
Characterization of sexual commitment and 

the early steps of sexual development in 

the human malaria parasite Plasmodium 

falciparum 

Oriol Llorà Batlle 

TESI DOCTORAL UPF / 2019 

Thesis supervisor: 

Dr. Alfred Cortés Closas 

Thesis tutor: 

Dra. Cristina López Rodríguez 
(Department of Experimental and Health Sciences, UPF) 

INSTITUT DE SALUT GLOBAL BARCELONA (ISGLOBAL) 

MALARIA PROGRAMME 



 

 

 

 



 

 
 

“Life is not easy for any of us. But what of that? 

We must have perseverance and above all confidence in ourselves.  

We must believe that we are gifted for something, and that this thing, 

at whatever cost, must be attained.”  

– Marie Skłodowska Curie 

 

 

 

 

 

A la meva família, 

per tot 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 



 

v 
 

ACKNOWLEDGMENTS 

Primer de tot vull agrair a l’Alfred tot el seu suport durant aquests 

anys; per animar-me a demanar la beca de doctorat; per tots els teus 

consells i el mentoring; però també pel teu rigor científic i l’exigència que 

mai imposes, però aconsegueixes que ens auto-imposem. Gràcies per 

sempre estar disponible, per fer-me sentir valorat i sobretot per 

mantenir l’optimisme en els moments difícils i celebrar les petites 

victòries. Trobaré a faltar les nostres reunions que s’allarguen per voler 

anar més enllà. En definitiva, he tingut una gran sort de poder tenir un 

supervisor tant bo, ha estat un plaer. Moltes gràcies! 

També vull expressar el més sincer agraïment a la Sara Pagans, per 

introduir-me en el món de la investigació, ensenyant-me els fonaments 

per poder treballar en un laboratori de biologia molecular. Moltes 

gràcies per tot el teu suport, ajuda, consells i efecte; eternament agraït! 

Gràcies als meus professors Sussi Aurich i Pere Amat per la seva 

passió per les ciències de la vida, que se’m va encomanar i va motivar-

me a estudiar Biologia.  

Moltes gràcies als meus companys de viatge durant aquests anys, la 

família del laboratori: els Epi. Núria, la veu de la experiència; moltes 

gràcies per tots els teus consells, saber escoltar, el teu suport en els 

experiments i vetllar pel bon funcionament del laboratori. Cristina, 

gràcies per contagiar-nos a tots la teva energia i la teva empenta; 

sempre recordaré les llargues hores de microscòpia amb els plaque 

assays. Sofia, gràcies pel teu sentit de l’humor, se’t troba a faltar! Eliii, 

l’alegria en persona! Moltes gràcies per ser-hi sempre, compartint els 

bons i mals moments, ets un Sol. Et desitjo el millor, Dra. Tintó! 



 

vi 
 

Harvie, aka Dr. Love, it’s been an authentic pleasure meeting you, 

thanks for all your advice, the philosophical conversations and, of 

course, your sense of humour. All the best for your thesis and I hope 

you fulfil your plans back in the Philippines ;) Anastasia, gràcies per la 

teva energia i alegria, tot el teu suport en aquests últims mesos i la teva 

complicitat. Moltes gràcies per motivar-me a donar el millor de mi. 

Kisses! Lucas, moltes gràcies pel teu sentit de l’humor i les curiositats 

que sempre ens expliques. Trobaré a faltar els teus dots culinaris jajaj 

Agrair també l’aire fresc i l’energia que han anat aportant tos els 

estudiants de màster que han anat passant pel grup: Evi, Júlia, Carla i 

Rafa. 

Moltes gràcies també als Nano: Arnau, Eli M., Elena, Inés i Lucía 

pel bon rollo, els dinars al pati arreglant el món, sopars, pel·lícules i 

cerveses. Gracias también a Yun por sus sabios consejos con los 

Western Blots. Dra. Gertrudis, querida, hora sí que sí! ¡Al fin 

Doctores! Gracias por contagiar tu alegría, eres todo amor. Miriam, 

gràcies per la teva chispa! 

Als Glyco, Marta C. i Borja, gràcies per fer les hores a la sala de 

cultius més amenes parlant de CRISPR i filosofant sobre Plasmodium; 

també per les bones estones fora del lab amb el vòlei, submarinisme i 

alguna cervesa.  

Gràcies als Vivax, Aleix, Miriam, Haruka, Joan, Melissa, Alberto, 

Carmen i Hernando, per les bones discussions sobre el projecte en 

els malaria coffee talks, la vostra ajuda i les ganes de provar coses 

noves i col·laborar. 



 

vii 
 

Agrair també als Falci, Alfons, Pau, Diana, Laura, Ruth, Marta V., 

Itzi, Xavier, Himanshu i Rebeca, pel bon ambient (que em va fer 

sentir tant acollit al arribar al lab), les calçotades, els St Jordis i tot el 

suport en tot allò que he necessitat.  

Moltes gràcies a la Marta M. i la Clara per compartir els maldecaps de 

la tesi, maldecaps amb el Ministerio i fer pinya per intentar millorar les 

condicions dels becaris. Canaleta, moltes gràcies per tot l’ajut rebut 

durant aquests anys, el teu sentit de l’humor i la canya que ens fots a 

tots pel bon funcionament del lab.  

Gràcies a tot l’equip de vòlei per tots els bons moments: Marta M., 

Andrea, Javi, Virgi, Rebeca, Marta C., Inés, Anastasia, Lucas i 

Arnau. L’any vinent a guanyar la Casi Cracks! 

I would also like to thank all the people of the Baum’s lab at the 

Imperial College London for making my stay there a wonderful 

experience. Thanks, Jake for accepting the collaboration and your 

faith in the project. It’s been a wonderful experience that has allowed 

me to meet exceptional people. I would like to express my gratitude to 

the Gams Team: Kathrin, Alisje, Irene, Farah and Sabrina for your 

patience with me, all your advice both inside and outside the lab and 

all the fantastic moments we’ve shared. Mark thank you very much 

for your kindness, your sense of humour and for hosting me in your 

place for a while. I’ve been missing you all a lot. I wish you all the 

best! 

