratory-adapted strains. I was involved in the co-supervision of a master’s student,
Aakanksha Singh?, who used and improved my pipeline of variant calling to identify de novo
micro-INDELs. My responsibility included pinpointing the locations and insertion/deletion

biases associated with these de novo micro-INDELSs (Appendix C.1 Mutation rates).

Identification of a drug resistant marker: A team led by Rachel Cerdan? cultivated
thirteen 3D7 strains in the presence of a newly synthetic antimalarial compound and one
other 3D7 strain in the absence of any antimalarial compound, serving as a negative control.
Over time, the thirteen 3D7 lines acquired different phenotypes of resistance with varying
degrees of sensitivity to the synthetic drug. My role was to discover mutations potentially
associated with the observed drug resistance phenotype. This involved pinpointing variants
present in resistant strains while absent from the sensitive one (Appendix C.2 Identification of a

drug resistant marker).

Duration of asymptomatic infections: In a published collaborative work of Collins et al.,
multiple blood samples of 42 individuals were genotyped with MSP2 fragment sizes during the
dry season 2016/2017 of The Gambia in four nearby villages [24]. My role was to estimate the
number of Plasmodium falciparum genotypes present in each blood isolate and to follow, for
each individual, the resurgence of parasite genotypes over time by grouping those with the

same MSP2 fragment length (Appendix C.3 Duration of asymptomatic infections).

Risk of clinical malaria: I reviewed the work of Fogang et al., who were interested in
following malaria infection status and parasitaemia from individuals that were tested in four
nearby villages of The Gambia between 2014 and 2016 (Appendix C.4 Risk of clinical malaria) [119].

DBLa diversity: I published with Antoine Claessens® a perspective article focused on the
work of Tonkin-Hill et al. who used the DBL« tag, a variable region of the DBLa domain
surrounded by conserved motifs, to describe the genetic diversity of Plasmodium falciparum
at the country level (Appendix C.5 DBL« diversity) [69, 236].

"Malaria Programme, Wellcome Sanger Institute, Hinxton, United Kingdom
2L PHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France
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2.1 Introduction

The Gambia has achieved a more substantial reduction of Plasmodium falciparum malaria
prevalence than most other countries in Africa [237]. The climate is characterised by a wet
season from late June to September, followed by a 8 month-long dry season, typically
without rainfall. Malaria transmission and cases peak from September to November. The
prevalence of the infection is highest in the eastern part of the country, and the persisting
Plasmodium falciparum reservoir during the dry season is thought to be due to asymptomatic
chronic infections [91, 107]. Previous studies in the area between 2012 and 2016 reported that
roughly half of asymptomatic infected individuals at the end of the wet season were still
infected at the end of the dry season, showing that these infections can establish a chronic
infection for an extended period of time [238, 24]. Importantly, asymptomatic infections may
carry gametocytes that have been shown experimentally to transmit to mosquitoes [22, 118].
In Mali, where malaria is also seasonal, parasites isolated from long-lasting chronic
infections in the dry season are on average older in terms of hours post invasion, indicating a

reduced cytoadherence phenotype [117].

However, little is known about how the dry season affects the parasite population at the
genetic level. A crude measure of the parasite prevalence can be inferred from the average
complexity of infection (COI, the number of distinct parasite genotypes within an infection)
in the population, as COI and transmission are correlated [239, 240, 241, 63, 101]. We
previously showed that the COI, estimated by MSP2 genotyping of 42 individuals followed
monthly during a single dry season in The Gambia, was also positively associated with both

parasitaemia and duration of infection [24].

More accurately, the analysis of genetic relatedness between parasites can shed light on
fine-scale spatio-temporal transmission dynamics. Genetic relatedness is obtained from
comparing pairs of parasite genotypes which can be accessed by whole genome sequencing
(WGS) or the cost-effective barcode genotyping which can identify a unique parasite strain
with as few as 24 loci [71]. From pairwise distances between such barcodes, it has been
shown that relatedness tends to decrease with time and distance of the sampled infections
both at the national level in The Gambia and at the local level in neighbouring Senegal
[73, 101]. Although the parasite population genetic diversity has been well characterized
from infections isolated within a single wet season, the impact of the low transmission
intensity dry seasons on the long-term genetic diversity of the parasite populations is still

poorly understood.
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Identity by descent (IBD) can be used as a metric of the genetic relatedness between
parasites that not only considers the pairwise distances but also incorporates the organism
recombination rate. While studies based on Fsr are well adapted to characterize the
haplotype diversity of populations of parasites across countries or for a long period of time,
IBD has the advantage of highlighting evidences of a recent recombination between two
parasites with varying levels of relatedness [74, 242, 243]. Indeed, an IBD analysis can
provide the overall relatedness of two genomes and, with a sufficient number of loci typically
obtained from WGS data, the more precise location of related genomic fragments within
chromosomes [98, 60]. To date, most genomic epidemiology studies have only sampled
clinical cases, yet such symptomatic cases only represent a minority of all Plasmodium
falciparum infections [244, 245]. Whether the Plasmodium falciparum allelic diversity

observed from clinical cases is representative of the total parasite population is unknown.

Here, we genotyped Plasmodium falciparum isolates from a longitudinal study in four
nearby villages in the Upper River Region of The Gambia from 2014 to 2017 already reported
elsewhere [24, 119]. Blood samples from 1505 participants over 16 time points were collected
during both wet and dry seasons. In total, 442 Plasmodium falciparum positive samples from
asymptomatic infections were successfully genotyped by sequencing 89 good quality SNPs,
and 334 were whole genome sequenced. We used the IBD to estimate the parasite genetic

diversity throughout the study period.
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2.2 Material and methods

2.2.1 Study design and participants

Starting in December 2014, we recruited all residents from two villages (Madina Samako
and Njayel, identified respectively with the letters ‘K’ and J’), with two additional villages
(Sendebu and Karandaba, identified respectively with the letters ‘P’ and ‘N’) recruited from
July 2016, all four villages being in the Upper River Region in The Gambia within 5 km of each
other. More information about the recruited participants can be found in a previous study
[119]. In December 2016, a cohort of 42 asymptomatic Plasmodium falciparum carriers was

recruited and sampled monthly for 6 months, as it was previously reported [24].

2.2.2 Sampling and molecular detection of parasites

The full description of DNA extraction of parasites is provided in a previous work [119].
Briefly, fingerpricks blood samples were collected and tested for Plasmodium falciparum.
From July 2016 onwards, individuals testing positive for Plasmodium falciparum were invited
to provide an additional 5 to 8 mL venous blood sample before being treated with CoArtem.
The venous blood samples were leucodepleted with cellulose-based columns and frozen
immediately. DNA was extracted with QIAgen Miniprep kit following manufacturer

procedure.

2.2.3 Genotyping and sequencing

All Plasmodium falciparum DNA positive samples, from fingerprick and from venous
blood, were genotyped using the mass-spectrometry based platform from Agena, as part the
MalariaSpot consortium [123]. A total of 101 SNPs located on the 14 chromosomes were
genotyped and merged into a ‘molecular barcode’. SNPs, all biallelic, were chosen for their
usefulness in analyses of relationship between parasites. Out of 442 genotyped samples, 334
were also whole genome sequenced (Illumina) with a selective whole genome amplification
(SWGA) step [120]. Paired-end DNA sequencing reads (150 bp) were aligned to 3D7 reference
genome version 3. Variants were called by a script from the MalariaGen consortium using
GATK HaplotypeCaller [121, 122]. Six markers of resistance to multiple antimalarials
(amodiaquine, artemisinin, chloroquine, lumefantrine, mefloquine, pyrimethamine,
sulfadoxine) were obtained by both genotyping and sequencing [123]. These markers
correspond to 6 non-synonymous changes in 6 proteins encoded by the genes: aatl
(PF3D7_0629500) S528L, crt (PF3D7_0709000) K76T, dhfr (PF3D7_0417200) S108N, dhps
(PF3D7_0810800) A437G, kelch13 (PF3D7_1343700) C580Y and mdr1 (PF3D7_0523000) N86Y,
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each of which is known to reduce the susceptibility to one or multiple antimalarial drugs.
Two markers, aatl S528L and kelch13 C580Y were only available in sequencing data and

absent from genotyping data.

2.2.4 Parasite relatedness

To accurately assess the parasite genetic similarity between different sampled infections,
we estimated pairwise mean posterior probabilities of identity by descent (IBD) between
genomes or barcodes using hmmlIBD, a hidden Markov model-based software relying on
meiotic recombination events given a recombination rate of Plasmodium falciparum of
13.5 kb/cM [79, 41]. The probability of two samples to be in IBD represents the expected
shared fraction of their genomes. An IBD of more than 0.9 is considered identical, hence

describing the same parasite genotype.

2.2.5 Complexity of infections

The clonality of each isolate was estimated from whole genome sequenced samples by the
Fws metric based on allelic frequencies [82]. Additionally, the complexity of infection was
estimated by the categorical method of THE REAL McCOIL (‘maxCOI = 30,
threshold_ind = 0, threshold_site = 0, totalrun = 10000, burnin = 1000, M0 = 15, el = 0.01,
e2 = 0.01°) from consensus barcodes [124]. To evaluate the correlation between Fys and THE
REAL McCOIL, a genomic barcode generated from WGS filtered SNPs was used as an input
for THE REAL McCOIL. A locus was considered mixed if the within-sample minor allele
frequency was above 0.05, while loci with missing data from more than 20 % of samples were
filtered out. To minimise the likelihood of linkage disequilibrium between nearby loci within
these sets, only loci that were more than 5 kb apart were kept for both mass-spectrometry
SNP genotyping (44 remaining loci) and WGS filtered SNP barcodes (819 remaining loci)
[246]. If the clonality estimated by THE REAL McCOIL was too uncertain (with a 95 %

confidence interval bigger than 2), the sample was excluded (1 consensus barcode excluded).

2.2.6 Multi-locus genotype barcode data analysis pipeline

To analyse whole genome data formatted in a VCF format, we developed the following

pipeline to (Figure 2.1b):

Filter out genomic positions for which ‘QUAL’ is inferior to 10000,
with more than 2 alleles identified in the population or that are

located outside of the core genome [41].

Remove genomes comprising less than 4000 SNPs covered by at least
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5 reads.

Estimate the proportion of polyclonal samples using the Fys metric
and THE REAL McCOIL.

Merge the SNPs into genomic barcodes and format them to a binary
matrix as required by hmmIBD (mixed and unknown positions set to
0). SNP calls were considered mixed if the within-sample minor allele
frequency (MAF) was greater than 0.2. The MAF of 0.2 was chosen
according to the good agreement between molecular barcodes and
genomic barcodes (high number of mixed locus matches and low

number of mixed locus mismatches) (Figure A.1).

Use the paired IBD values obtained from hmmIBD and build a network
of genome relatedness with pairs of genomes having more than 100
informative loci. A locus is deemed informative when it is available in

both genomes and that at least one of them is the minor allele.

Identify lineages by grouping genomes related with an IBD between
0.35 and 0.65. The ‘parents’ are defined as two genetically unrelated
genomes (IBD < 0.2) in high IBD with ‘offspring’ genomes. The latter

shared at least 35 % of their genome with each parent.

The second part of the pipeline imputes missing SNPs in the molecular barcode from the WGS

data to build a ‘consensus barcode’. Then, it estimates the duration of infection by the same

genotype (Figure 2.1):

][]

From the initial 101 genotyped SNPs, remove positions not present in
filtered WGS SNPs data.

Replace unknown positions of molecular barcode with filtered WGS
SNPs, which generates what we refer to as ‘consensus barcodes’. The
comparison between barcodes and WGS SNPs showed a discrepancy
for 21 of the 101 SNPs for samples obtained after May 2016 (Figure A.2).
As aresult, these 21 barcode SNPs were considered unknown for all the

samples obtained after May 2016.
Remove consensus barcodes with fewer than 21 SNPs.

Estimate the proportion of polyclonal samples using the THE REAL
McCOIL.
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Format consensus barcodes into a binary matrix (mixed and unknown

positions set to 0) and run hmmIBD.

Use the paired IBD values obtained from hmmIBD and build a network
of barcode relatedness with pairs of consensus barcodes having more
than 10 informative positions. A locus is deemed informative when it
is available in both barcodes and that at least one of them is the minor

allele.

2.2.7 Genetic relatedness between groups of multi-locus genotype

barcodes

All ‘consensus barcodes’, hereafter referred to as ‘barcodes’, available after December 2016
were excluded from the genetic relatedness analysis as they were obtained exclusively from
the 42 individuals recruited in the cohort from the December 2016 screening [24]. Barcodes
were grouped by their collection date (11 time points from December 2014 to December
2016), sampling location (same household, different households from the same village and
different households from different villages) or collection date split by sampling location. For
each pair of groups of barcodes, the genetic relatedness was estimated by the proportion of
related barcodes (IBD > 0.5) over all possible combinations of barcodes excluding those
sampled from the same individual. Pairs of sampling location with less than 5 comparisons
(941/2933 removed pairs) and pairs of collection dates split by sampling location with less
than 5 comparisons (25/193 removed pairs) were filtered out. All pairs of sampling locations

contained at least 10 comparisons.

2.2.8 Most conserved genomic regions

The genomic fragments in IBD between the 19700 pairs of non-identical genomes (IBD < 0.5)
were combined to obtain, for each position, the number of genomes in IBD. The top 5 % most
covered regions (with at least 440/19700 pairs of genomes in IBD or 2.2 % of all pairs) were

extracted and merged if they were less than 10 kb apart.

2.2.9 Natural cross offspring identification

Highly related genomes (IBD > 0.9) and slightly related genomes (IBD between 0.35 and
0.65) were grouped into clusters (corresponding to components in graph theory) using igraph
(version 1.2.11) R package [125, 126]. Each cluster may contain identical parasites (IBD > 0.9)
and genetically related parasites separated by a recent recombination event from a natural

cross (IBD between 0.35 and 0.65). Within each cluster, three genomes were associated in

59



PROJECT 1 | Material and methods Guery, 2023

a ‘triad’ when one of them, assumed to be an offspring, was related to two other genomes
assumed to be parents (IBD between parents < 0.2). The two parental genomes picked were
those that, if combined, maximized the total size of chromosomal fragments in IBD. Putative
offsprings that had less than 85 % of the accessible parts of their genome in IBD with their

combined parents were excluded.
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2.3 Results

2.3.1 Combined barcode and whole genome analysis pipeline

To characterise the parasite genetic diversity and identify the impact of antimalarial drugs,
all Plasmodium falciparum isolates were genotyped and whole genome sequenced
(Figure 2.1a). After concatenation of the two datasets, we obtained a high-quality genomic
barcode comprising 89 SNPs for 436 isolates (Figure 2.1b). Out of these, whole parasite
genomes were also successfully sequenced for 201 isolates, with 19252 filtered SNPs called.
The barcode data analysis pipeline is freely available at

https://github.com/marcguery/malaria-barcodes-analysis.
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Figure 2.1: Study design and analysis pipeline. (a): Regular blood samplings successfully genotyped and/or whole genome
sequenced before being processed in the analysis pipeline (https://github.com/marcguery/malaria-barcodes-analysis). (b):
Barcodes of 89 high-quality SNPs spanning 14 chromosomes were generated for 436 samples for spatio-temporal analysis of
Plasmodium falciparum genetic diversity. In parallel, 201 high quality (> 4000 called SNPs) Plasmodium falciparum genomes
were sequenced to validate barcodes quality, measure IBD values and identify natural crosses and potential clonal lineage
expansions. Additionally, 6 drug resistance markers genotyped in 431 samples (4/6 drug resistance markers available, 1267
haplotypes in total) and called in 203 Plasmodium falciparum genomes (6/6 drug resistance markers available, 1022 haplotypes
in total), leading to a merged total of 1744 drug resistance-related haplotypes, were used to determine the prevalence of
resistant haplotypes over time and to estimate the effect of drug resistance on genomic fragment relatedness. Finally,
complexity of infections (number of distinct Plasmodium falciparum clones from the same blood sample) were estimated
using Fws metric on all genomic SNPs and THE REAL McCOIL on unlinked SNPs from both genotyping and sequencing data.
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2.3.2 High genetic complexity in asymptomatic infections

One indicator of parasite strain diversity is the level of complexity (or multiplicity) of
infection (COI), denoting the number of unique genotypes/genomes within an isolate. We
estimated COI using Fys values from genomes and THE REAL McCOIL from both barcodes
and genomes (Figure A.3). The population minor allele frequency estimated by THE REAL
McCOIL on both barcodes and genomes showed a good correlation with the true population
minor allele frequency calculated from allelic depths (Figure A.4). Overall, the proportions of
isolates with polygenotype infections were estimated as 39 % using Fys (79/201), 23 % using
THE REAL McCOIL on genomes (47/201) and 9 % using THE REAL McCOIL on barcodes
(41/435) and were evenly distributed across all time points, meaning that the average level of
genetic complexity of infections remained stable in the area over the 2.5 years of the study
(Figure A.5).

To determine the relatedness between isolates, identity by descent was calculated pairwise
between all barcodes and all genomes. The accuracy of the IBD calculated from barcode data
was assessed using IBD calculated from WGS data as the gold standard (Figure A.6). IBDs
from barcode and WGS data showed a strong linear correlation when both were above 0.5 (R?
= 0.76); this cut-off was chosen to discern between related and unrelated pairs of samples.
Out of 88569 pairs of infection samples, only 1301 were related with an IBD above 0.5 (1.5 %),
demonstrating a very large recombinatorial genetic diversity throughout the parasite
population (Figure 2.2a). Out of the 294 barcodes sampled at least once in each individual
(barcodes within an individual are considered identical if they have an IBD above 0.9), 68
(23 %) were identical (IBD > 0.9) between different individuals while 229 (78 %) were related
(IBD > 0.5) between different individuals (Figure 2.2b). This result is consistent with a
longitudinal clinical study from Senegal in which the proportions of repeated barcodes
ranged from 10 to 55 % from 2006 to 2013 [60]. There is no apparent evidence of genetically

isolated strains at the village level as all villages are interconnected.
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Figure 2.2: High parasite recombinatorial diversity in 4 villages in The Gambia inferred from inter-individual
genetic relatedness. (a): Log-scale distribution of IBD values between barcodes. (b): Relatedness network of parasites
genotyped between December 2014 and December 2016, with barcodes represented as nodes and IBD values represented as
edges. Sets of nearly identical barcodes (IBD > 0.9) within a volunteer were merged into a single one by keeping the earliest
genotyped barcode, resulting in one barcode per continuous infection represented here as a node. Barcodes are grouped into
clusters using the compound spring embedder layout algorithm from Cytoscape (version 3.9.0) [247].
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2.3.3 Pattern of relatedness between infections is shaped by
seasonality

The spatio-temporal relationship between pairs of barcodes (only between distinct
individuals to exclude chronic infections) was investigated. To do so, the proportion of
related barcodes (IBD > 0.5) was calculated for all pairs of time points split by their sampling
locations (same household, different households from the same village, or different
households from different villages) and grouped by time between sample collections
(Figure 2.3). The average proportion of similar barcodes is ten times lower between barcodes
sampled less than two months apart and those sampled more than 12 months apart (average
proportions of 0.048 and 0.0043, Welch t-test value = 4.8979, p value < 0.0001). At the spatial
level, barcodes sampled less than 2 months apart and from the same household were twice
more related than those from different households of the same village (average proportions
of 0.096 and 0.042, Welch t-test value = 2.3471, p value = 0.033) and seven times more related
than those sampled from different villages (average proportions of 0.096 and 0.014, Welch
t-test value = 4.0519, p value = 0.0025). When barcodes were sampled more than two months
apart, the correlation of genetic relatedness with sampling location disappeared. Altogether,
the overall large parasite recombinatorial genetic diversity combined with the increased
proportion of related isolates within the same household indicate a scenario in which the
same infectious mosquito has infected two or more individuals who live together, or a direct

transmission chain between two household members.
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Figure 2.3: Combined effects of spatial and temporal distances on parasite relatedness. The proportion of related
isolates between each pair of households is grouped according to their relative spatial distance and binned into time intervals
of various lengths such that the number of observations in each bin is similar. The mean proportion of related barcodes for
each time interval is shown as a dotted red line.

The impact of seasonality on the parasite recombinatorial genetic diversity was assessed
by comparing the proportion of related barcodes (IBD > 0.5) between groups of collection
dates within or between seasons. Barcodes sampled during the wet seasons from 2014, 2015
and 2016, as well as the dry seasons of 2015 and 2016, were grouped into intraseasonal pairs
if they were collected during the same season and interseasonal pairs otherwise. This
resulted in 5 groups for intraseasonal pairs and ten groups for interseasonal pairs, with the
most distant groups (wet 2014 and wet 2016) being 4 seasons apart. As shown in Figure 2.3,
pairs of collection dates relatively close in time exhibited greater similarity than more distant
collection dates (Figure 2.4a). This suggests a continuous recombination process among all
parasites, rather than the transmission of one or more specific strains. To determine the
specific time of the year the average genetic relatedness declines, the proportion of related
barcodes was compared between pairs of sample collections from the exact same season or
exactly one season apart (Figure 2.4). Parasites belonging to the ‘wet intraseasonal’, ‘dry
intraseasonal’ and ‘wet to dry’ groups displayed similar genetic relatedness with average
proportions of related barcodes of 0.026, 0.025 and 0.022 respectively. However, the ‘dry to
wet’ group exhibited a 3-fold lower genetic relatedness, with an average proportion of
related barcodes of 0.007, indicating that the majority of parasite differentiation occurs

during the transition from the dry season to the subsequent wet season. This corresponds to
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the increase in transmission rate at the onset of the wet season, with parasite genetic
diversity being reshuflled after sexual reproduction in the mosquito. This increase in genetic
diversity is not observed in the ‘wet to dry’ season transition, demonstrating a lack of

transmission in the dry season.
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Figure 2.4: Effect of seasonality on parasite recombinatorial genetic diversity. (a): Proportion of similar barcodes
(IBD > 0.5) between all pairs of sample collection dates from December 2014 to December 2016. (b): Proportion of similar
barcodes (IBD > 0.5) between the closest pairs of sample collection dates that are within the same season (‘intraseasonal wet’
and ‘intraseasonal dry’) and one season apart when the wet season precedes the dry season and conversely (respectively ‘wet
to dry’ and ‘dry to wet’). Genetic similarities were compared between the ‘dry to wet’ group and all other groups with Welch
t-tests (*: p value < 0.05, ***: p value < 0.0005).
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2.3.4 Plasmodium falciparum chronic infections with persisting
genotypes

To differentiate ‘true’ chronic infections with the same parasite genotype from
reinfections, we measured the minimal duration of infection using IBD values between
barcodes obtained from the same individual sampled at different time points, which were all
ignored for the spatio-temporal analysis of genetic relatedness (Section 2.3.3 Pattern of
relatedness between infections is shaped by seasonality). The beginning and end of an infection by
the same parasite were attributed to the two most further away time points separating two
related barcodes (IBD > 0.5). Forty individuals were infected with the same dominant
Plasmodium falciparum genotype for at least two months and up to one year and a half
(Figure 2.5). Within this group of chronically infected individuals, 26 were male and 14
females (Figure A.7). However the duration of infection did not significantly differ between

gender nor age groups (Figure A.7).

| PR *  CoArtem

Season \I,Jvry Infectivity Treatment

et Pf+

0272809 - ——
K0252717- — I 1

K0030302 - —t I 1

K0384611- L |
K0222213- Il |
P0080836 - 1 ——

P0020215- * ——

K0364314- ——

K0171742- 1 * I o*x | *x

N0131303- |
K0303507 - | —

K0212109- [ —

K0141403- | —

P0070722- 1 1 | —— |
P0060623 - * ————t——
P0020206 -

J0282916-

K0171716- |
P0050519- |
J0101103-

10030406 - 1
K0232412- | |
K0263004 - —— 1

P0121204- —H——t—
P0080842 - * ——t————
P0080805 - I —_—
P0020213- L o s m— —(—
K0263008 - L B S m———
K0262922- | _—
K0181810- e
K0242508- L —— *

K0171728- 4 |
)0272815- | b
K0273207 - + 1 1
K0060609 - +

K0010105- + t 4

0262707 ¢+ + |

0272813 - 1 ¢ } +—+
K0030303- + + 1 [
K0090903 - + + + 1
K0262940- + t

Dec Apr Jun Nov Dec Mar May Jul Oct Nov Dec Jan Feb Mar Apr May
2014 2015 2016 2017

Figure 2.5: Continuous Plasmodium falciparum infections with the same dominant genotype. Forty individuals were
infected with related barcodes (IBD > 0.5) at two or more time points. Duration of continuous infections are ranked from the
shortest (top: J0272809) to the longest (bottom: K0262940), and linked with a black line. Unlinked Plasmodium falciparum
positive tick marks indicate a different barcode (IBD < 0.5) or barcode not available. Some individuals received occasionally
an antimalarial treatment.
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2.3.5 Independence of seasonality and drug resistance prevalence

Six drug resistance-related haplotypes were obtained by molecular genotyping and called
from whole genome sequencing in genes aatl, crt, dhfr, dhps, kelch13 and mdr1 respectively
for 431 barcodes (1267 halpotypes) and 203 genomes (1022 haplotypes) for a total of 2289
haplotypes. The comparison of the 545 haplotypes that were obtained with both molecular
genotyping and WGS on the same samples showed that the two methods had a very good
agreement with 476 (86 %) haplotypes matching (Figure A.8). For the remaining 77
haplotypes that did not match, only the call of WGS was considered for the rest of the
analysis. Overall, the percentage of isolates with resistant alleles was stable over time for 6
haplotypes with 91 % for aat1 S258L, 91 % for dhfr S108N (pyrimethamine resistance), 47 %
for dhps A437G (sulfadoxine resistance), 0 % for kelch13 C580Y (artemisinin resistance) and
12 % for mdr1 N86Y (multi-drug resistance) (Figure 2.6). The remaining haplotype, crt K76T
(chloroquine resistance), had a constant prevalence with 51 % of resistant parasites between
December 2014 and July 2016 which then increased and remained stable at 73 % afterwards
(Figure 2.6). These prevalences are on par with the 2008 estimates in the country [248].
Although it was previously reported that the prevalence of mutations associated with
chloroquine resistance declined during the dry season in The Gambia [249], here no drug
resistance allele frequency consistently decreased nor increased across the six seasons from
2014 to 2017 (Figure 2.6). In our dataset, there is no evidence for seasonality-related drug

resistance fitness cost that could impact the population haplotype diversity.
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Figure 2.6: Prevalence with standard errors of 6 drug resistance-related haplotypes for each time point with at
least 5 observations over the study time period. The 6 variants induce non-synonymous changes in aat1 (S528L), crt
(K76T), dhfr (S108N), dhps (A437G), kelch13 (C580Y) and mdr1 (N86Y) which are known to reduce the susceptibility to multiple
antimalarials. The proportions of all variants except crt K76T remain stable over time with different degrees of prevalence.
Two variants are almost fixed in the population of parasites: 91 % of parasites are aat1 S528L mutants, 91 % dhfr SI08N mutants
and one is absent: no parasite is a kelch13 C580Y mutant. The prevalence of variants dhps A437G and mdr1 N86Y oscillates
around the same value over time (respectively 0.47 and 0.12) while the prevalence of variant crt K76T went from an average
of 0.51 to 0.73 after July 2016.

2.3.6 Signature of selection around drug-resistance markers

To investigate genome-wide signatures of selection, IBD values between all pairs of the 201
genomes were calculated along with the location of the shared chromosomal fragments. The
locations of the most conserved fragments in the population were identified by overlapping
identical by descent genomic fragments between all pairs of unrelated genomes (IBD < 0.5)
(Figure 2.7). Seven fragments of 2 to 116 kb make the top 5 % of the most shared regions. Two
of them are located around known drug resistance markers crt and aatl, on chromosomes 7
and 6 respectively, and were identical in 6.0 % and 3.8 % of all pairs of unrelated genomes
(Figure A.9).

The most conserved genomic fragments were also identified in subset of genomes with
(Resistant’) or without (‘WT’) a mutated allele reducing the susceptibility to antimalarials

for 6 different genes: aatl, crt, dhfr, dhps and mdr1 (Figure A.10). As expected, genomes

71



PROJECT 1 | Results Guery, 2023

carrying the haplotype crt K76T share two large conserved regions around crt and aatI that
are absent in genomes with a wild-type crt haplotype, showing that these two regions are
strongly linked in Plasmodium falciparum strains resistant to chloroquine. Interestingly,
genomes carrying the mdrl N86Y allele have more conserved regions around mdrl, aatl, crt
and dhps, which may indicate that mdri N86Y haplotype is linked to regions able to confer a
resistance to diverse antimalarials.
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Figure 2.7: Identical chromosomal regions most frequently detected. Genomic regions identical by descent between
unrelated genomes (IBD < 0.5) using all 19700 pairs of genomes. The 14 Plasmodium falciparum chromosomes were annotated
with the 6 genes known to reduce susceptibility to antimalarials aatl, crt, dhfr, dhps, kelch13 and mdrl. Two large regions
showing the highest percentage of IBD are centered around the aat1locus on chromosome 6 and the crt locus on chromosome
7. These two regions are nearly identical to two of the regions identified by Nwakanma et al. (2014) with high standardized
integrated haplotype scores [248].

2.3.7 Natural cross offspring and lineages expansion

To identify progeny and parental genomes of putative natural crosses, we sought pairs of
unrelated genomes that, if involved in a natural cross, would lead to an IBD pattern similar to
that of one other genome present in the dataset. In total, 6 putative parent-offspring clusters
were observed, each containing the same two unrelated genomes (IBD = 0.17) that could be
parents and at least one putative progeny genome in IBD from 0.35 to 0.65 with each parent
(Figure A.11). The 6 putative offspring genomes were identified in different human hosts, with
two of them (K0030301 and K0030302) being young children siblings living in the same house.
Among the 6 distinct putative offspring with identical parental genomes K0141403_1504 and
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K0374502_1412, J0060701_1511 is the one with the smallest proportion of genomic fragments
with a non-parental origin and displays large segregated blocks of genomes from the parents,
separated by meiotic breakpoints (Figure 2.8 & Figure A.12). Each of the 6 putative progeny
genome is unique (IBDs between the putative offspring are inferior or equal to 0.68), with
multiple meiotic breakpoint coordinates not found in the other 5 progeny, demonstrating that
none of these 6 genomes result from a clonal lineage expansion. However we cannot rule out
that one or more natural crosses occurred between K0141403 1504 and K0374502_1412 before

these 6 progeny genomes were identified.
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Figure 2.8: Example of a likely natural cross between two unrelated parental genomes. The 14 nuclear chromosomal
origins of J0060701_1511 are inferred from IBD with unrelated genomes (IBD = 0.17) K0141403_1504 and K0374502_1412.
Each chromosomal fragment can be in IBD with K0141403_1504 (blue), K0374502_1412 (yellow), both of them (hatched) or
neither of them (pink). Some regions (grey) located generally near or in telomeric regions had too few high quality SNPs,
thus preventing an estimation of the IBD. Surprisingly, almost all the fragments that are unrelated to neither of the parental
genomes occur near identical regions between the two parental genomes. This most likely means that the actual strains that
gave birth to J0060701_1511 are not K0141403_1504 and K0374502_1412 but are highly related to them.
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2.4 Discussion

To anticipate the pre-elimination era of malaria, we developed barcode genotyping and
WGS methods to build a genetic relatedness network of parasites and access the transmission
mechanisms of malaria in The Gambia. The vast majority of parasites were genetically
unrelated and those related were shared across the different villages studied. Almost every
strain identified has recombined the following year, completely renewing the parasite genetic
diversity. This sharply contrasts with neighbouring Senegal, in the area of Thies, where
parasite haplotype diversity is low, with multiple identical Plasmodium falciparum genomes
recurring year after years, indicative of self-mating transmission and low outcrossing levels
[60, 250, 251].

We estimated the complexity of infections (COI) using both allelic frequencies and locus
heterozygosity and observed a constant level of polyclonal infections [82, 124]. Variations of
the proportion of polyclonal infections has been positively correlated with changes in
transmission intensity [252, 241, 63, 101]. In this studied area of The Gambia, COI was stable
over time, correlating with recent data on prevalence [238]. Most infections were
sub-microscopic, which is typical, especially when prevalence falls below 20 % [253, 254].
These low parasitaemia infections that may persist for months are typically asymptomatic
unless the host immune system is compromised [166]. In this study, the longest infection
that we were able to observe was in a 9-year-old individual continuously infected,
asymptomatically, for one and a half year by the exact same parasite strain. The age of this
individual falls in the range of school-age children who contribute the most the malaria
reservoir through their higher carriage of asymptomatic infections and their ability to
effectively infect mosquitoes [255, 22, 238, 68].

In The Gambia, drug resistant allele frequencies increased dramatically from the late 1980’s
until the early 2000’s, then plateaued until 2008 [248]. Almost all chromosomal regions with
higher levels of shared IBD are in linkage disequilibrium with known drug resistance markers,
indicating that drug resistance is currently the strongest genomic selective pressure on the
parasite genome in The Gambia. We could confirm that the two regions surrounding aat1
and crt were strongly linked as they were identical between genomes carrying aat1 S258L and
crt K76T haplotypes [169]. Furthermore, 3 distinct conserved regions surrounding aatI were
identified between genomes carrying the haplotypes aat1 wild-type, aat1S258L and mdr1 N86Y
suggesting that three distinct haplotypes surrounding aat1 might coexist in the population.
This is likely explained by constant use of Sulfadoxine/Pyrimethamine prophylaxis since the

late 90s and Artemether/Lumefantrine as treatment. While in South-East Asia the large-scale
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usage of ACTs has led to development of drug-resistance and drastic reduction of parasite

population haplotype diversity, this is not (yet) the case in The Gambia.

Amambua-Ngwa et al. showed previously that parasite genetic similarity is inversely
correlated with each spatial and temporal distances in The Gambia during the 2013
transmission season [73]. We also find that parasites sampled in close households are more
genetically similar but only when parasites were sampled less than three months apart.
Similarly, Lee et al. observed parasite strains with varying levels of spatio-temporal
propagation in Thiés, Senegal which suggests that some parasites are more actively
transmitted than others [101]. These results add evidences that anti-malarial strategies could

prioritise all members of a household with an infected individual.

A follow-up study carried out in rural villages of eastern Gambia between 2012 and 2016
reported that roughly half of asymptomatic infected individuals at the end of the wet season
were still infected at the end of the dry season [238]. We showed that parasites of a dry season
share significantly more genetic similarity with those from the previous wet season than those
from the next wet season. The genetic similarity between parasites sampled 8 to 12 months
apart is five times lower than the one between parasites sampled less than 2 months apart.
Also, parasites sampled more than one year apart had very low level of similarity, implying
that the whole population had been replaced in just one year. A study conducted in Colombia
(with a 10-fold lower malaria prevalence than The Gambia) showed that the same level of

decrease of genetic similarity was reached in about 7 years [252, 98].

A key aspect of our approach was the active case detection of asymptomatic infections, as
opposed to previous studies sequencing parasites solely derived from clinical cases. It is
essential to consider asymptomatic infections when dealing with Plasmodium falciparum
malaria as we showed that they likely represent the main reservoir of parasites surviving the
dry season in The Gambia. Furthermore, we described a 9-year old individual infected with
the same parasite genotype for one year and a half, showing the important immune evasion
capabilities of Plasmodium falciparum. Our results advocate for active case detection as a
necessary step to comprehensively characterize the true parasite genetic diversity. Thanks to
whole genome sequencing, the recombinatorial history of parasites can be retrieved from a
few generations back, allowing to understand the precise origin of each genomic fragment.
Using IBD status of each fragment in the whole population, we showed that drug resistance

has a major impact on the parasite genome.
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3.1 Introduction

As detailed in the previous chapter (Chapter 2 Project 1: Spatio-temporal Relatedness of Parasites),
malaria in The Gambia is highly seasonal, with a 7-month long dry season with very few
Plasmodium falciparum cases. The lack of transmission during the dry season implies that
Plasmodium falciparum parasites are able to remain hidden in an asymptomatic human host,
therefore surviving for many months without being cleared by the immune system [111, 114].
The extent of these Plasmodium falciparum malaria asymptomatic chronic infections has just
recently been seriously considered thanks to more sensitive malaria diagnosis tools able to

detect very low parasite densities in the blood [152, 256].