I would also like to thank Manuel Llinás for allowing me to visit his 

lab during a week and for accepting being part of the evaluation panel.  



 

viii 
 

Gràcies a la meva tutora de la UPF, Cristina López, i als membres del 

comitè de seguiment de la tesis, Alfredo Mayor, Jose Aramburu i 

Sara Pagans, pels seus consells i ajuda. 

Moltes gràcies als Biòlegs, Yolanda, Laura, Lali, Marina, Clara, 

Gisela, Compte, Marc, Edu, Sergi, Pau i Quirze, per tots els bons 

moments que hem compartit, viatges, sopars, festes, etc., però també 

per tot el vostre suport i efecte. 

Moltes gràcies també als del Pòdium: Cèlia, Clàudia, Laura, Nuri, 

Júlia, Sara, Marta, Berto, Pere, Paulí, Xavi, Guillem, Nil, Albert i 

Otto; els amics de tota la vida, per ser-hi sempre, tota la vostra 

confiança i suport en els bons i mals moments.  

També voldria agrair a la meva cosina Lluïsa Cros tot el suport, ajuda 

i consells al llarg d’aquests anys. És una sort poder comptar amb tu; 

moltes gràcies!  

Finalment, moltes gràcies als meus pares, la Gerta i l’Emili, per tots 

els valors i l’educació que m’heu donat, eines indispensables perquè 

hagi pogut arribar fins aquí. Gràcies per animar-me a seguir allò que 

m’apassiona i saber-me motivar a fer les coses millor, per tots els 

vostres consells i la vostra confiança en mi. Moltes gràcies als meus 

germans, la Gerta i en Roger, pel seu efecte, confiança i complicitat, 

però sobretot per aguantar els meus rollos sobre la feina :) Moltes 

gràcies a la resta de la família, àvies, tius/es i cosins/es pel vostre 

suport. Avi, aquesta tesi també va per tu, al final no seré “ingeniero”, 

però doctor no sona gens malament. 

 



 

ix 
 

ABSTRACT 

Transmission of malaria requires that some parasites abandon asexual 

replication and develop into sexual stages termed gametocytes. The 

discovery of the transcription factor PfAP2-G as the master regulator 

of sexual conversion has boosted our understanding of sexual 

development. The pfap2-g locus is controlled by heterochromatin-

based silencing, with only a few parasites activating the locus and 

committing to sexual development at each asexual cycle. How 

heterochromatin forms in pfap2-g is currently unknown. Moreover, the 

initial steps of sexual conversion after pfap2-g activation, together with 

the biology of sexually committed stages, remain poorly characterized. 

In this thesis, we identified a new route of sexual conversion involving 

direct conversion within the same cycle of initial PfAP2-G expression. 

We also developed a conditional activation system for PfAP2-G, 

achieving synchronous sexual conversion of the majority of parasites, 

which enables the characterization of sexually committed parasites and 

early sexual stages. Finally, in an attempt to elucidate the mechanisms 

behind heterochromatin formation in pfap2-g, we gained insight into 

the role of different elements in heterochromatin nucleation. 
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RESUM 

Per a la transmissió de la malària, alguns paràsits han de deixar de 

replicar-se de forma asexual i desenvolupar-se com a estadis sexuals 

anomenats gametòcits. El descobriment del factor de transcripció 

PfAP2-G com a regulador clau de la conversió sexual ha permès 

entendre millor el procés. El locus pfap2-g està silenciat per la presència 

d’heterocromatina i només alguns paràsits activen el locus i inicien el 

desenvolupament sexual a cada cicle asexual. Actualment es desconeix 

com es forma heterocromatina a pfap2-g. A més a més, els primers 

passos de la conversió sexual després de l’activació de pfap2-g, 

juntament amb la biologia dels estadis que acabaran desenvolupant-se 

sexualment, estan molt poc caracteritzats. En aquesta tesis, hem 

identificat una nova ruta de conversió que consisteix en la conversió 

sexual directa, sense un nou cicle de replicació, just després de 

l’activació de PfAP2-G. També hem desenvolupat un sistema 

d’activació condicional de PfAP2-G que indueix la conversió sexual 

sincrònica de la majoria dels paràsits i que permet la caracterització 

dels estadis sexuals primerencs. Finalment, en un intent per entendre 

els mecanismes darrera la formació d’heterocromatina a pfap2-g, hem 

obtingut informació rellevant sobre el paper de diferents elements en 

la nucleació d’heterocromatina. 
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PREFACE 

In the last few years there have been great advances in our 

understanding of sexual development in malaria parasites. The 

identification of PfAP2-G as the master regulator of the process was, 

without doubt, a game-changer. Malaria sexual stages, or gametocytes, 

are essential for the transmission of the disease, which is one of the 

main concerns for malaria elimination efforts.  

Back in January 2015, I joined the team led by Alfred Cortés to 

perform my MSc internship. PfAP2-G had been identified not long 

ago, providing a great opportunity to better characterize its role. My 

project aimed to develop a conditional activation system for pfap2-g, 

quite ambitious for a master student. After obtaining an FPU 

fellowship (FPU014/02456) from the Spanish government, I 

continued my research as a PhD student; a journey that now reaches 

its end.  During these years, we’ve been able to conclude the project, 

with results beyond our initial expectations. The high yield of our 

system allowed the phenotypic characterization of early committed 

and sexual stages without any purification step – something impossible 

until now, as these stages cannot be readily separated from their 

asexual counterparts. I also contributed to the identification of a new 

route of sexual conversion, challenging the textbook view of the 

malaria life cycle. Moreover, we have also provided insight into the 

regulation of pfap2-g, in addition to the identification of specific 

regions of the pfap2-g coding sequence involved in its 

heterochromatin-based silencing. Overall, we have contributed to a 

better understanding of the initial steps of sexual development in P. 

falciparum. 
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INTRODUCTION 

1. Malaria disease 

1.1 Brief history 

“Nüe of the foot major yang: it lets a person have lower back pain and a heavy 

head. Cold rises from the back. [Patients] are cold first and afterward hot. The 

heat is intense harm caused by summer heat. When the heat stops, sweat leaves.” 