The main Plasmodium falciparum antigens triggering an immune reaction towards iRBCs
are PfEMP1s, encoded by the hypervariable family of var genes, containing approximately 60
genes per parasite genome [257, 211]. Interestingly, iRBCs display at their surface only one
type of PEEMP1 throughout the intra-erythrocytic life cycle, effectively concealing most of
the other PFEMP1s from the immune system. At the end of each cycle, parasites switch of var
gene expressed at a rate of about 2 %, generating a pool of parasites with antigens unknown
to the immune system [88]. One model suggests that the parasite-host relationship has
evolved to favour short-lived immune responses that allow the parasite to persist and the
host to survive [258]. However, to the best of our knowledge, a detailed analysis of var gene
expression and antibody recognition from the same chronic infection over a long period of
time has never been performed. Mathematical models predicting durations of infection given
the antigenic variation of the var gene family cannot explain the relatively high frequency of
infections lasting longer than a few months [259]. An interesting hypothesis that could
explain the efficient immune evasion of the parasites is that chimeric var genes can be
generated through ectopic recombinations between their exons 1 (encoding the extracellular
part of the PfEMP1). These new antigens can be added to the existing pool of PfEMP1s,

effectively extending the duration of infection.

Although the generation of chimeric var genes without meiosis was only observed from in
vitro culturing of several strains, it is likely that they are also generated during the course of an
in vivo infection [54, 260]. Multiple challenges arise when looking for occurrences of chimeric
var genes generated in vivo. First, an infection has to be monitored for a sufficient time to
let a parasite have a chance to undergo a successful ectopic var gene recombination between
two samplings without any risk for the volunteer. Second, the most thorough approach to
assemble full-length var genes is via long-read sequencing as these genes are all located in

internal and subtelomeric hypervariable regions of the chromosomes, inaccessible to short-
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reads of typically 150 bp [38, 41]. The technique requires a relatively large amount of parasite
DNA, which is not directly available from an asymptomatic infection [20]. Culturing isolates
in vitro to bulk up DNA parasite is not trivial and can only be limited to a few weeks before
the parasite genome acquire mutations conferring a growth advantage [261, 262]. Finally, as
these in vivo de novo chimeric var genes are assumed to be rare and do not necessarily confer
a growth advantage to the parasites carrying the chimera, it is necessary to sequence each

single-cell genome individually instead of sequencing in bulk.

To characterise de novo mutations occurring in long-lasting chronic infections, we took
advantage of the cohort recruited in The Gambia, as described previously (Chapter 2 Project 1:
Spatio-temporal Relatedness of Parasites). Briefly, in December 2016, inhabitants of 4 nearby
villages in Eastern Gambia were tested for Plasmodium falciparum by varATS qPCR and only
those positive were recruited. A cohort of 42 asymptomatic Plasmodium falciparum carriers
was followed monthly with varATS qPCR tests and venous blood samplings until May 2017.
The follow-up was ended for individuals who became symptomatic and received treatment
immediately, or who naturally cleared their infection (2 successive months of being
Plasmodium falciparum negative) or withdrew from the cohort. Thanks to this survey, the
clonality of infections could be estimated and followed monthly by using MSP2 genotyping
on each blood sample. One important conclusion was that long infections tend to carry more
clones. The full details of this cohort study are available in Collins et al., 2022 [24].

Out of the 42 individuals, 11 were chosen to have their infection precisely monitored with
both long-read and single-cell sequencing of the parasites at different time points. Prince
Nyarko', a PhD student of Antoine Claessens’, was in charge of all laboratory work (including
parasite culture) prior to obtaining sequencing data (Figure 3.1). In each of the 11 individuals, at
least one blood sample was selected to attempt to culture-adapt its parasites. When the culture
adaptation was successful, parasites were cloned and subsequently sequenced using the highly
accurate PacBio CCS HiFi long-reads, which have an average read length of around 10 kb. In
parallel, two blood isolates sampled the furthest away in infection time (5 to 6 months) were
chosen to undergo ex vivo cell-sorting, after 40 hours of culture to reach the schizont stage.

The sorted cells were individually sequenced using Illumina short-reads of 150 bp.

1LPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France
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(b) Parasitaemia, clonality and sequencing workflow of the parasites.

Figure 3.1: Sample collection and analysis workflow of blood samples. (a): During the dry season in 2016/2017, 11
individuals were followed monthly with parasitaemia and clonality estimations (red boxes). For the majority of individuals,
single-cell sequencing (‘seq’) was attempted on the most distant time points of the infection while long-read sequencing was
attempted on the very first time point available of each infection. For individuals for whom the sequencing was not successful,
the time points that underwent single-cell or long-read sequencing (blue boxes) could be different from those presented here.
(b): In more detail, parasitaemia and clonality were initially gathered just after the blood samplings. Following that, blood
vials were kept frozen until thawed in 2022 or 2023 to undergo either single-cell short-read or clonal long-read sequencing
(‘seq’). The single-cells correspond to schizonts sorted about 40 hours after thawing the samples, while the clones were
obtained from culture-adapted parasites grown for about one month. Created with BioRender.com.

80



PROJECT 2 | Material and methods Guery, 2023

3.2 Material and methods

3.2.1 Parasitaemia quantification

The parasitaemia of each blood sample was quantified using QqRT-PCR of mRNA (messenger
RNA) transcripts specific to gametocytes or ring-stage iRBCs [263, 24].

3.2.2 Culturing

The culturing of the parasites was performed by Prince Nyarko' and Catherine Jett?. To
compare genomic data of the short-term-hosted with the long-term-hosted parasites, 2
different blood samples (one from an early time point, the other from a late time point) were
picked for each of 11 selected individuals. After thawing, blood samples were cultured for
about 40 hours to reach late-pigmented trophozoite or schizont stages, which both contain
the highest amount of DNA material. These samples were then purified by MACS column
and sorted by flow cytometry. For each isolate, 48 cells were sorted in individual wells, plus a
well with 48 pooled cells. In parallel, 10 blood isolates from 7 individuals were cultured in
vitro for one month. Cultures of parasites were cloned by limiting dilution in multiple
independent subcultures and expanded until sufficient cells were obtained. Two of the 10
cultures yielded two distinct clones by MSP2 genotyping, making the total number of clonal

parasite lines to 12.

3.2.3 Sequencing

The 22 pairs of sorted schizonts of the 11 individuals underwent multiple displacement
amplification of their DNA content and were sent for single-cell sequencing (48 cells) with
[llumina 150 bases paired-end reads at the Texas Biomedical Institute (San Antonio, USA). An
additional sequencing of 48 cells pooled together, refer to as ‘pooled-cells’ hereafter, was also
performed on each sample of sorted schizonts with Illumina 150 bases paired-end reads. In
parallel, 12 clonal parasite lines were sent for whole genome sequencing with Pacific
Biosciences long-read sequencing using the CCS HiFi reads at the Sanger Institute (Hinxton,
UK).

3.2.4 Whole genome long-read assembly and annotation

The long-read sequencing data from culture-adapted lines was used to build one assembly
per clone thanks to both Tree of Life team at the Sanger Institute and custom pipelines using
hicanu to trim the CCS reads and hifiasm (version 0.16.1-r375, ‘--hg-size 24m -10 -f0’) to

1LPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France
Host Pathogen Interactions Program, Texas Biomedical Research Institute, San Antonio, TX, USA
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assemble them [127, 128]. Contigs were assembled into longer scaffolds with the 3D7
chromosomes as a reference using ragtag (version 2.1.0) [129]. Genes were predicted with
Augustus (version 3.3.3) from the Plasmodium falciparum trained model available, with the
help of Mathieu Quenu' for some of the assemblies [130]. var genes were extracted from the
full list of identified proteins by screening them for LARSFADIG and DYVPQYLRW motifs
with 2 mismatches allowed (these conserved motifs are found in all Plasmodium falciparum
PfEMP1s, with the exception of the PfEMP1 encoded by var2csa). The different PfEMP1

domains were identified by the web version of VarDom (version 1.0) [47].

3.2.5 Mapping and variant calling

lan Cheeseman® mapped single-cell and pooled-cells sequencing reads on the 3D7
reference genome using bwa and called variants using a custom GATK variant discovery
pipeline focused on 3D7 core genome [264, 121, 41]. To check for non-falciparum malaria,
reads were mapped to the reference genomes of Plasmodium malariae, Plasmodium ovale
curtisi and Plasmodium vivax using FastQ Screen (version 0.15.2). Similarly to project 1
(Section 2.2.4 Parasite relatedness), we estimated the genetic similarity by computing pairwise
mean posterior probabilities of identity by descent (IBD) between single-cell genomes using
hmmIBD [79]. The probability of two samples to be in IBD represents the expected shared
fraction of their genomes. To identify variants that increased in frequency between the
single-cells obtained from different time points of the same infection, SNPs covered by at
least 10 reads with a within-cell MAF below 0.1 were extracted using the publicly available

program varif (https://github.com/marcguery/varif, version 0.4.0.dev2).

3.2.6 de novo assembly of var genes

For one individual (DCO05), no reference genome could be generated as the cultured
parasites failed to grow in vitro. The pooled-cells and single-cell genomes available from both
time points sequenced were therefore used to generate repertoires of var genes using a
custom short-read de novo assembly pipeline based on methods developed by Otto et al
(2019) and Andradi-Brown et al. (2023) [51, 46].

The assembly pipeline performs the following steps on each individual genome sequenced:

Extract reads (and their mate) aligned in regions annotated as var gene
in the 3D7 genome.

'LPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France
“Host Pathogen Interactions Program, Texas Biomedical Research Institute, San Antonio, TX, USA
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Extract unmapped reads (and their mate).
Merge reads from steps 1. and 2. and keep only unique pairs.

Obtain a var assembly of each genome with rnaSPADES (-k 71) [265].

Remove similar contigs (identity > 95 % and both sequences
overlap > 90 %) with cd-hit [266].

Merge contigs with SSPACE using the mapping of sequencing reads on

their own var assembly [267].

Bl

Keep contigs encoding a protein containing both motifs LARSFADIG
and DYVPQYLRW (with 2 mismatches allowed) with at least 400
uninterrupted amino acids following LARSFADIG (included).

Extract var genes from contigs using the delimitation of the detected
PfEMP1 domains by the web version of VarDom (version 1.0) [47].

Merge similar var genes (identity > 95 % and shortest var gene covering
90 % of the longest).

Translate all var genes and extract the open reading frames
containing LARSFADIG motif which corresponds to the part of the

protein encoded by exons 1 of var genes

To identify identical PFEMP1 sequences found in multiple time points, all PFEMP1 repertoires
of each individual (single-cell or pooled-cells) genome were aligned with one another and
clustered using Clustal-Omega (version 1.1.0) [131]. Using igraph (version 1.2.11) R package,
all PFEMP1s were grouped into high similarity clusters in which they share an identity above
95 % with any other PfEMP1 from the same cluster, corresponding to a component in graph
theory [125, 126].

3.2.7 Chimeric var gene screening

As described above, var repertoires were extracted from long-read assemblies or directly
assembled de novo from short-read sequencing of single-cell and pooled-cells genomes.
Reads sequenced from single-cell and pooled-cells parasite genomes obtained from the late
time points of infections (month 6) were processed through discovarif
(https://github.com/marcguery/discovarif, version 0.0.6), a custom pipeline that I developed
to map reads and call for variants, including large structural variants such as those

generating chimeric var genes. During the first step of this pipeline, reads were trimmed
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with Trimmomatic (version 0.39) and mapped with bwa (0.7.17) on their corresponding var
repertoire which was made out of one contig per var gene [268, 264]. Duplicate reads were
then removed from the mappings with Picard (version 2.25.5) before chimeric var genes were
searched using DELLY (version 1.1.6), which can identify inter-contig translocations events
using the differential locations of read pairs after the mapping [269, 132]. Hits obtained from
DELLY were retained if the variant was annotated as ‘PASS’, the read depth was above 10 and

the proportion of reads supporting the translocation event was above 0.5.
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3.3 Results

3.3.1 Asymptomatic infections followed in 11 individuals

Between December 2016 and May 2017, 11 Plasmodium falciparum PCR-positive individuals
(DCo1, DC03, DC04, DCO05, DC07, DC08, DC09, DC10, DC11, DC12, DC13) aged 9 to 27 years
old were followed monthly and selected for this analysis (Table 3.1). Three pairs of individuals
(DCO01 and DC04, DC07 and DC08, DC09 and DC10) came from the same household identified
as J027, P008 or P002. Parasite densities (rings and gametocytes) were determined monthly
by qRT-PCR. At their enrolment in December 2016 or January 2017, individuals had a median
concentration of ring-stage iRBCs at 9 x 10° parasites/mL. The majority of the individuals had
more than 90 % of their initial parasitaemia made out of ring-stage iRBCs while one of them
(DC12) had 39 % of its initial parasitaemia made out of gametocytes.

Table 3.1: Plasmodium falciparum asymptomatic individuals selected for this analysis. Out of the 42 individual

recruited in the Plasmodium falciparum asymptomatic cohort, 11 were selected for this analysis. Their parasitaemia (ring and
gametocyte levels) shown here were those from their first blood sampling in December 2016 or January 2017.

ParticipantID | Sex | Age | Household ID | Gametocytes/mL | Rings/mL | Rings (%)
DCo1 Male 9 Jo27 71 9.3 x 10° 100
DC03 Female | 13 P006 1.1 x 103 3.7 x 10° 100
DC04 Female | 15 Jo27 76 x 10' 1.7 x 10° 100
DC05 Male 13 K026 2.5 x 10* 1.8 x 10° 99
DCo07 Female | 23 P008 84 x 101 4.9 x 10° 100
DCo08 Male 10 P008 22 x 10! 1.2 x 107 100
DC09 Male 12 P002 35 x 101 9.0 x 10° 100
DC10 Male 12 P002 6.6 x 103 3.9 x 10° 98
DC11 Female | 27 P005 70 x 10! 9.7 x 10° 93
DC12 Female | 19 K023 1.2 x 10* 1.9 x 10* 61
DC13 Male 11 P012 29 x 10! 1.1 x 10° 100

Out of the 11 individuals, 10 had infections lasting for at least 6 months and 1 (DC10) had
an infection lasting 3 months. Multiple monthly blood samplings were obtained from each
individual and labelled m1 to mé6. With the exception of DC01 and DC10, each individual had
2 blood samples separated by at least five months that were selected for single-cell processing,
hereafter referred to as ‘early’ and ‘late’ time points. In total, 949 genomes were short-read
sequenced from 933 single-cells and 16 ‘pooled-cells’, the latter corresponding to 48 cells sorted
together in the same well, as a positive control (Table 3.2). Five individuals (DC01, DCO03,
DC04, DC07 and DC10) had one time point long-read sequenced early in the follow-up study
(month 1 or 2), and three (DC08, DC09 and DC10) had a long-read sequencing performed
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from blood samplings at month 3 or 5. For individuals DC08 and DC09, two distinct clones
were identified from the same time point (both at month 5) and were consequently individually

long-read sequenced. Individuals DC08 and DC10 had respectively 2 and 3 distinct time points

processed by long-read sequencing.

Table 3.2: Individual blood samples single-cell or long-read sequenced. In total, 25 blood samples from the 11 selected
individuals underwent single-cell or long-read sequencing. Part of the blood samples were directly thawed and sorted to
enrich for schizont-stages iRBCs before being sent for single-cell sequencing. The remaining parasites were cultivated for
one month and cloned by limiting dilution before being individually sent for long-read sequencing. For two of the blood

samples (DC08_m5 and DC09_mb5), two distinct clones were identified and separately long-read sequenced.

Participant ID | Month (time point) | Sample ID Sequencing
DCo1 December (early) DC01_m1 | Long-Read + Single-Cell
DCO3 December (early) DCO03_m1 | Long-Read + Single-Cell

May (late) DC03_m6 Single-Cell
DCo4 January (early) DC04_m2 | Long-Read + Single-Cell
May (late) DC04_m6 Single-Cell
DCO5 December (early) DC05_m1 Single-Cell
May (late) DC05_m6 Single-Cell
DCO7 December (early) DC07_m1 | Long-Read + Single-Cell
May (late) DCO07_m6 Single-Cell
December (early) DC08_m2 Single-Cell
DCoS Febr.uary DCOS_mS1 Long-Read
April DC08 m5" | Long-Read
May (late) DC08_m6 Single-Cell
January (early) DC09_m2 Single-Cell
DCo09 April DC09_m5% | Long-Read
May (late) DC09_m6 Single-Cell
December (early) DC10_m1 | Long-Read
DC10 January DC10_m2 | Long-Read + Single-Cell
February (late) DC10_m3 | Long-Read + Single-Cell
DC11 December (early) DC11_m1 Single-Cell
May (late) DC11_mé6 Single-Cell
DC12 December (early) DC12_m1 Single-Cell
May (late) DC12_m6 Single-Cell
DC13 December (early) DC13_ml Single-Cell
May (late) DC13_m6 Single-Cell

3.3.2 Successful single-cell sequencing of several asymptomatic

infections

The 949 (933 single-cell and 16 pooled-cells) genomes sequenced from all individual

infections at early or late time points were mapped to 3D7 reference genome, and their
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quality was assessed (Table 3.2 & Figure 3.2). Out of the 949 genomes, 384 had more than
10 % of their reads mapped on the 3D7 reference genome (Figure 3.2a). Most of the genomes
(883/949) had either more than 90 % (291) or less than 5 % (592) of the 3D7 reference genome
covered by at least 10 reads (Figure 3.2b). Out of the 565 genomes with a mapping percentage
below 10 %, 562 had a genomic coverage below 5 %, indicating that these two metrics are
highly correlated and can be equally used to filter out low quality genomes (Figure B.1). In
most cases, the vast majority of the genomes sequenced from the same time point had all
quasi identical levels of genomic coverage or mapping percentage between one another,
resulting in either almost all genomes (DC03_mé6, DC05_m1, DC07_m1 and DC09_m1) or
almost no genomes (DC01_m1, DC03_m1, DC04_mé6, DC07_m6, DC08_m1, DC10, DC11 and
DC12) successfully sequenced for a given time point (Figure 3.2).
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Figure 3.2: Mapping and coverage proportions of 3D7 from single-cell and pooled-cells reads. The 949 (933 single-cell
and 16 pooled-cells) genomes from early (blue points) and late (red points) time points of the infections were sequenced. (a):
The resulting reads were mapped to 3D7 reference genome in varying proportions, 384 genomes have more than 10 % (green
dotted line) of their reads mapped to 3D7 reference genome. (b): The mappings resulted in different levels of coverage at 10
reads depth.
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Overall, 89962 bi-allelic SNPs were called from the 384 ex vivo parasite genomes (371 single-
cells and 13 pooled-cells) with at least 10 % of their reads mapped to 3D7. Out of these 384
genomes, 341 (330 single-cells and 11 pooled-cells) had more than 30 % of the 54505 high
quality SNPs (QUAL > 10000) covered by 10 reads or more (Figure 3.3). The vast majority of
these genomes (326/341) had more than 80 % of the 3D7 reference genome covered by at least
10 reads (Figure B.1b).
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Figure 3.3: Coverage of 54505 SNPs in single-cell and pooled-cells genomes. Overall, 54505 bi-allelic SNPs were called
from the 371 single-cell and 13 pooled-cells genomes collected from early (blue points) and late (red points) time points of the
infection that had at least 10 % of their reads mapping to 3D7. The majority of the genomes (341/384) had more than 30 % of
the total set of 54505 SNPs covered by 10 read or more (green dotted line).

3.3.3 Precise segregation of parasite genotypes

As expected from single-cell genomes of a haploid organism, 99 % of their SNPs covered by
more than 10 reads displayed a within-sample MAF under 0.1. The relatedness between each
pair of ex vivo parasite genomes with at least 1000 informative positions (a locus is deemed
informative when it is available in both genomes and that at least one of them is the minor
allele) was estimated by hmmIBD using the 54505 high quality SNPs, excluding for each sample
the few SNPs with a within-sample MAF above 0.1. The different genomes were grouped into
high relatedness clusters by considering the amount of IBD links over 0.9 that they share with
one another (Figure 3.4). As expected, most of the IBD clusters contain cells obtained from the

same individual. All pooled-cells genomes are preferentially related to the cells obtained from
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the same individual infection. Three individuals (DC05, DC12, DC13) had multiple cells from
both time points all showing high IBD between each other, implying that these individuals
had monoclonal infections that survived for several months. Among all three monoclonal
infections, individual DCO5 is the one with the highest number of cells from both the early

and late time points with 41 and 26, respectively.

Interestingly, two clusters contain identical genomes (IBD > 0.9) from different individuals.
Specifically, one cluster combines DCO01 (2 early time point cells and one early time point
pooled-cells genome) with DC04 (27 early time point cells), two individuals living in the same
household (J027). Secondly, a cluster combines DC03 (11 early time point cells) with DC09 (5
early and late time point cells) with an IBD in the range of 0.5 to 0.7 between all single-cell

genomes.

Individuals DC03, DC08 and DC09 each contains an array of genomes that share varying
levels of relatedness with one another. DC08 contains 35 single-cell genomes from the late
time point only that cluster in two subpopulations (14 and 21 cells) with an IBD around 0.6.
Interestingly, DCO07 cells (47 cells from the early time point only) all display low to intermediate
(IBD between 0.35 and 0.7) level of similarity with each of the DC08 subpopulations. Of note,
DCO08 and DC07 live in the same household. DC03 contains 47 single-cell genomes from the
late time point, they cluster in two subpopulations that share an IBD of about 0.6. As expected,
the pooled-cells genome is in IBD with both subpopulations. DC09 (45 and 37 cells from early
and late time points) is the individual with the highest level of polyclonality with cells grouped
in 5 different clusters that have a low (IBD < 0.5) relatedness with one another and 4 individual
cells that were not clustered with any other genome. Three out of the four isolated cells had
the highest level of relatedness with the pooled-cells genomes DC09_m2 and DC09_mé6 (IBD
values 0f 0.27, 0.26 and 0.31). Altogether, over the two time points in DC09, 9 distinct genomes

have been identified.
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Figure 3.4: Relatedness network of single-cell and pooled-cells parasite genomes. The network of IBD values above
0.35 between ex vivo parasite single-cell (circle) and pooled-cells (square) genomes is represented by nodes linked by edges
coloured by the level of relatedness between genomes estimated by IBD. Highly similar genomes were grouped so that every
genome in the same cluster shares an IBD above 0.9 with at least one other member from the same cluster. The resulting
clusters were arranged with the compound spring embedder layout algorithm from Cytoscape (version 3.9.0) and manually
annotated with the different individuals (DC) composing them [247]. (a): Genomes are coloured by the high relatedness
cluster they belong to, with in black the genomes that did not belong to any cluster. (b): Genomes are coloured by the date of
sampling (early in white and late in black) and by individuals.
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3.3.4 Selective advantages of variants during in vivo infections

Individuals DC05 and DC13 had a continuous monoclonal infection with numerous cells
available for two time points corresponding to months 1 and 6 of the infections. As such, the
prevalence of each SNP was compared between single-cell genomes of the two time points
for each individual to identify markers of selection responsible for adaptation to in vivo long-
term infection. The proportion of mutated cells was calculated for each month separately
using each SNP covered by more than 10 reads and present in more than 80 % of cells of both
time points. For DC05 and DC13 respectively, there were 30 and 78 SNPs that had a change of
more than 0.25 in proportion of cells between months 1 and 6, with each having 3 SNPs that
had a change of more than 0.5 (Figure 3.5, Table B.1 & Table B.2). For DC05, the proportion of
two SNPs increased between months 1 and 6 from 0 % of the cells to 81 % (the same cells for
both variants) in the late time point (Figure 3.5a). They are located in the 3’-UTR (three prime
untranslated region) of the gene encoding ClpB1 (PF3D7_0816600) and in an intron of the gene
encoding the ribosomal protein L11 (PF3D7_1110600). The third SNP of DC05, inducing a non-
synonymous mutation K165N in the perforin-like protein 1 (PF3D7_0408700), change from a
proportion of 15 % to 66 % of the cells between months 1 and 6 (Figure 3.5a). For individual
DC13, one SNP located in the exon of cg1 (PF3D7_0709100) gene and responsible for a non-
synonymous mutation (P676S), change from a proportion of 36 % to 100 % of cells between
month 1 and month 6 of the infection (Figure 3.5b). Two other SNPs, in the 3’-UTR of the gene
encoding the dihydrouridine synthase (PF3D7_0918800) and in an intergenic region, change
from a proportion of respectively 44 % and 49 % to 100 % of the cells between month 1 and 6
(Figure 3.5b).
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Figure 3.5: Mutation frequency change during the infections. The proportion of core genome SNPs was calculated in
groups of single-cells corresponding to the blood sampling obtained in months 1 and 6 of individuals DC05 (a) and DC13 (b).
The SNPs that have an increase in their proportion between month 1 and month 6 of more than 0.25 are shown in black and
those above 0.5 in colours with their annotation.
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3.3.5 de novo assemblies of parasite genomes from asymptomatic
infections

Overall, 7 (DCO01, DC03, DC04, DC07, DC08, DC09, DC10) of the 11 asymptomatic
individuals had one or more blood samplings cultured for one month, cloned and long-read
sequenced to obtain a better resolution of their genomes (Table 3.2). The resulting 12
long-read de novo assemblies obtained were made out of 17 to 185 contigs for a total
assembly size of 23 to 26 Mb. After the contigs were assembled into scaffolds using 3D7
chromosomes as a reference, all assemblies contained 15 to 16 merged contigs (or scaffolds)
for a total size of 23 Mb, similar to the 16 (including apicoplast and mitochondria) 3D7
chromosomes totalling also 23 Mb (Figure 3.6a). The 5600 to 7000 genes identified showed a
very similar length distribution to that of the approximately 5500 genes of 3D7 (Figure 3.6b).
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Figure 3.6: Quality control of long-read assemblies. (a): Scaffolds were built from assembly contigs by merging them using
3D7 chromosomes as a reference. The scaffold sizes of assemblies are compared to the chromosomal sizes of 3D7 with colours
corresponding to each of the 16 3D7 chromosomes (including apicoplast and mitochondria) identified during the scaffolding.
Compared to 3D7 genome, chromosomes 1 and 12 had unexpected high or low nucleotide sizes for two assemblies, with
DC09_m5-2 having no chromosome 1 but a 600 Mb longer chromosome 12 while DC10_m2 had a 500 Mb longer chromosome
1 and 500 Mb shorter chromosome 12. (b): The distribution of the nucleotide size of all genes is also compared to that of 3D7

(red).
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3.3.6 Extraction of var gene repertoires from individual infections

For one individual (DC05), no genome could be long-read sequenced at any time point,
although the infection appears to be monoclonal with a high number of cells available for
both early and late time points (Table 3.2 & Figure 3.4). Consequently, an effort was made to
obtain the full sequences of all var genes from this infection, inspired by previously
published methods by Otto et al. (2019) and Andradi-Brown et al. (2023) [51, 46]. Among the
68 genomes sequenced from both time points, 65 (comprising 64 single-cells and one
pooled-cells genome) had more than 40 unique var genes, with an average protein length
superior to 1500 amino acids (Figure 3.7a & Figure B.2). The 3628 PfEMP1 sequences
obtained from all the genomes were combined and categorized into clusters of high
similarity (identity > 95 %). Only the longest PFEMP1 was retained for each cluster, leaving a
unique PfEMP1 repertoire for both early and late time points combined, referred here as
DC05 _m1+mb6. In total, 85 reference PfEMP1s (labelled ‘DC05 ml+mé6 1 to
‘DCO5_m1+m6_85’) could be identified among all genomes available in DCO05 infection, with
66 % (56/85) present in more than 35 genomes and 22 % (19/85) present in only one genome
(Figure 3.7b). While 41 % (12/29) of the rare PFEMP1s (present in less than 35 genomes) were
relatively short (< 1000 amino acids), the remaining ones had sizes comparable to the most
frequent PfEMP1s, often reaching 1500 amino acids. Interestingly, out of the 56 most frequent
PfEMP1s, 2 (DC05_m1+mé6_52 and DCO5_m1+mé6_53) were almost exclusive to the early time

point genomes while all the remaining ones were equally shared between both time points.
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Figure 3.7: Quality control of short-read assemblies of var genes in DC05 genomes. (a): var genes were short-read
assembled and grouped by similarity (identity > 95 % and shortest var gene covering 90 % of the longest) for each parasite
genome (67 single-cells and one pooled-cells) obtained from both time points of the DC05 monoclonal infection. Genomes
were sorted from the ones with the highest to the ones with the lowest number of var genes. (b): PfEMP1s extracted from
every genome were all pooled together and grouped into clusters of high similarity. Clusters of PAEEMP1s were sorted from
the ones present in the highest to the ones present in the lowest number of genomes. The 85 PfEMP1 clusters are labelled
for the rest of this chapter by using their rank in this figure, ranging from 1 to 85 (‘DC05_m1+m6_1" to ‘DCO05_m1+m6_85’).
The two arrows highlight PEEMP1 clusters DC05_m1+m6_52 and DC05_m1+mé6_53, which are almost exclusive to early time
point genomes.

In the 12 long-read assemblies of the 7 individual infections, proteins containing a
LARSFADIG motif were extracted and their originating gene was considered as belonging to
the var family. Overall, the 811 PfEMP1-like proteins (51 to 76 per isolate) obtained from all
long-read assemblies had a very similar distribution of size to that of 3D7 61 PfEMP1s
(Figure 3.8). Note that the 85 reference PfEMP1s of DC05_m1+mé6 (short-read de novo
assembly) contain only the part of the protein encoded by the exon 1, thus are lacking the

roughly 475 amino acids encoded by exon 2.
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Figure 3.8: Quality control of var gene assemblies. The distribution of the amino-acid size of PfEMP1s extracted from
the 12 long-read assemblies (black) and the unique short-read assembly (blue) is compared to that of 3D7 (red). Of note, only
the open reading frames containing the LARSFADIG motif were extracted from PfEMP1s of the short-read assembly, thus
excluding the part of the protein encoded by the exon 2 (about 475 amino acids in 3D7).

In PfEMP1s assembled from the long-read assemblies, the domains identified showed that
the proteins were generally completely assembled from their two terminal domain segments
NTS to ATS, with only 5% (42/811) of the assemblies missing their ATS terminal domain. As
expected, each PfEMP1 is a succession of diverse DBL and CIDR domains. In the short-read
assembly of DC05_m1+m6, the assembled var gene contigs were found to encode almost
complete PEEMP1s which contains all domains except ATS and which all starts with a DBL«
sub-domain as expected (Figure 3.9 & Figure B.3).
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Figure 3.9: Annotated reference PfEMP1 domains of DC05_m1+m6. The 85 reference PfEMP1s from individual DC05
were built by de novo assembly of the short-reads obtained from the sequencing of one pooled-cells and 67 single-cell samples.
For each PfEMP1, the coordinates of NTS, DBL and CIDR domains (the ATS domains are all missing) are extracted from the
annotation provided by VarDom. For a better visualization, the first 42 (a) and the last 43 (b) PfEMP1s are shown separately
(same order as Figure 3.7b).

3.3.7 Associating late time point genomes with a var repertoire

To assess the potential generation of chimeric var genes during the course of infection,
reads from late time point genomes DC05_mé6, DC08_m6 and DC09_m6 were mapped
against var genes short-read (DC05_ml+mé6) or long-read (DC08_m3, DC08_m5-1,
DC08_m5-2, DC09_m5-1 and DC09_m5-2) assembled from an earlier time point. DC03_m6
was excluded as its mapping results on the whole DC03_m1 genome assembly showed that
the late time point cells were clearly different from the long-read assembly with many SNPs

present in the core genome and a poor mapping quality in hypervariable regions.

The different genomes belonging to the same IBD cluster (IBD > 0.9) had always similar
proportions of coverage of var genes, confirming that these genomes are indeed almost
identical to one another (Figure 3.10). The proportion of coverage was generally different
between genomes belonging to distinct IBD clusters mapped on the same var repertoire,
except for the mapping of DC09_mé genomes on DC09_m5-1 var genes, where genomes
from three different IBD clusters had a similar proportion of coverage below 0.7.
Interestingly, the only DC09_m6 genome that had a higher proportion of coverage on

DC09_m5-1 var genes was the one sequenced from the pooled-cells, implying that some of
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the pooled cells of DC09_m6 had a higher similarity with DC09_m5-1. The highest
proportion of coverage was observed for DC08_mé6 genomes mapped on DC08_m5-1 var
genes, DC09_mé6 genomes on DC09_m5-2 var genes and DCO05_m6 genomes on
DCO05_m1+mé6 var genes, each resulting in cells from a unique IBD cluster with a coverage

proportion of more than 0.9.
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Figure 3.10: Overall coverage of var repertoires from single-cell and pooled-cells reads. Each single-cell (circle) or
pooled-cells (square) genome had their reads mapped on var repertoires assembled from long-reads (DC08_m3, DC08_mb5-1,
DC08_m5-2, DC09_m5-1 and DC09_m5-2 clones) or short-reads (DC05_m1+m6). Genomes were coloured according to the
IBD cluster they belong to, with colours identical to Figure 3.4a. In each genome, the fraction of var nucleotides that are
covered by more than 10 reads serves as a proxy for the number of var genes present in each genome. Genomes that have a
coverage proportion of the assembled var repertoire above 0.9 were considered to contain the same var genes as those from
that var repertoire. For example, isolate DC08_m6 was shown to contain two IBD clusters with an IBD 0.6 with each other, in
light-blue and green (Figure 3.4a). All light-blue single-cell genomes mapped almost perfectly against DC08_m5-1 var gene
repertoire, but not to the other two var gene repertoires (DC08_m3 and DC08_m5-2). Therefore var genes from light-blue
genomes belong to the DC08_m5-1 group, and will be used for further analysis on chimeric var gene (Section 3.3.8 Searching
for chimeric var genes generated in the course of infection).

3.3.8 Searching for chimeric var genes generated in the course of
infection

The mapping of late time points cells DC05_mé6, DC08_m6 and DC09_mé6 on a matching
var repertoire obtained from respectively DC05_m1+m6, DC08_m5-1 and DC09_m5-2 were
screened for chimeric var genes. The first approach was to use DELLY to identify ‘translocation
reads’ (read pairs mapping each to a distinct var gene) potentially indicating a recombination
event. For DC08_mé6 and DC09_m6, no potential translocation events were detected between
var exons 1. For DC05_m1+m6, one potential translocation event was found between two var
exons 1. To check the presence of this translocation earlier in the infection of DCO05, early time
point single-cells DC05_m1 were mapped on DC05_m1+m6. The screening of chimeric var

genes revealed the presence of the exact same translocation event in early time point single-
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cells, meaning that the translocation did not happen during the course of infection between

months 1 and 6.

A second approach to search for chimeric var genes involved the screening of the
similarity network obtained from the pairwise alignments of all 3628 PfEMP1 sequences
assembled from all 67 single-cells and the unique pooled-cells reads in DC05_m1+m6. As
chimeric var genes are the result of a recombination between two ‘parental’ var genes, we
here assume that a chimeric PFEMP1 will share identities with its two ‘parents’. Also, the
chimeric var gene is probably rare in the population, likely found in only one single-cell
genome. Pairwise similarities between all PfEMP1s belonging to the 56 most frequent
PfEMP1 clusters and the 5 PfEMP1s each found in only one genome from the late time point
(DCO05_m1+mé6_67 to DCO5_m1+mé6_71) were retained (Figure 3.7b). Out of the 56 most
frequent PfEMP1 clusters, 31 contained at least one PfEMP1 that was similar (identity > 70 %)
to one of the 5 PfEMP1s of the late time point or to a PfEMP1 from another cluster
(Figure 3.11). Out of the 5 PfEMP1s from the late time point, 2 were similar to PFEMP1s from
only one cluster and were thus discarded. The remaining three were similar either to 2 or to
3 distinct PFEMP1s and were then potentially generated by a recombination from distinct var
genes. The first one (DC05_m1+mé6_67) was short with only 612 amino acids and was
discarded. Another one (DC05_m1+m6_68) was 1649 amino acids long and was similar to
5/88 PfEMP1s belonging to cluster DC05_m1+m6_43 and 29/40 PfEMP1s belonging to cluster
DCO05_m1+mé6_56. The last one (DC05_m1+mé6_70) was 2874 amino acids long and was
similar to 2/77 PfEMP1s from cluster DC05 m1+mé6 18, 62/77 PfEMP1s from cluster
DC05_m1+mé6_25 and 3/64 PfEMP1s from cluster DC05_m1+m6_29.
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Figure 3.11: Similarity network of de novo assembled var genes of DC05_m1+m6. Overall, there were 56 clusters of
nearly identical (identity > 95 %) de novo assembled PfEMP1s from two different time points of one monoclonal infection
(DCO05) that were retrieved in at least 35 of 68 genome sequenced. Only the 31 clusters containing at least one protein that is
similar (identity > 70 %) to another one from a distinct cluster are shown. Each PFEMP1 assembled from a genome of the early
(triangle) or late (circle) time point is represented by a node coloured by the cluster it belongs to, with in black, the 5 PfEMP1s
each present in only one single-cell genome of the late time point. Pairwise similarities between PfEMP1s, represented by
edges, are shown only if they are above 70 %. Clusters of PfEMP1s are annotated if they were related with one of the 5
PfEMP1s from the late time point genomes. The network was visualised with Cytoscape (version 3.10.1) [247].