(Unschuld, 2003). 

Written around 2700 BC, those were the words used to describe 

malaria symptoms in the Chinese Canon of Medicine, Nei Jing – one 

of the first written records about malaria (Cox, 2010). Chinese 

physicians had already linked the disease with the air, or “caused by 

the wind” (Unschuld, 2003). However, the Greeks were probably the 

first (850 BC to 400 BC) to associate the disease with swamps and 

wetlands. This link with wetlands and miasmas persisted for more 

than two millennia, probably leading to the modern word malaria, 

from the Italian mala aria that means “bad air” (Cox, 2010).  

It was not until the end of the 19th century, with the rise of the germ 

theory of disease, that researchers started to look for the causative 

agent of malaria. In 1880, Charles Louise Alphonse Laveran observed 

for the first time spherical motionless bodies inside red blood cells 

(RBCs) of malaria patients. This discovery pushed the field forward 

and by 1890 the scientific community already established that the 

different fever symptomatologies observed in malaria patients were 

due to three different species. Around that time, Italian malariologists 

were convinced about the role of mosquitoes in the transmission of 
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the disease, later confirmed by Ronald Ross in 1897 with his studies 

on birds (Ross, 1923). Finally in 1898 Giovanni Battista, Amico 

Bignami and Giuseppe Bastianelli demonstrated that human malaria 

was transmitted by Anopheles spp. mosquitoes (Battista et al., 1899; Cox, 

2010). 

One major breakthrough for the field was the development of the in 

vitro culture for the erythrocytic stages of the parasite in 1976 by 

William Trager and James B. Jensen (Trager and Jensen, 1976). The 

availability of unlimited amounts of parasites boosted research to 

another level: cell biology, genetics and biochemistry studies, together 

with genetic manipulation, started to emerge.  

1.2 Life cycle 

Malaria is a vector-borne disease caused by parasites of the genus 

Plasmodium and transmitted through the bites of infected female 

mosquitoes (Phillips et al., 2017). Plasmodium spp. are eukaryotic 

microorganisms of the phylum Apicomplexa: obligate intracellular 

parasites characterized by the presence of an apical complex involved 

in the invasion of the host cells (Adl et al., 2012; Morrison, 2009). To 

date, there are around 120 known Plasmodium spp.  infecting mammals, 

birds and reptiles, but only 6 are capable of infecting humans: 

Plasmodium falciparum, P. vivax, P. malariae, P. ovale curtisi, P. ovale wallikeri 

and P. knowlesi, the latter of zoonotic transmission (Ashley et al., 2018). 

Malaria parasites have a complex life cycle involving several 

developmental stages in two different hosts: the Anopheles mosquito 

and the vertebrate host (Figure 1). Infected female mosquitoes inject 

sporozoites into the dermis during a blood meal; these motile forms of 
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the parasite have the capacity to invade hepatocytes in the liver. The 

following 10 days parasites replicate until they form merosomes, 

releasing thousands of merozoites into the bloodstream. Merozoites 

invade erythrocytes in less than 2 minutes using specific receptor-

ligand interactions, in a process that involves several steps such as 

initial contact, reorientation of the merozoite, microneme secretion, 

rhoptry secretion and formation of the parasitophorous vacuole – a 

plasma membrane protecting the parasite from the host cell 

intracellular environment (Cowman et al., 2016). P. falciparum parasites 

undergo an intraerythrocytic developmental cycle (IDC) and replicate 

through schizogony to release 16-32 new merozoites after ~48 h. 

Once inside the RBC, parasites export hundreds of proteins into the 

host cell membrane to remodel it, allowing the uptake of some 

nutrients in addition to mediating cell adhesion, important to avoid 

clearance by the spleen or the immune system (Spillman et al., 2015). 

Plasmodium spp. are auxotrophic for most of the amino acids and digest 

haemoglobin to fulfil their metabolic needs. Digestion of haemoglobin 

generates toxic free haem groups that parasites polymerize into 

hemozoin, an insoluble crystal visible in infected RBCs, to avoid haem 

toxicity (Phillips et al., 2017; Wunderlich et al., 2012).  

The IDC is characterized by different stages: after invasion, parasites 

develop into ring stages (~24h), then trophozoites (~12h) and finally 

schizonts (~12h) that will release new merozoites (Figure 1). During 

this exponential growth parasites replicate asexually through mitotic 

divisions (Gerald et al., 2011). Nevertheless, some parasites commit to 

the sexual fate by developing into gamete precursors termed 

gametocytes. Male and female gametocytes are the only stages capable 
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of infecting the mosquito vector and therefore allow the transmission 

of the parasite to a new host. Inside the mosquito gut, fertilization 

occurs, and the zygote rapidly undergoes a meiotic division producing 

an ookinete. Ookinetes invade the mosquito midgut forming an 

oocyst that will further multiply by mitosis and release sporozoites. 

Sporozoites then travel to the salivary glands of the mosquito, from 

where they are released in the following blood meal to infect a new 

vertebrate host (Miller et al., 2002; Phillips et al., 2017).  

 

Figure 1. Plasmodium falciparum life cycle.  See main text for the description of 

the whole life cycle involving several developmental stages within two host: the 

mosquito vector and the human host with the intraerythrocytic developmental cycle 

(IDC). Designed with Biorender.com.  