101



PROJECT 2 | Discussion Guery, 2023

3.4 Discussion

As of today, it remains unclear how Plasmodium falciparum parasites persist within the
same human host for several months without being eliminated by the immune system. To
unravel the mechanisms behind the resilience of these parasites, 11 individuals with
Plasmodium falciparum asymptomatic malaria lasting 3 to 6 months were closely monitored
during the 2016/2017 dry season in The Gambia. Out of these 11 cases, seven individuals had
one or more parasite clones sequenced using long-read technology (DC01, DC03, DC04,
DC07, DC08, DC09, and DC10), and seven individuals had numerous single-cells sequenced
from one or two time points separated by several months (DC03, DC04, DC05, DC07, DCO08,
DC09, and DC13). Despite the very low parasitaemia observed in asymptomatic infections,

both short-read and long-read sequencing demonstrated exceptional quality.

Most of the single-cell mappings yielded either a very good coverage of 3D7 genome
(> 80 %) or a very bad one (< 10 %), with very few intermediate values (Figure 3.2b). During
single-cell sorting, an ‘event’ (a detected object interpreted as a single iRBC) could be a false
positive that actually contains an uninfected RBC or even another biological material totally
deprived of Plasmodium falciparum parasite. In this scenario, any available DNA (typically
from bacteria) would be amplified and sequenced but would fail to map 3D7 reference
genome, which is what is observed here. Single-cell sorting of several blood isolates
completely failed with almost no iRBC successfully obtained (Figure 3.2b). This could be
caused by a low level of parasitaemia which would increase the risks of sorting false positive
events compared to those with a higher parasitaemia. Indeed, the four individuals (DC10,
DC11, DC12 and DC13) with the lowest levels of initial parasitaemia (< 4 x 10 rings/mL) had
all very few single-cells sorted that were of good quality (Table 3.1). Consistent with these
observations, mapping quality has previously been shown to depend on parasitaemia levels,
particularly below a certain level [270, 271]. Another hypothesis is that, during the roughly
40 hours culturing step after thawing an isolate, some parasites might not develop to
schizont stages. The high quality of successfully sequenced single-cells obtained from low to
very low parasitaemia levels confirms the applicability of this new sequencing approach,
even in cases of asymptomatic chronic low-density infections, without the need to culture

parasites to increase their DNA content.

Two monoclonal infections (DC05 and DC13) with multiple cells (respectively 67 and 16
cells) available for both time points were used to determine de novo mutations occurring
during the infection and likely subsequently provide a selective advantage to parasites. The

higher number of SNPs that changed in frequency between the two time points observed in
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DC13 (78) compared to DCO05 (30) is probably due to the lower number of cells sequenced in
DC13 that necessarily increases the variance of allele frequencies in the population (false
positives). Furthermore, many SNPs changing in frequency were in linkage disequilibrium
(within a few hundreds of nucleotides of each other) and thus not independently generated
de novo (Table B.1 & Table B.2). In the individual DC05, 3 SNPs had an important change in
frequency (> 0.5) in the population of cells during the course of infection. One variant
modifies the 3’-UTR region of ClpB1, a protein located in the apicoplast that might be
involved in protein conformation when the parasite is subjected to an environmental stress,
that could correspond to RBC invasion [272, 273]. A second SNP occurs in the intron of the
ribosomal protein L11, a protein located in the mitochondria involved in protein synthesis
[274]. The two SNPs were completely absent from the population at the earliest time point,
indicating that they might have happened de novo during the course of infection. Although
the two mutations occurred outside coding region, it is plausible that they modify the level of
gene transcription or even the mRNA splicing by preventing the excision of an intron as it
may happen in some Plasmodium falciparum genes [275]. The third SNP changing in
frequency in DCO05 infection results in an amino-acid change in the perforin-like protein 1,
which enables the permeabilization of iRBCs during the egress, favouring the efficient
release of merozoites from the schizont [276]. These three SNPs could be signs of adaptations
of the best fitted parasites to their host, especially the one located in the perforin-like protein
1 which is directly involved in invasion. Regarding DC13, three SNPs have a high change in
frequency (> 0.5) between cells of the two time points, with one located in an intergenic
region and the other one in the 3’-UTR region of the gene encoding the dihydrouridine
synthase. The third SNP is present in one exon of cg1, that is in linkage disequilibrium with
the pfert gene responsible for chloroquine resistance [277, 167]. Another SNP inducing a
non-synonymous mutation in the same gene was previously found to be a strong marker of
differentiation between parasite populations from Guinea and The Gambia, suggesting that
cg1 generally exhibits a high polymorphism [278]. However, a severe limitation of our study
is the limited number of single-cell genomes available from DC13, 10 and 6 cells from the
early and late time points, respectively. It is premature to speculate whether these six
variants might confer a direct growth advantage during an infection, especially considering
that they have not been identified in other infections in our dataset. Nonetheless, our results
demonstrate that, for the first time, we can identify genetic diversity between single-cell
genomes even within monoclonal infections. Moreover, the proportion of such ‘mutant
genomes’ significantly fluctuated over time during the chronic infection. The driving force

behind this selection could be a genetic variant or, alternatively, an epigenetic factor, such as
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the expression of a specific PPEMP1 protein. Future analyses will have to focus on assessing
all SNP allele frequencies at the population level using available Plasmodium falciparum
genomes from West Africa. This analysis will identify alleles that significantly change in
frequency during low and high transmission seasons, similar to what has been observed with
the crt alleles in The Gambia [249]. The hypothesis to be tested is whether the genes
identified in DC05 and DC13 also undergo changes in allele frequencies with seasonality at

the population level.

The generation of long-read assemblies of parasites from asymptomatic infections was
highly dependent on the ability of parasites to survive in vitro conditions during their culture
adaptation. Furthermore, the high clonality of some infections render the correct assembly of
reads more complex. Although multiple long-read-based tools are designed to accurately
retrieve full genomes from a strain mixture, they are generally developed for bacterial
communities, which contain single circular chromosomes of about 1 Mb, making them much
easier to assemble than the 14 nuclear chromosomes of Plasmodium falciparum totalling 23
Mb [279, 280]. An alternative would be to use haplotype resolution used in long-read
sequencing of non-haploid organisms, but again these methods are mostly limited to diploid
organisms and often fail in low complexity regions. Had the analysis been focused on the
core genome only, segregating the different strains into different clonal cultures would not
have been necessary. However we were interested in the hypervariable family of var genes
for which paralogs can not be identified between strains. The quality of the long-read
assemblies obtained from these cultured-adapted isolates derived from asymptomatic
infections was very high, equivalent in terms of number of contigs and genes identified with
PacBio long-read assemblies obtained from lab strains (Figure 3.6) [52, 42]. In particular, the
hypervariable family of var genes was successfully assembled for all genomes as indicated by
their number per genome, their size and the domain organisation of the PfEMP1 that they
encode (Figure 3.8). These more than 800 new var gene sequences will be added to the
database of genes involved in antigenic variations, varDB [281]. Future analysis includes
determining the orientation, location and upstream sequences of these var genes. Although
assembly contigs were for the most part correctly identified to 3D7 chromosomes, an
assembly error was observed in DC09_m5-2 and DC10_m2: an incorrect merging between
chromosomes 1 and 12 (Figure 3.6a). Long repetitive sequences present at the edges of all
chromosomes, called telomere associated repetitive elements (TARE), might induce these
false merging between contigs originating from two chromosomes [282]. The assembly

contigs and the annotation of all the genes are currently being improved by Mathieu Quenu’,
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including the assembly of the hypervariable family of rif.

Thanks to the availability of single-cell genomes, the relatedness between polyclonal
individuals can be precisely described using their different IBD cell clusters (DC07 with
DCO08, or DC03 with DC09), whereas this would have been difficult to achieve with bulk
sequencing (Figure 3.4). While tools like DEploid are able to retrieve haplotypes of the
different strains in a polyclonal sample bulk sequenced, they are generally unable to discern

strains that are too related or to detect those that are too rare [283, 59].

As one monoclonal infection (DC05) had many single-cell successfully sequenced from
both time points, de novo assembly of var genes from short-reads was attempted. By building
short-read de novo assemblies of var genes in each individual cell and merging them later by
similarity, we obtained a unique set of 56 long (about 1500 amino acids) and frequent (> 35
cells) PfEMP1s (Figure 3.7 & Figure B.2). The customized de novo assembly pipeline was
inspired by published works of Otto et al. (2019) and Andradi-Brown et al. (2023), and
notably contains a step where reads are assembled with rnaSPADES, a tool developed
specifically for transcriptome assembly rather than genome assembly [51, 46, 265]. This
choice was made after attempts with classical genome assemblers such as MaSuRCA failed to
produce a high quality var repertoire [284]. Also, because the var gene family consists in
tens of genes spread in a single Plasmodium falciparum genome that share multiple
homology blocks, they can be assimilated as much fewer genes (like the three main ups
groups) possessing multiple transcript isoforms. In the end, the resulting var repertoire
contained var genes with similar sizes as 3D7 and other assemblies when excluding the exon
2 (Figure 3.8). Furthermore the location of annotated PfEMP1 domains and sub-domains
were consistent with what is expected for PFEMP1, confirming that the assembly pipeline did
not generate var sequences that are biologically meaningless (Figure 3.9 & Figure B.3). The
multiple protein alignment performed by clustal-omega includes gap opening penalties but
no gap extension penalties, as such, two de novo assembled var genes could be considered
highly related (identity > 95 %) even if they have different protein sequences that contain
long identical fragments, provided that the alignment is not too much fragmented. However
this behaviour is necessary to be able to merge identical proteins that were partially

assembled with those more complete.

The mapping of the short-read sequences from the late time point cells on var repertoires
obtained from long-read or short-read assemblies of earlier samplings was carried out with

the aim of identifying single-cell genomes containing a near identical var repertoire to the

'LPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France
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one from a long-read assembly. Most of the cells within the same IBD clusters exhibited
nearly identical coverage percentage of each var repertoire, confirming the effectiveness of
IBD in segregating cells based on their similarity (Figure 3.10). In var repertoires obtained
from DCO08_m5-1, DC09_m5-2 and DC05_m1+m6, single-cells from the same IBD cluster
showed coverage proportions above 90 %, suggesting that the clone that was long-read
sequenced was from the same parasite line as the cells clustered. This also shows that the

assemblies of var genes was successful both with short and long-reads.

Our search for chimeric var genes using the mapping of the cells which could be
associated with a var repertoire at an earlier time point yielded no highly confident hit. This
could be explained by multiple reasons. First, long-read assembled var repertoires
(DC08_m5-1 and DC09_m5-2) matched single-cell clusters distant by just one month in
infection time. As chimeric var genes are relatively rare and are not necessarily conferring a
selective advantage because of the mutual exclusive expression feature of the var family, one
month might not be enough to be able to find a recombination event. Based on the in vitro
recombination rate, we expect in the order of half of all single-cell genome to have generated
at least one chimeric var gene [54]. Also, we were hampered by the lack of long-read
sequencing genomes for some isolates, more of them are currently being sequenced. Due to
time constraint, some analyses could not be repeated. It would be better to perform the
mapping on the entire long-read assembly (this was done for DC03 only) to confirm that the
cells and long-read sequenced clone are truly identical, by showing that there are almost no
SNPs detected throughout the whole genome for instance. The mapping of single-cell reads
of DC05_mé6 cells was done on all 85 unique var genes de novo assembled which could
already contain some chimeric var genes already. Single-cell reads should have been mapped
on just the 56 most frequent var genes instead of all 85 so that reads have a chance to indicate

a translocation between two var genes instead of mapping directly to the potential chimera.

Another approach focused on looking for chimeric var genes using the similarity network
of PfEMP1s obtained from the short-read de novo assembly of var genes from DCO05 early and
late time point genomes. Out of the 85 reference PfEMP1s, 5 were present in a single parasite
genome of the late time point: this rarity could be a sign of a chimeric var gene generated
during the infection and thus absent from the early time point. Three of these rare late time
point var genes were similar to 2 or three different clusters of frequent (present in > 35
genomes) var genes which would have been expected if these were indeed chimeric var
genes (Figure 3.11). Further screening is obviously needed to confirm or infirm that chimeric
var genes were identified. For example, the differential location of identical genomic

fragments between the potential chimera and the two parents may indicate where the
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breaking points occurred between the two parental var genes. Out of the 56 most frequent
var genes, 2 (DC05_m1+m6_52 and DCO5_m1+mé6_53) were almost exclusive to the early
time point genomes while all the remaining ones were equally shared between both time
points (Figure 3.7b). An interesting hypothesis could be that they recombined with one
another in one parasite genome just after the blood sampling of the early time point and
yielded two new var genes afterwards. However, if this was the case, there should be two
frequent var genes that are exclusive the late time point single-cells, which was not observed

here.

Even though no chimeric var gene generated during the course of an infection could be
definitely validated, this important and diverse quantity of genomic data is still at the dawn of
its full exploration. As for now, only a tiny fraction of the high quality long-read assemblies
and the numerous single-cell genomes has been exploited and many subsequent interesting

analyses will most certainly follow this work.
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The eradication of malaria implies the destruction of very single Plasmodium falciparum
parasites, even from low parasite density infections that are asymptomatic and typically below
microscopy detection level. These ‘silent infections’, that act as a reservoir, will be challenging
to eliminate. Yet the vast majority of malaria research so far is based on a handful of laboratory-
adapted strain or clinical isolates from symptomatic infections. The motivation behind the
Gambian cohort project was to decipher asymptomatic chronic infections at the genomic and
transcriptomic level, and from single-cell to population level, with a particular focus on the

parasite variant surface antigens.

This thesis focused on Plasmodium falciparum genetics, both at the population and the
individual level by sampling asymptomatic infections from four nearby villages of The
Gambia. A wide variety of sequencing methods were employed to access the parasite
genomes, including SNP barcode genotyping, bulk WGS, single-cell short-read sequencing
and finally clonal long-read sequencing. The low parasite densities, implying a low amount
of DNA, were the main challenge to overcome to gather genomic data. Secondly, the
polyclonality of many field isolates adds a layer of complexity for data analysis. Thirdly, the
Plasmodium falciparum genome itself is inherently difficult to study because of the extremely

high AT-richness and high variability within VSAs, particularly var genes.

Choosing the right methods to compare genomic sequences is essential to draw biological
meaningful conclusions. Using IBD, relatedness between parasite genomes can be obtained
in an informed manner by including the recombinatorial characteristics of Plasmodium
falciparum. Here, this method was able to show that parasites were more similar when
sampled within 3 months and in individuals who live close to each other. This trend also
appeared in the single-cell genome dataset, with individuals living in the same household
being infected with genetically-related Plasmodium falciparum isolates. Two other factors
affect the overall relatedness of population of parasites. First, antimalarial drugs have the
effect of decreasing the haplotype diversity of parasites, as the most shared regions between
parasites occurred near drug resistance markers. Secondly, the cycle of seasons, hence the
intensity of transmission, also affects the number of recombinations that generate the

parasite genetic diversity.

To dig deeper into parasite genomic features, 42 individuals were selected to have their
infections more thoroughly analysed. The main focus was made on chronic infections lasting
several months, with much lower chances of reinfection during the low transmission season.
To the best of our knowledge, we gathered the highest number of WGS derived from
asymptomatic infections, the first ones sequenced at the single-cell level and the largest

collection of long-read sequence genomes. This unique dataset allowed us an unprecedented
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characterisation of the parasite genome and its changes over time, by analysing interactions
between genotypes within a host, and de novo mutations within a single clonal lineage. First,
we are now able to identify de novo SNPs that occur during the course of an infection and
analyse their frequency over time. Second, we can now test the hypothesis that mitotic
recombinations between the highly immunogenic var genes may occur during the course of

an infection.

For two monoclonal infections with single-cells available at both early and late time points
of their infection, several mutations increased in frequency. To trace back the history of
these mutations, the next step will be to segregate cells into haplotype groups and identify
the change in proportion between each of these haplotype groups. To address the potential
selective advantage of these SNPs, their allele frequency in each haplotype group will have to
be checked. Bulk genomes were obtained previously on most blood isolates from both wet
and dry seasons (Section 2.2.3 Genotyping and sequencing), including some of the blood isolates
that were single-cell sequenced. The allele frequencies of SNPs from the bulk genomes could
be compared to the ones obtained from the single-cells of the same blood isolates.
Additionally, the whole set of bulk genomes could be used to check if the allele frequencies
of the identified mutations from single-cell genomes are also different between low and high
transmission seasons, suggesting a role in parasite adaptation to chronic infections. Finally,
the Fyws and Ry metrics calculated on bulk samples could be compared with the IBD clusters

from the single-cells.

Due to time constraint, we have not yet investigated whether the duration of infection of a
specific Plasmodium falciparum genotype can be inferred from the number of de novo
mutations in single-cell genomes. As of now, there is no known method for estimating the
age of a malaria infection, starting when sporozoites were injected by the mosquito vector.
Using the known constant mutation rate measured in vitro (Appendix C.1 Mutation rates), one
can infer the duration of the infection based on the accumulation of de novo mutations since
the last round of meiosis in the mosquito. We expect that the older the infection, the more de
novo mutations (SNPs or INDELs) would have accumulated in each single-cell genome. We
will easily validate our data with the known time elapsed between time points (5 to 6 months
between early and late time points). This original idea could have applications in
epidemiological studies, for example to differentiate a treatment failure from a new infection

after a mass drug administration campaign.

During my thesis, I developed two pipelines that may be used in the future for other
related works. The first one enables the comparison and merging of genotyping and whole

genome sequencing data acquired on the same blood isolate. It extends into the calculation of
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the relatedness between genomes, their complexity of infection and the retrieval of
parental-offspring related genomes. The second pipeline successfully assembles var genes
from individual parasite genomes single-cell sequenced and merges them by similarity,
obtaining a var gene repertoire for an infection. Although an even more accurate method to
obtain var gene repertoires was to perform long-read sequencing, this required that parasites
were able to grow in vitro and was costly compared to short-read sequencing. To further
validate the high quality of the single-cell var gene assembly pipeline, it could be also run on
single-cell genomes that are identical to a long-read assembled genome so that the two
repertoires can be compared. All these de novo assembled var genes from either long or
short-reads will be added to the database of known var genes, varDB. This will be
particularly useful for improving the precision of Varia, a software that predicts a full length

var gene based on DBL« expression tag.
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Figure A.1: Determination of the minor allele frequency to call a locus mixed (Section 2.2.6 Multi-locus genotype barcode
data analysis pipeline). Comparisons of mixed loci between each pair of molecular barcode obtained by genotyping and their
corresponding genomic barcode built from allelic frequencies obtained from WGS. WGS loci were considered mixed if their
within-sample Minor Allele Frequencies (MAF) were above a threshold ranging from 0 to 0.5. The threshold of within-sample
MAF of 0.2 was finally retained because it yields to a high number of matches and a low number of mismatches of mixed loci,
which makes the genomic barcode as close as possible to the molecular one.
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Figure A.2: Molecular and genomic barcodes discrepancies (Section 2.2.6 Multi-locus genotype barcode data analysis
pipeline). Pairwise comparison of molecular barcodes loci (built from genotyped SNPs) and consensus barcodes loci
(combining molecular and genomic barcodes) with genomic barcodes loci (built from WGS loci) that were matching (green),
not matching (red), matching a mixed call (blue), not matching a mixed call (yellow) or incomparable when at least one call
is unknown (grey). WGS loci were considered mixed if the within-sample MAF was above 0.2 (Figure A.1). Overall, loci
match between the two methods when the genotyping was done before June 2016 while 21 genotyped loci show a consistent
mismatch with WGS loci for all samples genotyped after June 2016. As such, all those genotyped loci are likely incorrect calls
that would result from a protocol change. To increase the number of available loci from barcodes, all unknown and incorrectly
genotyped loci were replaced by WGS loci, resulting in what we refer to as ‘consensus barcodes’.
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Figure A.3: Distribution of Fws values grouped by the value of clonality (Section 2.3.2 High genetic complexity in
asymptomatic infections). The clonality (COI) was obtained from THE REAL McCOIL on barcodes (44 loci) (a) and genomes
(819 loci) (b). Fuws, limited to genomic data, is a within-isolate fixation index ranging between 0 and 1 and is inversely
proportional to the level of clonality. A value over 0.95 suggests that the isolate has only one genotype, while lower values
indicate that the isolate contains mixed genotypes. All barcodes and genomes that had a predicted clonality of two by THE
REAL McCOIL had a Fws value below 0.95. Genomes predicted with a clonality of three had even lower Fws values than
those with a clonality of two. Overall, 16 % and 21 % of the monoclonal isolates called by THE REAL McCOIL were polyclonal
according to Fws (Fws < 0.95) for barcode (65/394) and genomic (32/154) data. These percentages dropped to 10 and 5 %
respectively for barcode (41/394) and genome data (8/154) when Fws values were below 0.9. These evidences confirm that
although the higher number of loci available with genomic data better correlates with Fyws values, the only 44 loci available
with barcodes are already enough to get an accurate prediction of clonality.
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Figure A.4: Population minor allele frequency prediction (Section 2.3.2 High genetic complexity in asymptomatic
infections). The population Minor Allele Frequency (MAF) was estimated by the categorical method of THE REAL McCOIL
using consensus barcodes (44 loci) or genomes (819 loci). The true population MAF was calculated from WGS data. (a):
Population MAF prediction accuracy from THE REAL McCOIL on genomes. (b): Population MAF prediction error from THE
REAL McCOIL on consensus barcodes (blue) and genomes (green).
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Figure A.5: Proportion of polyclonal isolates over time (Section 2.3.2 High genetic complexity in asymptomatic infections).
Proportion of polyclonal isolates over time estimated by Fws (Fws < 0.95) and THE REAL McCOIL on either molecular (44
loci) or genomic (819 loci) barcode. The percentage of polyclonal isolates is stable over time for all methods (around 39 %
for Fws, 9 % with THE REAL McCOIL on a ‘molecular’ barcode, 23 % with THE REAL McCOIL on a ‘genomic’ barcode).
From the December 2016 screening, a cohort of 42 Plasmodium falciparum positive asymptomatic individuals was selected,
as previously described [24].
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Figure A.6: Agreement of pairwise IBD values calculated from barcodes or from genomes (Section 2.3.2 High genetic
complexity in asymptomatic infections). For each pair of samples, IBD from genomic data is considered the gold standard. All
pairs are coloured by their relatedness agreement with a cutoff of 0.5 of IBD. Among the 347 pairs of samples with barcode
IBD above 0.5, 303 were indeed related (WGS IBD above 0.5, dark green) while 44 were actually not related (WGS IBD below
0.5, bright green).
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Figure A.7: Durations of infection by the same parasite strain (Section 2.3.4 Plasmodium falciparum chronic infections with
persisting genotypes). The number of short (less than 3 months) and long infections (more than 3 months) were compared
between genders (female versus male) and age groups (5-15 years old versus 15 years old or older). No significant difference
of the duration of infection was found between genders, which had very similar percentages of short infection with 36 % and
42 % of infections for female and male respectively (x” value = 0.16484, p value > 0.6). Long infections were more common
in the group 5-15 years old (76 % of all infections) compared to the 15+ age group (48 % of all infections) but this was not
statistically significant (x? value = 3.3419, p value < 0.07) due to relatively small sample size.
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Figure A.8: Calling agreement of drug resistance-related haplotypes obtained from genotyping and whole genome
sequencing (Section 2.3.5 Independence of seasonality and drug resistance prevalence). The vast majority (483; 89 %) of the
545 pairs of haplotypes obtained with the two methods are identical, which is an evidence that both methods are accurate.
While there are multiple partial matches (one haplotype is mixed according to a method and either sensitive or resistant by
the other) with mixed haplotypes called from genomes, no partial match with mixed haplotypes called from barcodes were
found, showing that WGS is more sensitive than molecular genotyping.
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Figure A.9: Most shared genomic fragments between non-identical genomes (Section 2.3.6 Signature of selection around
drug-resistance markers). Seven regions (2:629060-631190, 2:839178-861423, 4:1119215-1137378, 6:1109310-1130185, 6:1177239-
1292831, 7:79935-82889, 7;374311-471442) were identified by extracting the top 5 % most shared fragments (with at least 2.2 %
- 440/19700 - of pairs, green dotted line) and merging them when they were less than 10 kb apart. The percentages of pairs
of genomes in IBD in these regions are shown along with those of their 50 kb flanking regions. For comparison, the top 10 %
coverage throughout the whole genome is also shown (1.2 % - 231/19700 - of pairs, red dotted line). Two out of the seven
regions are surrounding genes known to reduce the susceptibility to multiple antimalarials: aat1 and crt.
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Figure A.10: Identical chromosomal regions most frequently detected (Section 2.3.6 Signature of selection around drug-
resistance markers). Genomic regions identical by descent between unrelated genomes (IBD < 0.5) using only pairs of genomes
(at least 100 pairs) both with (Res) or without (WT) the same drug resistance-related haplotype among aat1 S528L (WT: 100
pairs; Resistant: 12437 pairs), crt K76T (WT: 1759 pairs; Resistant: 7091 pairs), dhps A437G (WT: 3015 pairs; Resistant: 4661
pairs) and mdr1 N86Y (WT: 12291 pairs; Resistant: 143 pairs). The haplotypes dhfr S108N, virtually fixed in the population,
and kelch13 C580Y, absent from the population, are not shown. The 14 Plasmodium falciparum chromosomes were annotated
with the 6 genes known to reduce susceptibility to antimalarials (in blue when either their WT or resistant form was used to

subset genomes, in purple otherwise).
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Figure A.11: Percentage of genomic regions in IBD between pairs of genomes (Section 2.3.7 Natural cross offspring
and lineages expansion). (a): All genomes, after merging identical pairs (IBD > 0.9) from the same individual, were clustered
according to their IBD values converted to a distance matrix. Most of the clusters are small in size with just 2 or 3 genomes
clustered. (b): Focus on 6 genomes likely originating from a genetic cross between the two same parental genomes. The
presumed offspring identified in our dataset are generally not or mildly related (IBD < 0.68), suggesting that they are
originating from distinct events of genomic cross from the same initial two parasite strains.
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Figure A.12: Fragmented origin of 6 genomes relative to their attributed parents (Section 2.3.7 Natural cross offspring
and lineages expansion). Genomic fragments can be in IBD with their parents (blue and yellow), neither of them (red) or can
have an unknown origin (grey) when too few SNPs can be compared in an area. A larger area of different or unknown origin
indicates that one or both of the attributed parental genomes are not exactly the ones that were involved in the meiotic cross
but are probably closely related to them. The 6 offspring are sharing more than 85 % of the accessible parts of their genomes
with their parents which have little overlap with each other.
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Figure B.1: Coverage of single-cell and pooled-cells genomes by mapping quality (Section 3.3.2 Successful single-cell
sequencing of several asymptomatic infections). (a): Out of the 949 (933 single-cell and 16 pooled-cells) genomes from early
(blue) and late (red) time points of the infections sequenced, 565 were poorly mapped with less than 10 % of all reads mapping
3D7 reference genome. Almost all poorly mapped genomes had a very low level of coverage (under 5 %) of 3D7 genome
with 10 reads depth, the remaining two resulting in around 70 % and 35 % of the 3D7 genome covered. (b): 341 out of the
949 genomes contained at least 16351 SNPs (30 % of 54505 SNPs) covered by at least 10 reads were consequently considered
as high-quality genomes. Almost all genomes with a high mapping quality (326/341) had at least 80 % of the 3D7 genome
covered by 10 reads at least, with the remaining ones (15/341) showing coverage proportion lying between 35 % and 80 %.
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Table B.1: SNPs differentially present in DCO05 cells from months 1 and 6 (Section 3.3.4 Selective advantages of variants
during in vivo infections). The proportion of genomes with a particular alternate nucleotide (Alt) from the reference (Ref)
in 3D7 genome was compared between cells sequenced from month 1 (AFmI) and 6 (AFmé6) of the infection in individual
DCO05. SNPs that have a change of more than 0.25 (0.5 in bold) in frequency with 80 % of cells in each time point covered
by at least 10 reads are registered here. Some of the SNPs are located within genes, in which case they are associated with
a gene (Annotation), and optionally within coding regions, in which case the change in amino acid from the 3D7 reference
(AAchange) is also available.

Chromosome Position Ref Alt AAchange Annotation AFm1 AFmé6
Pf3D7_01_v3 530617 C A D1134E DBL containing protein unknown function (PF3D7_0113800) 0.44 0.69
Pf3D7_01_v3 530667 G A G1151D DBL containing protein unknown function (PF3D7_0113800) 0.37 0.08
Pf3D7_01_v3 573135 T C - — 0.71 0.37
Pf3D7_04_v3 340646 G T L11371 NYN domain-containing protein putative (PF3D7_0406500) 0.33 0.68
Pf3D7_04_v3 340656 G T D1133E NYN domain-containing protein putative (PF3D7_0406500) 0.33 0.68
Pf3D7_04_v3 340662 A T S1131R NYN domain-containing protein putative (PF3D7_0406500) 0.33 0.68
Pf3D7_04_v3 340667 A T F11301 NYN domain-containing protein putative (PF3D7_0406500) 0.31 0.64
Pf3D7_04_v3 340698 G T D1119E NYN domain-containing protein putative (PF3D7_0406500) 0.26 0.64
Pf3D7_04_v3 420049 A C N165K perforin-like protein 1 (PF3D7_0408700) 0.85 0.34
Pf3D7_05_v3 134411 C T - serine/arginine-rich splicing factor 12 (PF3D7_0503300) 0.88 0.59
Pf3D7_06_v3 1214350 G T 15521 amino acid transporter AAT1 (PF3D7_0629500) 0.86 0.58
Pf3D7_07_v3 251447 T A — — 0.94 0.67
Pf3D7_07_v3 251449 T A — — 0.94 0.67
Pf3D7_07_v3 251451 T A — — 0.94 0.67
Pf3D7_07_v3 251453 T A — - 0.94 0.64
Pf3D7_07_v3 251455 T A — — 0.97 0.64
Pf3D7_08_v3 223482 T A - conserved Plasmodium protein unknown function (PF3D7_0803600) 0.89 0.59
Pf3D7_08_v3 761855 A C - chaperone protein ClpB1 (PF3D7_0816600) (] 0.8
Pf3D7_08_v3 886767 C A - ubiquitin-like protein putative (PF3D7_0819600) 0.84 0.48
Pf3D7_08_v3 886772 G T - ubiquitin-like protein putative (PF3D7_0819600) 0.84 0.48
Pf3D7_08_v3 886774 A T - ubiquitin-like protein putative (PF3D7_0819600) 0.84 0.48
Pf3D7_08_v3 886780 G T - ubiquitin-like protein putative (PF3D7_0819600) 0.84 0.48
Pf3D7_08_v3 886788 T A — ubiquitin-like protein putative (PF3D7_0819600) 0.84 0.48
Pf3D7_08_v3 886794 G A — ubiquitin-like protein putative (PF3D7_0819600) 0.84 0.48
Pf3D7_10_v3 802927 G C D192E conserved Plasmodium protein unknown function (PF3D7_1019700) 0.75 1
Pf3D7_10_v3 1135146 G T D337E U3 small nucleolar ribonucleoprotein protein MPP10 putative (PF3D7_1027100) 0.36 0.76
Pf3D7_10_v3 1146459 T C — D—-directed R—polymerase II subunit RPB7 putative (PF3D7_1027400) 0.63 0.88
Pf3D7_11_v3 426094 T C — ribosomal protein L11 mitochondrial putative (PF3D7_1110600) (] 0.81
Pf3D7_13_v3 1976258 C G — — 0.66 0.19
Pf3D7_13_v3 2143334 A T - Ran-binding protein putative (PF3D7_1353400) 0.97 0.59
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Table B.2: SNPs differentially present in DC13 cells from months 1 and 6 (Section 3.3.4 Selective advantages of variants
during in vivo infections). The proportion of genomes with a particular alternate nucleotide (Alt) from the reference (Ref)
in 3D7 genome was compared between cells sequenced from month 1 (AFmI) and 6 (AFmé6) of the infection in individual
DC13. SNPs that have a change of more than 0.25 (0.5 in bold) in frequency with 80 % of cells in each time point covered
by at least 10 reads are registered here. Some of the SNPs are located within genes, in which case they are associated with
a gene (Annotation), and optionally within coding regions, in which case the change in amino acid from the 3D7 reference
(AAchange) is also available.