1.3 Epidemiology 

Malaria mainly occurs in tropical and subtropical areas, where the 

environmental conditions are favourable for the ~40 species of 

Anopheles mosquitoes that act as a vector (Phillips et al., 2017). The 
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incidence of the disease depends on environmental factors such as 

altitude, climate and vegetation that determine the presence of the 

vector. On top of that, control measures also impact its distribution, 

and therefore malaria incidence is also linked to poverty (Ashley et al., 

2018). In countries with limited resources and weak health systems, 

the delivery of effective health care is impaired. Moreover, malaria 

disease itself has a big socioeconomic impact as it represents an 

obstacle for the development of the economy: loss of school and work 

time leads to limited education opportunities and reduced income 

(Phillips et al., 2017). In 2017, 219 million malaria cases occurred 

around the world, with the African Region accounting for 92% of the 

cases, followed by Southeast Asia with 5% and Eastern Mediterranean 

with 2% (WHO, 2018). Each year around half a million people die of 

malaria worldwide, with especial incidence in Africa that accounted for 

93% of all malaria deaths in 2017 (WHO, 2018). 

P. falciparum is responsible for most of the burden of disease 

worldwide, whereas P. vivax malaria cases mainly occur in Central and 

South America and Southeast Asia (Snow et al., 2017; WHO, 2018). 

This distribution can be attributed to the high prevalence of Duffy 

antigen negativity in Africa that provides partial protection against P. 

vivax invasion (Phillips et al., 2017; Twohig et al., 2019).  P. ovale 

subspecies are found in Africa and Asia, being more prevalent in West 

Africa, whereas P. malariae can be found worldwide and the zoonotic 

P. knowlesi is only present in Southeast Asia (Ashley et al., 2018; WHO, 

2018). Moreover, the majority of species may have different animal 

reservoirs (Figure 2). 
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Figure 2. Global distribution of Plasmodium spp. in human and animal 

populations. P. falciparum (red), P. vivax (green), P. malariae (purple) and the two 

species of P. ovale (pink) are found in all endemic areas. P. knowlesi (blue) is found in 

Southeast Asia. Arrows indicate established transmission of the different parasite 

species between hosts. Dotted arrows show potential transmission of parasites based 

on population studies. Species for which cases of human infection have been 

observed are marked with an asterisk. DARC: Duffy antigen receptor for 

chemokines. Reproduced from Lim et al., 2017. 

Children under 5 years of age and pregnant women are the more 

vulnerable populations. It is estimated that ~1,200 African children 

die of malaria every day. In areas of continuous malaria transmission, 

the population progressively develops partial immunity after repeated 

exposure to the parasite. Adults in these areas achieve the control of 

the infection and typically only show mild symptoms; in some cases, 
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infections are chronic without any clinical manifestation, defined as 

asymptomatic malaria. On the other hand, children who have not been 

in contact with the parasite before are particularly vulnerable. 

Regarding pregnant women, the susceptibility arises from the capacity 

of the parasites to attach to the placental vasculature, increasing the 

risk of miscarriage and also linked to low weight at birth (Ataíde et al., 

2014; Phillips et al., 2017).  

1.4 Clinical malaria 

The symptomatology of the disease is mainly associated with the 

exponential growth of the parasites in the blood and in the case of P. 

falciparum, its capacity to adhere to the vasculature (Cowman et al., 

2016). The bursting of the parasite at the schizont stage and the 

release of merozoites liberates hemozoin and parasite DNA: these 

components activate pattern recognition receptors such as toll like 

receptor 9 leading to the production of pro-inflammatory cytokines 

(e.g. tumour necrosis factor) that trigger fever (Liehl and Mota, 2012; 

Parroche et al., 2007). Malaria is mainly characterized by periodic 

fevers that coincide with the release of new parasites in the blood, but 

also by other non-specific symptoms such as chills, rigor, headache, 

nausea and muscle pain (Phillips et al., 2017).  

According to the presentation of the disease, malaria can be classified 

as uncomplicated or severe (Ashley et al., 2018). The clinical 

presentation is highly influenced by host immunity, which depends on 

age and transmission intensity (Figure 3). In low transmission areas, 

where most of the individuals are naïve and do not have a naturally 

acquired protection, the chances to develop severe malaria are higher. 
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Infection produces a febrile condition accompanied by the non-

specific symptoms mentioned previously, and if not treated, can 

develop into severe malaria. Nevertheless, after a period of clinical 

symptoms, parasites are usually controlled at a low level, symptoms 

decline and eventually the infection resolves (Cowman et al., 2016). 

         

Figure 3. Age-dependence of malaria symptomatology in a population living 

in an endemic area of P. falciparum transmission. The risk of severe disease is 

highest in children under the age of 5 and declines rapidly. The susceptibility to 

symptomatic malaria continues up to a later age, such that adults experience few and 

mild febrile episodes; eventually, after repeated exposures, adults control the disease, 

but are still susceptible to asymptomatic infections. Reproduced from Cowman et 

al., 2016. 

In some cases, infections cannot be controlled, and the disease 

progresses to severe malaria. This occurs in 1% of infected African 

children and in 10% of the cases results in death (Wassmer et al., 

2015). Severe malaria is characterized by either severe anaemia, 

respiratory distress, metabolic acidosis or cerebral malaria (Marsh et 

al., 1995). A major factor for the pathogenic basis of severe malaria is 
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the sequestration to the tissue microvasculature, mediated by the 

binding of infected erythrocytes to the endothelium though surface 

antigens expressed by the parasite, such as the P. falciparum erythrocyte 

membrane protein 1 (PfEMP1) (Miller et al., 2002) (Figure 4). 

1.5 Diagnosis and treatment 

The WHO criteria for the diagnosis of malaria is the presence of 

parasites in the blood and fever. The gold standards to detect parasites 

are light microscopy analysis of stained thick blood smears and rapid 

diagnostic tests (RDTs). Light microscopy has a limit of detection of 

~5 parasites per microlitre, while for RDTs the limit is 50-100 

parasites per microlitre. Both approaches are sensitive enough to 

screen for patients with uncomplicated or complicated malaria 

(typically 1,000-50,000 parasites per microlitre); however, their 

sensitivity is not sufficient to predict clinical relapses after 

interventions or to detect asymptomatic patients with submicroscopic 

infections (although some asymptomatic patients can have high 

parasitaemia).  In these cases, molecular methods (e.g. PCR or loop-

mediated isothermal amplification [LAMP]) have proven to be really 

valuable, as they can detect as few as 22 parasites per millilitre. 

However, in some settings these technologies are not available 

(Phillips et al., 2017).  

Regarding treatment, different drugs are used depending on parasite 

species, the clinical manifestation or the epidemiological status of the 

area (WHO, 2015a). For uncomplicated malaria caused by P. 

falciparum, current frontline treatments are artemisinin-combination 
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therapies (ACTs). ACTs are based on the combination of an 

artemisinin and a quinine derivative. 

                       

                

Figure 4. Sequestration of P. falciparum infected erythrocytes in the 

microvasculature through P. falciparum erythrocyte membrane protein 1 

(PfEMP1). Parasite-infected erythrocytes adhere to the microvasculature through 

the interaction between PfEMP1 and human receptors. Accumulation of infected 

erythrocytes causes the activation of the endothelium and the obstruction of blood 

flow. Infected erythrocytes can also bind uninfected erythrocytes through repetitive 

interspersed families of polypeptides (RIFIN), subtelomeric variable open reading 

frame (STEVOR) and PfEMP1 proteins, through the interaction with different host 

cell receptors. Reproduced from Wahlgren, Goel and Akhouri, 2017. 
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The most used artemisinin derivatives are dihydroartemisinin, 

artesunate or artemether; and common quinine derivatives are 

amodiaquine, piperaquine, pyronaridine, mefloquine or lumefantrine. 

These combinations are extremely effective as artemisinin derivatives 

can rapidly decrease parasitaemia, whereas the partner drug removes 

residual parasites and provides some prophylactic effect thanks to the 

long half-life of quinine derivatives (Phillips et al., 2017). Nevertheless, 

resistance to some of these derivatives, such as piperaquine, and 

partial resistance to artemisinin have been reported in some regions of 

Southeast Asia, urging the field to develop new effective drugs or 

design newer strategies to provide a cure (Tilley et al., 2016). An 

alternative to ACTs is the combination of atovaquone and proguanil, 

usually used for travellers and in cases of ACT failure; however, its 

implementation is not recommended in endemic countries because 

atovaquone resistance can emerge rapidly. Another drug that is used in 

combination with ACTs is primaquine, the only approved drug able to 

completely kill mature gametocytes. For severe malaria, the objective 

is to clear the parasites from circulation as fast as possible. To achieve 

this, mainly parenteral artemisinin derivates are used, such as 

artesunate or artemether. Once the patient has recovered from severe 

malaria symptoms and is able to eat and drink, the oral administration 

of ACTs is recommended (Ashley et al., 2018).  

1.6 Prevention 

In addition to providing a cure for the infection, antimalarial drugs can 

also be used as chemoprophylaxis to prevent malaria infections. 

Pregnant women, young children and travellers are the main targets of 

this strategy (Ashley et al., 2018). In the case of pregnant women, the 
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approach followed consists on spaced administration of sulfadoxine-

pyrimethamine along pregnancy in what is called intermittent 

preventive therapy in pregnancy (IPTp) (Radeva-Petrova et al., 2014). 

However, the appearance of parasite resistance to this drug 

combination represents a considerable threat. The same drugs in 

combination with amodiaquine are used to prevent malaria infections 

in children. For travellers, mainly atovaquone-proguanil and 

doxycycline are used as prophylaxis, but also mefloquine (Ashley et al., 

2018). WHO recommends using different drugs for treatment and 

chemoprophylaxis to reduce the emergence of drug resistance (WHO, 

2015a).   

Another major intervention to prevent malaria infections are vaccines. 

The development of naturally acquired protective responses to malaria 

parasites suggests that the design of an effective vaccine is possible.  

However, this protective immunity is acquired after repeated 

exposures and does not provide sterile immunity. Moreover, immunity 

is lost within 3 to 5 years in the absence of exposure, probably as a 

result of the failure to developed long-lived plasma B cells and the 

decline of circulating antibodies (Doolan et al., 2009). Developing a 

vaccine for antigens that in nature do not seem to be sufficient to 

trigger sterile immunity is challenging. Vaccine development efforts 

have focused mainly on surface antigens present in merozoites, 

sporozoites and infected RBCs (Figure 5). This is a challenging task 

because most of the surface proteins have variant expression or are 

highly polymorphic, which limits the list of possible candidates. Thus, 

many experimental vaccines end up conferring strain-specific 

protection only (Draper et al., 2018; Hoffman et al., 2015). To date, 
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the only vaccine that has proven to consistently provide some 

protection in endemic regions is the RTS,S/A01 vaccine. Based on the 

recognition of the circumsporozite surface protein (CSP) and 

combined with the hepatitis B surface antigen, it provided ~30%  

protection against clinical malaria during the first year, but failed to 

provide long-term protection (RTS.S Clinical Trials Partnership, 2015).   

 

Figure 5. Candidate antigens for a malaria vaccine. Candidate antigens involved 

in different developmental steps of the life cycle are shown both for P. falciparum and 

P. vivax. Antigens indicated in bold are currently being evaluated in clinical trials. 

Reproduced from Barry and Arnott, 2014. 

The impact of the RTS,S vaccine in reducing mortality has not been 

demonstrated, but it has been recommended by WHO for pilot 
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introduction in selected areas of 3 African countries. Despite these 

limitations, the study of the immune responses upon immunization 

can provide key information for the design of newer and better 

vaccines (Dobaño et al., 2019). The malaria vaccine pipeline is 

increasing with several candidates under evaluation: irradiated 

sporozoites, Pfs25 gametocyte antigen to block transmission, 

merozoite proteins such as Rh5, or the PfEMP1 VAR2CSA that 

mediates binding to the placenta  (Ashley et al., 2018; Phillips et al., 

2017) (Figure 5).  