Chromosome Position AAchange AAref AAalt Annotation AFm1 AFm6
Pf3D7_01_v3 227872 - - - - 0.12 0.4
Pf3D7_01_v3 573644 - - - - 0.62 1
Pf3D7_01_v3 573645 - - - - 0.62 1
Pf3D7_01_v3 573649 - - - - 0.62 1
Pf3D7_02_v3 161537 — - - conserved protein unknown function (PF3D7_0203400) 1 0.66
Pf3D7_02_v3 293647 - - - - 0.49 1
Pf3D7_03_v3 609665 S261S S (261/612) S (261/612) conserved Plasmodium membrane protein unknown function (PF3D7_0314900) 0.73 0.99
Pf3D7_03_v3 718965 S806S S (806/1620) S (806/1620) kinesin-5 (PF3D7_0317500) 0.18 0.46
Pf3D7_03_v3 718966 S806N S (806/1620) N (806/1620) kinesin-5 (PF3D7_0317500) 0.18 0.46
Pf3D7_03_v3 751701 510798 S (1079/2458) S (1079/2458) D—-directed R—polymerase II subunit RPB1 (PF3D7_0318200) 0.23 0.61
Pf3D7_03_v3 848972 G2845S G (2845/3086) S (2845/3086) oocyst capsule protein Cap380 (PF3D7_0320400) 0 0.25
Pf3D7_04_v3 227564 R1390R R (1390/2272) R (1390/2272) AP2 domain transcription factor AP2-SP2 putative (PF3D7_0404100) 0 0.33
Pf3D7_04_v3 235503 D308D D (308/632) D (308/632) conserved Plasmodium protein unknown function (PF3D7_0404300) 0.26 0.57
Pf3D7_04_v3 237364 — — — conserved Plasmodium protein unknown function (PF3D7_0404300) 0.54 0.8
Pf3D7_04_v3 908786 15771 1(577/582) 1(577/582) serine/threonine protein kinase RIO2 (PF3D7_0420100) 1 0.67
Pf3D7_04_v3 1101237 D476G D (476/2381) G (476/2381) surface-associated interspersed protein 4.2 (SURFIN 4.2) (PF3D7_0424400) 0.43 0.17
Pf3D7_04_v3 1101248 R480G R (480/2381) G (480/2381) surface-associated interspersed protein 4.2 (SURFIN 4.2) (PF3D7_0424400) 0.43 0.17
Pf3D7_04_v3 1101251 N481D N (481/2381) D (481/2381) surface-associated interspersed protein 4.2 (SURFIN 4.2) (PF3D7_0424400) 0.43 0.17
Pf3D7_04_v3 1101253 N481N N (481/2381) N (481/2381) surface-associated interspersed protein 4.2 (SURFIN 4.2) (PF3D7_0424400) 0.43 0.17
Pf3D7_04_v3 1101256 C482C C (482/2381) C (482/2381) surface-associated interspersed protein 4.2 (SURFIN 4.2) (PF3D7_0424400) 0.42 0.17
Pf3D7_04_v3 1101264 G485A G (485/2381) A (485/2381) surface-associated interspersed protein 4.2 (SURFIN 4.2) (PF3D7_0424400) 0.42 0.17
Pf3D7_04_v3 1101271 Y487 _ Y (487/2381) _ (487/2381) surface-associated interspersed protein 4.2 (SURFIN 4.2) (PF3D7_0424400) 0.42 0.17
Pf3D7_04_v3 1101276 N489T N (489/2381) T (489/2381) surface-associated interspersed protein 4.2 (SURFIN 4.2) (PF3D7_0424400) 0.42 0.17
Pf3D7_05_v3 374678 C2553G C (2553/3135) G (2553/3135) protein AAP6 (PF3D7_0508900) 0.74 1
Pf3D7_05_v3 374679 C2553Y C (2553/3135) Y (2553/3135) protein AAP6 (PF3D7_0508900) 0.74 1
Pf3D7_05_v3 374725 D2568E D (2568/3135) E (2568/3135) protein AAP6 (PF3D7_0508900) 0.67 1
Pf3D7_05_v3 374731 E2570D E (2570/3135) D (2570/3135) protein AAP6 (PF3D7_0508900) 0.67 1
Pf3D7_05_v3 511633 D8344D D (8344/10062) D (8344/10062) R—pseudouridylate synthase putative (PF3D7_0511500) 0.97 0.7
Pf3D7_05_v3 629713 N245D N (245/2134) D (245/2134) phosphatidylinositol 3-kinase (PF3D7_0515300) 0.5 0.79
Pf3D7_05_v3 629715 N245N N (245/2134) N (245/2134) phosphatidylinositol 3-kinase (PF3D7_0515300) 0.5 0.79
Pf3D7_05_v3 629717 K246T K (246/2134) T (246/2134) phosphatidylinositol 3-kinase (PF3D7_0515300) 0.5 0.79
Pf3D7_05_v3 629720 Y247C Y (247/2134) C (247/2134) phosphatidylinositol 3-kinase (PF3D7_0515300) 0.5 0.79
Pf3D7_05_v3 678684 — - - tR—pseudouridine synthase putative (PF3D7_0516300) 0 0.4
Pf3D7_07_v3 410240 P676S P (676/1249) S (676/1249) Cg1 protein (PF3D7_0709100) 0.36 1
Pf3D7_07_v3 410348 S712P S (712/1249) P (712/1249) Cgl protein (PF3D7_0709100) 0.64 1
Pf3D7_07_v3 410446 T744T T (744/1249) T (744/1249) Cgl protein (PF3D7_0709100) 0.6 1
Pf3D7_07_v3 447043 - - - - 0.44 0.8
Pf3D7_07_v3 447138 - - - - 0.5 0.8
Pf3D7_07_v3 609353 N19N N (19/408) N (19/408) erythrocyte membrane protein 1 (PfEMP1) pseudogene (PF3D7_0713300) 0.99 0.67
Pf3D7_07_v3 977226 Q487Q Q (487/881) Q (487/881) conserved protein unknown function (PF3D7_0723300) 0.75 1
Pf3D7_07_v3 977227 R488R R (488/881) R (488/881) conserved protein unknown function (PF3D7_0723300) 0.75 1
Pf3D7_08_v3 130673 H609D H (609/4663) D (609/4663) lysine-specific histone demethylase putative (PF3D7_0801900) 0.5 0.17
Pf3D7_08_v3 841265 — - — zinc finger protein putative (PF3D7_0818500) 0.37 0
Pf3D7_08_v3 1164359 — — — — 0.65 0.98
Pf3D7_08_v3 1334715 54348 S (434/962) S (434/962) DnaJ protein putative (PF3D7_0831200) 0.49 0.8
Pf3D7_09 v3 79311 — - — - 0 0.3
Pf3D7_09_v3 79321 — — — — 0 0.31
Pf3D7_09_v3 79459 — — — - 0.05 0.41
Pf3D7_09_v3 228861 D1324G D (1324/2569) G (1324/2569) copper-transporting ATPase (PF3D7_0904900) 0.58 0.83
Pf3D7_09_v3 228976 V12861 V (1286/2569) 1(1286/2569) copper-transporting ATPase (PF3D7_0904900) 0.49 0.82
Pf3D7_09_v3 763641 — - - - 0.55 0.17
Pf3D7_09_v3 772579 — - — dihydrouridine synthase putative (PF3D7_0918800) 0.44 1
Pf3D7_10_v3 749679 - — - conserved protein unknown function (PF3D7_1018800) 1 0.6
Pf3D7_10_v3 800556 H983N H (983/1075) N (983/1075) conserved Plasmodium protein unknown function (PF3D7_1019700) 0.68 0.97
Pf3D7_10_v3 800557 E982D E (982/1075) D (982/1075) conserved Plasmodium protein unknown function (PF3D7_1019700) 0.68 0.97
Pf3D7_10_v3 830645 1940T 1(940/2135) T (940/2135) conserved Plasmodium membrane protein unknown function (PF3D7_1020600) 0.6 1
Pf3D7_10_v3 880669 C4548Y C (4548/6935) Y (4548/6935) VPS13 domain-containing protein putative (PF3D7_1021700) 1 0.66
Pf3D7_10_v3 880673 N4547D N (4547/6935) D (4547/6935) VPS13 domain-containing protein putative (PF3D7_1021700) 1 0.6
Pf3D7_10_v3 880674 D4546D D (4546/6935) D (4546/6935) VPS13 domain-containing protein putative (PF3D7_1021700) 1 0.6
Pf3D7_10_v3 880675 D4546G D (4546/6935) G (4546/6935) VPS13 domain-containing protein putative (PF3D7_1021700) 0.99 0.6
Pf3D7_10_v3 1261458 K383K K (383/920) K (383/920) SAE2 domain-containing protein putative (PF3D7_1031300) 0.99 0.66
Pf3D7_10_v3 1464383 E503D E (503/2227) D (503/2227) D—polymerase zeta catalytic subunit putative (PF3D7_1037000) 0.54 0.19
Pf3D7_10_v3 1464407 E511D E (511/2227) D (511/2227) D—polymerase zeta catalytic subunit putative (PF3D7_1037000) 0.43 0.16
Pf3D7_11_v3 1865528 N610N N (610/2941) N (610/2941) sporozoite and liver stage asparagine-rich protein (PF3D7_1147000) 0.33 0.6
Pf3D7_11_v3 1977902 V457V V (457/1091) V (457/1091) ring-infected erythrocyte surface antigen (PF3D7_1149200) 0.25 0.64
Pf3D7_11_v3 1977910 Q460L Q (460/1091) L (460/1091) ring-infected erythrocyte surface antigen (PF3D7_1149200) 0.25 0.66
Pf3D7_11_v3 1977913 N461S N (461/1091) S (461/1091) ring-infected erythrocyte surface antigen (PF3D7_1149200) 0.25 0.66
Pf3D7_11_v3 1977925 S465N S (465/1091) N (465/1091) ring-infected erythrocyte surface antigen (PF3D7_1149200) 0.25 0.66
Pf3D7_11_v3 1977928 G466V G (466/1091) V (466/1091) ring-infected erythrocyte surface antigen (PF3D7_1149200) 0.25 0.66
Pf3D7_11_v3 1977933 Q468E Q (468/1091) E (468/1091) ring-infected erythrocyte surface antigen (PF3D7_1149200) 033 0.66
Pf3D7_11_v3 1977940 S470N S (470/1091) N (470/1091) ring-infected erythrocyte surface antigen (PF3D7_1149200) 0.24 0.65
Pf3D7_11_v3 1977943 D471V D (471/1091) V (471/1091) ring-infected erythrocyte surface antigen (PF3D7_1149200) 0.24 0.65
Pf3D7_12_v3 1031167 - — - rR—-processing protein FCF1 putative (PF3D7_1225300) 0.86 0.5
Pf3D7_12_v3 1931578 - - - myosin A-tail interacting protein (PF3D7_1246400) 0.37 0.66
Pf3D7_13_v3 794542 K149R K (149/869) R (149/869) tetratricopeptide repeat protein putative (PF3D7_1319200) 0.49 0.82
Pf3D7_13_v3 2042409 - - - - 0.68 0.33
Pf3D7_14_v3 2423128 — — — ATP-dependent R—helicase DBP5 (PF3D7_1459000) 0.66 1
Pf3D7_14_v3 2423131 — — — ATP-dependent R—helicase DBP5 (PF3D7_1459000) 0.67 1
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Figure B.2: PfEMP1 amino acid sizes within each DC05 genome (Section 3.3.6 Extraction of var gene repertoires from
individual infections). For each of the parasite genome sequenced from both time points of the monoclonal infection of DC05
(67 single-cell and one pooled-cells genome), unique var genes (identity > 95 % and shortest var gene covering 90 % of the
longest) were translated into PFEMP1s and their amino-acid sizes were calculated. Genomes were sorted from the ones with
the highest to the ones with the lowest number of PFEMP1s (same order as Figure 3.7a).

129



ADDITIONAL MATERIAL OF PROJECT 2

Guery, 2023

I osuo i osip [l oss [l osLe [ pBLy  DBLC

DCO5_m1+m6_1

DCO5_m1+m6_6
DCO5_m1+m6_7
DCO5_m1+m6_8
DCO5_m1+m6_9

DCOS_m1+m6_10

DCO5_m1+m6_11

DCOS_m1+m6_12

DCO5_m1+m6_13

DCOS_m1+m6_14 |

DCO5_m1+m6_15

DCO5_m1+m6_16
DCO5_m1+m6_17
DCO5_m1+m6_18
DCO5_m1+m6_19
DCO5_m1+m6_20 |
DCO5_m1+m6_21

DCO5_m1+m6_22

DCO5_m1+m6_23

DCO5_m1+m6_24

DCO5_m1+m6_25
DCO5_m1+m6_26
DCO5_m1+m6_27

DCO5_m1+m6_28

DCO5_m1+m6_29 |

DCO5_m1+m6_30 [

DCO5_m1+m6 31 |

DCO5_m1+m6_32

DCO5_m1+m6_33

DCO5_m1+m6_34 |

DCO5_m1+m6_35

DCO5_m1+m6_36 |

DCO5_m1+m6_37
DCO5_m1+m6_38
DCO5_m1+m6_39
DCO5_m1+m6_40
DCO5_m1+m6_41

DCO5_m1+m6_42 | NN WSS
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500
Amino-acid position

(a) DBL sub-domains of PfEMP1s 1 to 42.

Il core il ciors [l ciors [l ciory

DCOS_ml+m6 1 NN .

DCO5_m1+m6_12
DCO5_m1+m6_13 —

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000 3250 3500
Amino-acid position

(c) CIDR sub-domains of PfEMP1s 1 to 42.

B osio [l oscs Jll osus [l osLy [l oBLL

DCO5_m1+m6_43
DCOS_m1+m6_44 [
DCOS_m1+m6_45
DCO5_m1+m6_46 |
DCO5_m1+m6_47
DCO5_m1+m6_48 |
DCO5_m1+m6_49
DCO5_m1+m6_50
DCO5_m1+m6_51
DCO5_m1+m6_52 |
DCO5_m1+m6_53 [
DCO5_m1+m6_54 |
DCOS_m1+m6_55 |
DCO5_m1+m6_56
DCO5_m1+m6_57 |
DCO5_m1+m6_58 |
DCO5_m1+m6_59 |
DCO5_m1+m6_60 |
DCO5_m1+m6_61 |
DCO5_m1+m6_62 |
DCO5_m1+m6_63
DCO5_m1+mo6_t
DCOS_m1+m6_65
DCO5_m1+m6_66
DCO5_m1+m6_67
DCO5_m1+m6_68
DCO5_m1+m6_69
DCO5_m1+m6_70
DCO5_m1+m6_71
DCOS_m1+m6_72
DCO5_m1+m6_73
DCO5_m1+m6_74
DCO5_m1+m6_75
DCO5_m1+m6_76
DCO5_m1+mé6_77
DCO5_m1+m6_78
DCO5_m1+m6_79 |
DCO5_m1+m6_80
DCO5_m1+m6_81 I—
DCO5_m1+m6_52 Mm—

i

%I“

:

DCO5_m1+m6_83 |
DCO5_m1+m6_84
DCO5_m1+m6_85 |

250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Amino-acid position

(b) DBL sub-domains of PfEMP1s 43 to 85.

o

B core il ciors [l ciDry

DCO5_m1+4+m6_43 | I

DCO5_m1+m6_46 |
DCO5_m1+m6_47 |

DCO5_m1+mé_58 — —
DCO5_m1+m6_59 [ — i
DCO5_m1+m6 60 | — —
DCO5_m1+m6 61 | — —
DCO5_m1+m6_62 —— m—

DCO5_m1+m6_70 | — —
DCO5_m1+m6_71 |
DCO5_m1+m6_72 |

DCO5_m1+m6 80 [ — —
DCO5_m1+m6 81 | —

DC05_m1+m6_82 | —

DC05_m1+m6_83 | — e —
DCOS_m1+m6 84 [ —
DCO5_m1+m6_85 | i j —

0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Amino-acid position

(d) CIDR sub-domains of PfEMP1s 43 to 85.

Figure B.3: Annotated reference PfEMP1 sub-domains of DC05_m1+mé6 (Section 3.3.6 Extraction of var gene repertoires
from individual infections). The full set of reference PfEMP1s from individual DC05 was built by de novo assembly of the
short-reads obtained form the sequencing of one pooled-cells and 67 single-cell samples. For each reference PfEMP1, the
coordinates of DBL (a & b) and CIDR (c & d) sub-domains are extracted from the annotation provided by VarDom. For a
better visualization, the first 42 (a & c) and the last 43 (b & d) PfEMP1s are shown separately.
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C.1 Mutation rates

C.1.1 Introduction

Elimination of malaria is still to this day challenged by the ability of its most deadly parasite,
Plasmodium falciparum, to adapt to various external pressures applied by antimalarial drugs
or by the host immune system. Historically, genetic markers of drug resistance have first been
acquired in parasites from South-East Asia [28]. Secondly, the parasite is able to evade the
immune system through regular switching of its PFEMP1, encoded by 60 var genes undergoing
mutually exclusive expression. Mutation accumulation lines previously indicated a high rate of
mitotically generated novel var gene sequences [188]. However the micro-insertion/deletion
(INDEL) and structural variant mutation rates were limited to the 3D7 strain. Here, using four
novel ‘reference genomes’, we re-analysed 354 whole genomes originated from four distinct
Plasmodium falciparum strains from various geographical origin, cultivated for over four years

of combined in vitro culturing [42].

This study was conducted by William L. Hamilton'?, Aakanksha Singh®, Marc-Antoine
Guery®, Balotin Fogang'?, Dominic Kwiatkowski'”, Julian C. Rayner' and Antoine

Claessens>*.

Collaborators work The different Plasmodium falciparum strains were cultivated and
successively cloned by limiting dilution to obtain one clone tree per strain, totalling 4 years
of combined culturing. An additional HB3-derived strain possessing a disruption in the MutS
homologue 2-2 gene (pfmsh2-2; PfHB3_070010700), involved in DNA mismatch repair,
followed also the same experimental procedures. The mutation rate of the disrupted
HB3-derived line was compared with those of the wild-type strains and showed no
difference, indicating that this gene might not be the only one involved in DNA repair. A
total of 96 structural variants were identified with 40 % of them involving genes, 90 % of
which encode variant surface antigens (VSAs). The first chimeric rif generated in vitro was
also observed. The rates of structural variants were similar between the different strains
except for HB3 and disrupted HB3-derived strains which showed respectively none and a
single structural variant. Further characterization of that line should shed light on how

Plasmodium falciparum generates novel antigens.

"Malaria Programme, Wellcome Sanger Institute, Hinxton, United Kingdom

®University of Cambridge School of Clinical Medicine, Cambridge Biomedical Campus, Hills Road, Cambridge, United
Kingdom

SLPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France

‘Department of Pathogen Molecular Biology, London School of Hygiene and Tropical Medicine, London, United Kingdom

SWellcome Trust Centre for Human Genetics, University of Oxford, Oxford, United Kingdom
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My involvement I co-supervised Aakanksha, a master’s student, who used and improved
one of my pipelines (https://github.com/marcguery/discovarif) to call and filter de novo
mutations from the mapping with the new reference assemblies available to obtain 254 de
novo micro-INDELs [42]. Following this, I was interested in determining the insertion to
deletion biases of the 254 de novo micro-INDELs and their preferential location in genomic

regions.

C.1.2 Repeat motif identification

Tandem repeat finder (TRF) was used to find all tandem repeats in each of the strains 3D7,
Dd2, HB3, KH1, KH2, disrupted HB3-derived (MH2D) and W2 [189]. The minimum alignment
score was set to 24 (allowing for repeats at least 12 nucleotides long) and only repeat motifs
repeated at least 5 times were conserved. The alignment score is the result of the alignment
between the sequence obtained from a repetition of a given repeat motif and an actual genomic
sequence. Because the weight of a match is 2 and the minimum score is set to 24, only repeats
whose total size is 12 or more nucleotides are kept. For each strain, the initial repeat motifs
detected were grouped with one another if any combination between their actual, reverse,
complementary or reverse complementary sequences were identical, a subset or resulting from
a shift of the repeat motif (Figure C.1). All strains show similar number of repeats covering
24 % of their cumulated genome size (27140177/114843219 nucleotides) for a total of 700012
repeated regions in all the strains. Similarly, almost identical numbers of unique repeat motifs

were found for all the strains totalling at 11906 unique repeats in all the strains combined.
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TRF output
v y ! y
AAT ATA AATAT TATTAT
1. Rev
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TAA ATA TATAA TATTAT
TTA TAT TTATA ATAATA
ATT TAT ATATT ATAATA
2. Addition
of one
repeat unit
AATAAT ATAATA AATATAATAT TATTATTATTAT
TAATAA ATAATA TATAATATAA TATTATTATTAT
TTATTA TATTAT TTATATTATA ATAATAATAATA
ATTATT TATTAT ATATTATATT ATAATAATAATA
3. Alphabetical sort:
minimal shifted
repeat unit
AAT AAT AATAT AATAAT
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repeat unit (12 here)

| AATAATAATAAT | | AATAATAATAAT | | AATATAATATAA | | AATAATAATAAT
I I I 1

v
Unique repeat units,

identified by the shortest (AAT and AATAT)

Figure C.1: Pipeline of repeat motif merging. First, the reverse, complement and reverse-complement sequences of each
motif are associated with the original sequence so that the strand or direction of the repeat can be ignored. Then, each sequence
is extended by one repeat unit. The minimal alphabetically-sorted shifted repeat unit is then extracted and extended so that
all repeats are the same length. Completely identical sequences are merged and identified by the shortest repeat unit for the
rest of the analysis.