Vector control strategies are still the most effective measure to 

prevent malaria infections (Shaw and Catteruccia, 2019). It is 

estimated that they account for two thirds of the malaria cases avoided 

in Africa (Bhatt et al., 2015).  Vector control strategies are mainly 

based on insecticide treated bed nets (ITNs) and indoor residual 

spraying (IRS) that aim to reduce vectorial capacity (Lobo et al., 2018). 

Vectorial capacity refers to the rate at which a vector can transmit a 

pathogen from a previous infection. Parasite population densities, the 

human biting rate, the competence for the development of the 

pathogen and the vector lifespan, define the vectorial capacity (Shaw 

and Catteruccia, 2019). ITNs combine the effect of the physical 

barrier with the pyrethroid-based insecticides; nevertheless they are 

only effective for vectors biting preferentially indoors and in the 

evening or at night time. IRS mainly targets surfaces where 

mosquitoes rest before or after the blood meal, therefore it is only 

effective against indoor biting (Lobo et al., 2018). Moreover, Anopheles 

mosquitoes have demonstrated a great plasticity in their behaviour, for 

example preferentially biting outdoors during day-light or low-light 



INTRODUCTION 

31 
 

situations, threatening transmission prevention (Sherrard-Smith et al., 

2019; Thomsen et al., 2016). Another concern is mosquito resistance 

to insecticides: 60 of the 78 countries that monitor it have reported 

resistance to one or more insecticides (WHO, 2015b).  

Other strategies currently under development are endectocides or 

genetic control, which have started to change the paradigm of vector 

control. Endectocides are systemic drugs administered to the host (i.e. 

humans) with an effect against the arthropod vector and the 

development of the parasite inside the vector (Foy et al., 2011). Drugs 

such as ivermectin have already been proven to be effective against 

both Anopheles mosquitoes and malaria parasites (Foy et al., 2019). 

Genetic control strategies are based on the dissemination of 

inheritable factors that decrease the vector population or their 

vectorial capacity (Lobo et al., 2018). It can be achieved by modifying 

the germline of the vector or through paratransgenesis of the vector 

microbiota (Alphey et al., 2002; Wilke and Marrelli, 2015). Essentially, 

the aim is to reduce population numbers through the spreading of sex-

lethal alleles; or to reduce vectorial capacity by making the vector 

resistant to the infection. The advances with CRISPR/Cas9 

technology have provided the grounds for such modifications based 

on gene drive approaches, allowing the spreading of the allele in the 

mosquito population (Alphey, 2016) (Figure 6). Nevertheless, 

polymorphisms in the targeted regions represent an obstacle for the 

application in the field. Moreover, these approaches harbour ethical 

and ecological concerns as the consequences of altering vector 

populations are difficult to predict (Shaw and Catteruccia, 2019). 
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Figure 6. Gene drive strategy based on endonuclease homing. The gene drive 

is inherited to most of the offspring when individuals with an endonuclease gene 

drive (blue) mate with a wild type individual (grey). This allows the spreading of the 

gene drive until all the population contains it. The preferential inheritance occurs 

because the endonuclease cuts the homologous wild type chromosome, which is 

repaired by homologous recombination using the chromosome containing the gene 

drive as a repair template. Reproduced from DiCarlo et al., 2015. 

 

2. Regulation of eukaryotic gene expression 

2.1 General aspects of eukaryotic transcription 

Gene expression starts with the transcription of the genetic 

information stored in the DNA to an RNA transcript that will later be 

translated into a functional protein (Crick, 1970). Regulation of gene 

expression is essential for the integrity of the cells, by determining 

which genes will be transcribed at a particular time depending on their 

needs. Therefore, a fine regulation of gene expression is essential for 

development, the adaptation to environmental changes and damage, 

and the integration of external signals (Pope and Medzhitov, 2018). 
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Gene expression can be regulated at three different levels: 

transcriptional, posttranscriptional and posttranslational. Chromatin 

structure plays a central role in transcriptional regulation by 

modulating the accessibility of DNA to the transcription machinery. 

This machinery consists of general transcription factors (GTFs), gene 

specific transcription factors (GSTFs), coactivators and corepressors 

that specifically recognize regulatory sequences such as promoters, 

enhancers, silencers or insulators (Andersson et al., 2015). 

Eukaryotic genes are usually regulated by two cis-acting DNA 

regulatory elements, the core promoter and its proximal regulatory 

sequences (collectively termed as the promoter) and distally located 

regulatory elements, such as enhancers or silencers. The core 

promoter is composed of several DNA elements that serve as a 

binding platform for the transcription machinery.  

The binding of the GTFs and the recruitment of the RNA polymerase 

II (Pol II) to the core promoter forms the pre-initation complex (PIC) 

that will initiate transcription at low levels. The proximal regulatory 

sequences of the promoter can be bound by GSTFs that recruit 

coactivators (often chromatin modifiers) to alter the chromatin 

structure modulating the activity of the PIC by increasing transcription 

or facilitating its assembly near the transcription start site (TSS) 

(Haberle and Stark, 2018) (Figure 7). 
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Figure 7. Model for the main steps of transcription initiation by Pol II. a, 

Transcription activation starts with the binding of transcription factors (referred as 

GSTF in the main text) on enhancer regions (or upstream activating sequences). The 

TSS is indicated by an arrow. b, Activators recruit coactivator complexes such as 

chromatin modifiers or remodellers that alter chromatin structure, which make it 

more accessible. Many coactivators cooperate and contribute to PIC formation. 

Mediator of Pol II transcription (Mediator) is one of the key coactivator complexes. 

c, The PIC is assembled at the core promoter and is composed of Pol II (12 

subunits), GTF: transcription initiation factor IIA (TFIIA; 2 subunits), TFIIB, 

TFIID (TATA-box-binding protein [TBP] and 14 TBP-associated factors), TFIIE (2 

subunits), TFIIF (2–3 subunits) and TFIIH (10 subunits). d, CDK7 phosphorylates 

(P) the carboxy-terminal domain (CTD) of Pol II at Ser5 triggering Pol II escape 

from the core promoter beginning the elongation step. Reproduced from 

Soutourina, 2018. 

Distal regulatory regions such as enhancers contain specific DNA 

motifs that can recruit GSTFs to increase the formation and loading 

of the PIC at the core promoter and therefore increase transcription. 

They typically act over long distances and can be found both in 

intergenic regions and in genes. The three-dimensional (3D) landscape 

of the genome plays an essential role in the interaction between 

enhancers and promoters, with loops allowing direct contact between 

the regulatory regions (Figure 7). Silencers downregulate gene 

expression through the binding of repressors, proteins that interfere 
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with the assembly of the PIC, or can passively prevent the binding of 

GSTFs to the cis-regulatory elements. Enhancer-blocking insulators 

interfere with the interaction between the enhancer and the promoter 

when present between the two regions. Other cis-regulatory elements 

are barrier insulators that demarcate chromatin domains in the 

genome preventing the spread of heterochromatin (Haberle and Stark, 

2018).  

2.2 Chromatin structure and organization 

In eukaryotic cells, DNA is packed in the nucleus as chromatin, a 

nucleoprotein complex of DNA and histones. The fundamental unit 

of chromatin is the nucleosome, which consists in 146 bp of DNA 

wrapped around a histone octamer composed of two copies of H2A, 

H2B, H3 and H4. The linker histone H1 binds outside of the 

nucleosome core forming a higher-order chromatin structure. Histone 

proteins have a globular C-terminal domain involved in histone-

histone interactions and an N-terminal domain that stands out from 

the histone octamer (histone tail). These tails are highly basic 

(positively charged), which allows their interaction with DNA. 

Nucleosomes prevent transcription per se, mainly by physical 

obstruction of the transcription factors (TFs). Moreover, chromatin 

accessibility is modulated by posttranslational modifications (PTMs) of 

histones, histone variants, nucleosome remodelling and DNA 

methylation. Histone PTMs impact chromatin structure and 

accessibility directly affecting gene expression, DNA repair and 

replication. In general, genome regions with more accessible 

chromatin are transcriptionally active, whereas regions with less 
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accessibility are silenced (Even-Faitelson et al., 2016; Lawrence et al., 

2016). 

Histone PTMs include methylation, acetylation, phosphorylation, 

ubiquitylation, SUMOylation, ADP-ribosylation and deamination, 

among others (Figure 8). Lysine methylation and acetylation are the 

PTMs with higher impact on gene expression. They can influence 

transcriptional regulation via two characterized mechanisms: alteration 

of DNA-histone interactions, affecting the accessibility of TFs to 

DNA; and recruitment of effector proteins containing binding 

domains that specifically interact with modified histones (Lawrence et 

al., 2016). PTMs can be considered as information that is stored in 

histones. Specific combinations of these modifications are crucial to 

determine the transcriptional competence of promoters. In this 

context, increasing evidence supports the histone code hypothesis, 

which predicts that PTMs of histones, alone or in combination, direct 

specific and distinct DNA-templated programs by determining DNA 

accessibility or allowing the specific binding of transcriptional 

regulators (Strahl and Allis, 2000). 

 

Figure 8. Histone PTMs. Schematic of the modifications that can be found in 

human histone tails. By Mariuswalter- Own work, CC BY-SA 4.0, 

https://commons.wikimedia.org/w/index.php?curid=41382917. 
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- Histone acetylation 

Histone acetylation is generally associated with gene activation, as the 

addition of an acetyl group to the lysine side chain neutralizes its 

positive charge, weakening the interaction between histones and 

DNA. Therefore, chromatin accessibility is enhanced, allowing the 

recruitment of TFs to the regulatory regions. Moreover, lysine 

acetylation can be recognized by the bromodomain of transcriptional 

coactivators. Deposition and removal of acetylation is mediated 

through the action of histone acetyltransferases (HATs) and histone 

deacetylases (HDACs). HATs use acetyl-CoA as a cofactor to transfer 

an acetyl group to the amino group of lysine side chains. There are 

two main groups of HATs: type A and type B. Type A HATs are 

diverse and can be classified in three groups according to their 

structural conformation: GNAT, MYST and p300/CBP. They usually 

form multiprotein complexes that determine their recruitment, activity 

and substrate. Type B HATs are mainly cytoplasmatic and acetylate 

free histones that have not been deposited into chromatin. HDACs 

remove the acetyl group, restoring the positive charge of the lysine 

and consequently stabilizing the interactions of histones with DNA; 

thus, HDACs typically act as transcriptional repressors. They can be 

classified into four main classes based on their homology with S. 

cerevisiae histone deacetylases (class I, II, III and IV). In general 

HDACs have low substrate specificity, as they can deacetylate multiple 

sites within histones and also act as part of multiprotein complexes 

(Bannister and Kouzarides, 2011).  
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- Histone methylation 

Unlike acetylation, methylation does not alter the charge of the histone 

protein and can be associated with gene activation or repression 

depending on the specific methylated residue. Methylation mainly 

occurs on lysines and arginines. Specific residues can present different 

methylation levels: lysines can be mono-, di- or tri-methylated; 

whereas arginines can be mono- or di-methylated. Methylated residues 

can be recognized by Chromo-, Tudor, PhD, PWWP and MBT 

domains. Again, these proteins can further recruit other effectors or 

be found in complexes that alter the chromatin structure leading to 

activation or repression of gene expression. Histone methylation is 

catalysed by the action of histone lysine methyltransferases (HKMTs) 

that harbour the SET domain involved in the transfer of a methyl 

group from S-adenosylmethionine to the lysine amino group. Removal 

of the methylation mark is performed by histone demethylases 

(HDMs) that can be classified in two families: lysine specific 

demethylase 1 (LSD1) and Jumonji-C domain containing histone 

demethylases (JMJD). HDMs are highly specific and sensitive to the 

degree of methylation, with some enzymes only capable of removing 

mono- and di-methyl groups (Bannister and Kouzarides, 2011). 