C.1.3 Results

Repeat motifs have a median length of 2 and 95 % of the motifs are less than 12 nucleotides
long. The median total size of repeated sequences is 35 and 95 % of the repeated sequences are
less than 136 nucleotides long. The 11906 repeat motif groups were ranked by their abundance,
first using the proportion of repeats attributed to each motif, then using the coverage of unique
nucleotides involved in each motif among all unique nucleotides in repeated regions. Both
estimations of abundance resulted in the same top 5 motifs AT, A, AAT, AAAT and AAAAT
for all the strains; they are responsible for 78 % (543245/700012 repeats) of repeats and cover
71 % (19364783/27140177 nucleotides) of all the repeated regions. The proportion and coverage
of the top 5 repeat motifs were all similar except for AT and A repeats which had virtually the
same number of repeats but AT repeats were generally longer than A repeats resulting in a

higher part of the repeated regions covered by AT repeats.
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The genomic locations of 254 INDELs detected in the strains 3D7, Dd2, HB3, KH1, KH2,
disrupted HB3-derived (MH2D) and W2 were screened for the presence of repeats previously
identified with TRF. The repeat retained from multiple matches with the same INDEL is the
one with the highest ratio of their score over an hypothetical optimal alignment score obtained
if the corresponding motif is identically repeated over the total length of the repeat. More
than 98 % of all INDELSs are found in a repeated region (250/254). Considering all the strains
combined, the top 5 repeat motifs found in INDELs were AT, A, AAT, AAAT and AATAT with
only AT being the most abundant repeat motif in each strain individually (Figure C.2).

W2 AAAAAAT

AAGGATGATAGTATTAAT

MH2D

ACATATATATATATAT

KH2

KH1 AAATATAT

Strain

HB3 AAATATATAT

D d 2 o -

3D7 AAATAATAATAT AAAATAATAATACATAAT
1 2 3 4 5

Top 5 most abundant repeat motifs per strain (overall rank in parenthesis)

Figure C.2: Top 5 most abundant repeat motifs. The top 5 most abundant repeat motifs found in all INDELs (AT, A, AAT,
AAAT and AATAT) are shared in all strains used, with the AT motif being the most abundant in every strain.

The overall and top 5 repeat motifs distributions were calculated across exonic, intronic
and intergenic genomic regions (Figure C.3). Repeats associated with the top 5 most abundant
repeat motifs except AAT are largely present in intergenic (79 % on average) and intronic
regions (17 % on average) and almost absent in exonic regions (4 % on average) for all strains.
Repeats associated with the repeat motif AAT are almost all located in exonic (72 %) regions
with the remaining in intergenic (25 %) and intronic (3 %) regions. As all the strains used
display an almost identical architecture of repeats, the INDELs of all the strains were pooled

together for the subsequent analyses.
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(a) Genomic distribution of all repeats (exonic, intronic and intergenic regions).

Region [l Exonic (without UTR) [ Intronic [l Intergenic (with UTR)

Genomic region proportions

Repeat motif

(b) Genomic distribution of repeats from the top 5 most abundant motifs found in INDELs.

Figure C.3: Distribution of repeats in laboratory-adapted strains. (a): All strains have a near identical distribution of
repeats from all repeat motifs in the three different genomic regions. (b): Similarly, the individual distribution of each of
the top 5 most abundant repeat motifs found in INDELs (AT, A, AAT, AAAT and AATAT) is almost identical in all strains.
The repeat motif AAT has a particular genomic distribution compared to other repeat motifs as it is mostly present in exonic
regions and not intergenic regions.

The proportions of the top 5 repeat motifs over all repeat motifs found in all INDELs were
compared to their expected value according to their coverage in all the strains combined
(Figure C.4). Despite its high coverage of repeated regions, the most abundant repeat motif

AT was significantly more prevalent than what was expected at random (y? test value of
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89.6; p value = 2.8 x 102!), suggesting a preference for INDELs to be conserved in AT
repeated regions. In contrary, INDELs were less present in A repeats than what was expected
at random (? test value of 35.6; p value = 2.5 x 10”°). All other repeat motifs were either not
significantly differentially present in INDELs or not enough data was available to perform
the test.
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Figure C.4: Expected vs observed repeat unit coverage in INDELs. The observed proportion of INDELs with a particular
repeat motif was compared to its expected proportion according to its coverage in genomic repeats using x? (* = p value < 0.01,
‘ns’ = non significant). Given the genomic coverage of each repeat motif, INDELs of AT repeats are more prevalent than what
was expected while INDELs of A homopolymers are less prevalent than what was expected.

The distribution of insertion and deletion sizes was compared using all repeat units.
Short insertions are far more frequent than longer insertions while the deletion sizes
distribution is more flattened and allows for longer deletions (Figure C.5). This difference is
more visible when including only AT INDELs and less visible or almost reversed when
considering only A INDELs. Even though there are much less deletions than insertions
(92/250 INDELS are deletions), INDELs tend to decrease the genomic size (855 bases removed
and 483 bases inserted in total). Three frequent repeat units (AT, AAT and AAAT) have a
negative balance (respectively 58 %, 78 % and 69 % of total INDEL size corresponding to
deletions) while A homopolymer repeats have a positive one (68 % of total INDEL size

corresponding to insertions).
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Figure C.5: Distribution of insertion vs deletion sizes. The number of bases inserted (in red) or deleted (in blue) is shown
for INDELs containing any repeat motif (top left panel), any motif except AT (top right panel), only AT motifs (bottom left
panel) or only A motifs (bottom right panel). INDELs with AT and A repeat motifs have an opposite distribution with mostly
short deletions for the former and mostly short insertions for the latter.

C.1.4 Conclusion

All the results of this project are already obtained and most of the sections of the draft

manuscript are being completed. I will be included as a co-second author for this work.
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C.2 Identification of a drug resistant marker

C.2.1 Introduction

Collaborators work A team led by Rachel Cerdan' cultivated thirteen 3D7 strains in the
presence of a newly synthetic antimalarial compound (a purine analogue) and one other 3D7
strain in the absence of any antimalarial compound, serving as a negative control (Figure C.6).
Over time, the thirteen 3D7 lines acquired different phenotypes of resistance with varying

degrees of sensitivity to the synthetic drug.

My involvement My role was to find mutations that could be linked to the drug resistance
phenotype observed by finding variants present in resistant strains while absent from the

sensitive one.

£ L O O
1 3 5 15 4 9 2 11 8 13 6 10 14

Figure C.6: Clone trees of drug selected parasites. Clone trees were obtained after rounds of (1) growth, (2) drug selection
(dotted lines) or not (solid line), (3) cloning and (4) sequencing after sufficient DNA is available.

C.2.2 Material and methods

The sequencing was performed in two independent runs of 150 bp paired-end Illumina
miniseq by Montpellier GenomiX. The sequencing reads obtained from both runs were

merge together for each sample to increase the average depth. Sequence adapters were

'LPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France
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trimmed with Trimmomatic (version 0.39) and filtered reads were mapped on the 3D7
reference genome (version 46) with bwa 0.17.17 [268, 264]. Single-nucleotide polymorphisms
(SNPs) and micro-insertions/deletions (INDELs) were discovered with GATK 4.2.0.0
HaplotypeCaller, CombineGVCFs and GenotypeGVCFs and were later filtered with varif
(https://github.com/marcguery/varif, version 0.2.2) that was parametrized to keep only
variants whose allele frequency was above 0.8 in at least one drug-resistant sample and
below 0.02 in the drug-sensitive sample [121]. Filtered variants were used to cluster samples
by similarity of mutations from the cluster (version 2.1.3) R package [285, 125]. Structural
variants (macro-INDELs, duplications, inversions and translocations) were discovered and
filtered with DELLY (version 0.8.7, -p -f somatic -a 0.5 -r 0.5 -v 10 -c 0.01’) [132].

C.2.3 Results

The 8182 variants (1591 SNPs and 6591 micro-INDELSs) detected in all 14 samples combined
were reduced to 1216 variants (258 SNPs and 958 micro-INDELs) present in drug resistant
samples and absent in the drug sensitive one. Among those 1216 variants, 246 (48 SNPs and
198 micro-INDELs) were located within a gene with 41 leading to a non-synonymous
mutation (20 SNPs and 21 micro-INDELs). The 14 proteins displaying non-synonymous
mutations induced by SNPs are ordered by their number of mutations among all samples
(Figure C.7). The cGMP-dependant protein kinase (PfPKG; PF3D7_1436600) showed 4
independent amino acid substitutions (R420I, H524Y, H524N and D597Y) in 12 out of 13
drug-resistant samples. Interestingly, the only sample with an absence of mutation in PfPKG
has a non-synonymous mutation (Y539D) in a protein also involved in a cyclic nucleotide
related pathway, the 3,5-cyclic nucleotide phosphodiesterase beta (PfPDE beta;
PF3D7_1321500). The second most prevalent mutated protein, gametocyte development
protein 1 (PfGDV1; PF3D7_0935400), has a stop codon within its reading frame (K561_) for 8
out of 13 drug-resistant samples. However, as PEGDV1 is involved in gametocyte production,
its mutation is unlikely to be directly related to the drug resistance. Another protein of
unknown annotation (PF3D7_1462400) has two independent stop codons inserted within its
reading frame (Y344_ and Y246_) as a result of the two SNPs in 4 out of 13 drug-resistant

samples.
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Figure C.7: Non synonymous mutations induced by SNPs. SNPs were kept only if they were found in at least one drug
resistant sample and absent from the drug sensitive sample. Samples were ordered by their similarity over all 8182 initial
variants detected, regardless of their potential relationship to the drug resistant phenotype.

Other proteins with either SNPs or micro-INDELs are unlikely to be directly responsible for

the drug resistance because their annotation is unrelated to cyclic nucleotide related pathways,

they are present in only a few drug resistant samples or they affect a low complexity region

of a protein. Regarding structural variants, a duplication of the end part of the chromosome 7

was found in a majority of drug resistant samples.
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C.2.4 Conclusion

The 5 non-synonymous mutations found in PfPKG and PfPDE beta, two proteins involved in
cyclic nucleotide related pathways, were promising candidates that might be involved in the
observed reduction of sensitivity to the anti-malarial compound, being a purine analogue.
This work was followed by the project of a PhD student in molecular biology, Marie Ali',
who was interested in finding the targets of the antimalarial synthetic compound. Thanks to
her work that is now completed, the 5 potential drug resistance-related SNPs identified in
this project were all confirmed to confer a resistance to the synthetic compound when
introduced by CRISPR/Cas9 in a sensitive 3D7 strain. Another PhD student, Rea Dura’, is
currently looking at the three-dimensional conformation of one of the identified mutated

protein while binding to the antimalarial compound.

'LPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France
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C.3 Duration of asymptomatic infections

C.3.1 Introduction

[ participated in a work that was published by Katharine A. Collins', Sukai Ceesay?,
Sainabou Drammeh?, Fatou K. Jaiteh?, Marc-Antoine Guery®, Kjerstin Lanke’,
Lynn Grignard*, Will Stone*, David J. Conway*, Umberto D’Alessandro?, Teun Bousema'*
and Antoine Claessens?®® in ‘K. A. Collins et al, A Cohort Study on the Duration of Plasmodium
falciparum Infections During the Dry Season in The Gambia, The Journal of Infectious Diseases, vol.

226, no. 1, pp. 128-137, Jul. 2022, doi: 10.1093/infdis/jiac116” [24].

Collaborators work In December 2016, 42 individuals of 4 nearby villages of the eastern
part of The Gambia were PCR positive and presented no symptoms. The enrolled individuals
were followed monthly with varATS qPCR and quantitative reverse-transcription (QRT)-PCR
tests until the end of the low transmission season in May 2017 if they did not show any
symptom (if symptomatic, they received an antimalarial treatment) and did not clear the
infection (PCR negative 2 months in a row). Parasitaemia was quantified by varATS qPCR
and the different blood stages were quantified by (qRT)-PCR. Parasite genotyping was
obtained using the differential fragment sizes of MSP2 inferred from the migration of PCR
bands.

My involvement My role was to estimate the number of Plasmodium falciparum genotypes
present in each blood isolate and to follow, for each individual, the resurgence of parasite

genotypes over time by grouping those with the same MSP2 fragment length.

C.3.2 Material and methods

The detailed material and methods for this study are available in Collins et al, 2021 [24]. In
short, only fragment lengths between 193 and 506 associated with a relative fluorescent unit
above 200 were considered. Two MSP2 fragments from the same individual infection sampled
at different time points are assumed to correspond to the same genotype if they differ by less

than 5 bases in size.

'Radboud university medical center, Radboud Institute for Health Sciences, Department of Medical Microbiology,
Nijmegen, Netherlands

*Medical Research Council Unit The Gambia at the London School of Hygiene and Tropical Medicine, Banjul, The Gambia

SLPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France

‘Department of Infection Biology, London School of Hygiene and Tropical Medicine, London, United Kingdom
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C.3.3 Results

Thanks to the comparison of sizes between the different MSP2 fragments, I could produce
a supplementary figure (Figure S3) published in the article of Collins et al. (2022) that is
available at https://doi.org/10.1093/infdis/jiac116 [24]. For each individual infection, parasite
strains were compared and considered identical between time points when they had a similar
size. The short-lived infections (less than 3 months) have a lower level of clonality, with only
two different genotypes at most, compared to persistent infections often displaying more
than 2 genotypes, one infection even reaching 15 genotypes. One persistent infection had
however a single parasite genotype that remained throughout the dry season in December,
January, February, March and April (no information is available for May). In some
volunteers, novel genotypes appear over time, indicating a too low percentage of circulating
parasites of this genotype earlier or an unlikely new infection during the dry season. In the
majority of persistent infections (12/22), the same MSP2 genotype was detected twice at
5-month interval at least, indicating that Plasmodium falciparum asymptomatic infections

can last several months without being cleared by the host immune system.

C.3.4 Conclusion

This visualisation of the different genotypes over time in each individual infection serves
readers of the associated article that wish to seek more information about the study. It was also
used to determine the clonality of infections and the level of overlap between strains identified
at different time points in the same individual to aid in the selection of the optimal combination
of time points when planning a single-cell sequencing of individual infections regularly blood

sampled (Chapter 3 Project 2: Variants Generated During the Course of an Infection).
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C.4 Risk of clinical malaria

[ was involved in reviewing the work of Balotin Fogang', Lionel Lellouche', Sukai Ceesay?,
Sainabou Drammeh?, Fatou K. Jaiteh?, Marc-Antoine Guery', Jordi Landier’, Cynthia
Haanappel*, Janeri Froberg®, David Conway®, Umberto D’Alessandro?, Teun Bousema* and

Antoine Claessens®**

, who were interested in following malaria infection status and
parasitaemia from individuals that were tested in four nearby villages of The Gambia
between 2014 and 2016. One of the findings was that individuals were at higher risk of
developing a clinical malaria after asymptomatically carrying parasites during a low
transmission season. The individuals followed in this study were also the ones that had their
parasites genotyped, bulk sequenced, single-cell sequenced and long-read sequenced in both
my thesis projects (Chapter 2 Project 1: Spatio-temporal Relatedness of Parasites & Chapter 3 Project 2:
Variants Generated During the Course of an Infection). This work has been submitted to a journal
for publication and is currently available as a pre-print in ‘B. Fogang et al, Asymptomatic
carriage of Plasmodium falciparum in children living a hyperendemic area occurs independently of

IgG responses but is associated with induction of IL-10. medRxiv, p. 2022.05.04.22274662, May 07,
2022. doi: 10.1101/2022.05.04.22274662° [119].

!LPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France

*Medical Research Council Unit The Gambia at the London School of Hygiene and Tropical Medicine, Banjul, The Gambia

® Aix Marseille Univ, IRD, INSERM, SESSTIM, ISSPAM, 27 boulevard Jean Moulin, 13005, Marseille, France

*Radboud university medical center, Radboud Institute for Health Sciences, Department of Medical Microbiology,
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C.5 DBL« diversity

I published a review of the work of Tonkin-Hill et al. with my thesis supervisor Antoine
Claessens' on the use of var genes DBL«a domains to build homogeneous clusters of samples
correlating with their originated country [69, 236]. We highlighted the fact that the use of
DBL« sequencing is an affordable and efficient way to accurately separate samples into group
corresponding to their country of origin (Figure C.8). The pairwise comparison method that
Tonkin-Hill et al. developed was sensitive enough to show that South American samples were

closer to African than Asian or Oceanian samples, confirming previous findings [286].

1LPHI, MIVEGEC, Université de Montpellier, CNRS, INSERM, Montpellier, France

146



COLLABORATIVE PROJECTS | DBL« diversity Guery, 2023

A
N-ter DBL-a = DBL/CIDR domains =
LIRSFIDTSIEAROL st el el ol o 55T At Y om0 e o OTEDTPRAY

— P

B

South American . . Asian/Oceanian
African countries .
countries DBL-a

countries DBL-a
types DBL-a types types

COLOMBIA

e
=

GABON =

GABON [jgan|

Figure C.8: DBL« diversity across continents. A: The variable region of the DBLa domain surrounded by conserved
motifs LARSFADIG and DYVPQ[YF]JLRW (DBL« tag) was used to identify each parasite genotype by a single DBL« type. B:
The different DBLa types present in each isolate were compared to those observed in each of the 10 countries across three
continents (South American countries in blue, African countries in green and Asian/Oceanian countries in red) to estimate
the geographical origin of the isolate. C: Isolates were grouped by sampling location with their overall estimated geographical
origin weighted by rectangle areas. Geographical origins of isolates inferred with DBL« types are consistent with the sampling
origin of isolates, meaning that DBL« tags are able to describe the genetic diversity of Plasmodium falciparum at the country
level. Data from Tonkin-Hill et al. [69]. Made with Natural Earth.

© Guery & Claessens (2021), Figure 1, CC BY 4.0 (https://creativecommons.org/licenses/by/4.0/) [236].
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