- Chromatin organization 

Broadly, chromatin can be classified according to the composition of 

proteins, the histone PTMs and DNA methylation into 5 types: two 

types of active chromatin (euchromatin), facultative heterochromatin, 

constitutive heterochromatin and null chromatin (Figure 9). 
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Generally, euchromatin is more accessible whereas heterochromatin is 

inaccessible and transcriptionally inactive.  

 

Figure 9. Classification of chromatin states. Five broad chromatin states seem to 

be largely conserved. There are two permissive states and three repressive states. 

Their known roles are listed together with the common epigenetic marks associated. 

Black chromatin is referred in the main text as null chromatin. Reproduced from 

Delandre and Marshall, 2019. 

Active chromatin is the most heterogeneous, composed of many 

chromatin factors and histone modifications, such as different levels 

of H3K4, H3K36 and H3K79 methylation; but also acetylation of 

multiple residues in H3 and H4. Facultative heterochromatin in higher 

eukaryotes is mainly controlled by the Polycomb group (PcG) of 

proteins that deposit repressive histone marks by ubiquitylation of 

H2AK119 and different methylation levels at H3K27. Most of the 

genes regulated by PcG proteins are involved in cell fate determination 

and development, reflecting the facultative nature of this chromatin 
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state: at some point during development, or in some cell types, these 

genomic regions are in an active state. Constitutive heterochromatin 

mainly has a structural function, preserving genome integrity in 

telomeres and centromeres, but also silences repetitive DNA elements 

such as transposable elements. It is characterized by the presence of 

heterochromatin protein 1 (HP1), H3K9me3 and H4K20me3. By 

definition, constitutive heterochromatin is a highly condensed 

structure; nevertheless, it allows transcription of some non-coding 

RNAs (ncRNAs) relevant for its maintenance. Null chromatin is 

defined as a highly repressed state of the chromatin independent of 

PcG and HP1. It lacks enrichment for any specific histone 

modifications and the proteins associated with it are mainly H1 and 

lamin. Lamin is essential to tether silenced regions to the nuclear 

periphery compartmentalizing the nucleus (Ciabrelli and Cavalli, 2015). 

A higher order of organization is the 3D folding of the chromosomes 

within the nucleus, which is also linked to the transcriptional output of 

the cell. The positioning of genes reflects their transcriptional status, 

with highly transcribed genes located in the interior of the nucleus, 

whereas repressed regions are closer to the periphery. Chromosome 

conformation capture techniques have started to reveal the features of 

genome organization and its functional relevance. At large scale, 

chromosomes segregate in two main compartments corresponding to 

active regions and inactive regions. However, at lower scales, 

chromosomes fold into domains that favour intradomain interactions 

over interactions with other domains. These domains have been 

defined as topologically associated domains (TADs). TADs define 



INTRODUCTION 

41 
 

regulatory landscapes by determining enhancer-promoter interactions 

(Szabo et al., 2019).  

2.3 Mechanisms of heterochromatin formation and inheritance 

- Heterochromatin formation 

The establishment of heterochromatin is controlled through the action 

of different protein complexes and small RNA molecules. 

Heterochromatin formation requires the initial nucleation of the 

silencing signal, mainly by the deposition of H3K9me3 and its 

recognition by HP1, which later leads to its expansion and is involved 

in mechanisms to ensure its maintenance. Nucleation mechanisms do 

not explain how heterochromatin is maintained and spreads: the initial 

nucleation is driven by the underlying DNA sequence, whereas 

spreading and maintenance are independent and mainly sustained 

through positive feedback loops of the heterochromatin proteins 

(Greenstein et al., 2018).  

Studies in the fission yeast Schizosaccharomyces pombe have provided 

insight into how heterochromatin establishes and is maintained: the 

formation of pericentromeric heterochromatin depends on the action 

of small interfering RNA (siRNA) involved in RNA interference 

(RNAi) pathways. Pervasive transcription from these highly repetitive 

loci results in the production of double-stranded RNAs (dsRNAs), 

which are processed by the DICER complex generating the siRNAs. 

These siRNA specifically recognize the nascent transcripts of the locus 

through base pairing and recruit the RNA-induced transcriptional 

silencing complex (RITS). RITS mainly increases the production of 

siRNAs driving a positive feedback loop, but also recruits the H3K9 
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HMT (Clr4 in yeast, Suv39 in mammals) for the deposition of 

H3K9me3 (Saksouk et al., 2015). Chp2 and Swi6 (the S. pombe 

orthologues of HP1 in higher eukaryotes) protein dimers selectively 

bind to H3K9me3 through the chromodomain, recruiting the SHREC 

complex that removes histone acetylation by the action of HDACs, 

further allowing the methylation of H3K9me3. This positive feedback 

loop is essential for the expansion of heterochromatin domains 

(Figure 10).  

 

Figure 10. RNA-based heterochromatin formation in Schizosaccharomyces 

pombe. Centromeric long non-coding RNAs (lncRNAs) bound to the RITS (Ago1, 

Chp1 and Tas3) complex become templates for dsRNA synthesis by the RNA-

dependent RNA polymerase complex (RDRC) and the processing by Dicer 1 (Dcr1) 

that generates siRNAs. siRNAs are processed by the ARC (Ago siRNA chaperone) 

complex leading to further recruitment of the RITS complex. The Chp1 subunit of 

the RITS complex anchors onto nucleosomes recruiting the Clr4–Rik1–Cul4 

(CLRC) complex to promote H3K9 methylation. Swi6 binds to methylated H3K9 
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and recruits RDRC through Ers1 to increase siRNA formation. Swi6 and Chp2 

restrict Pol II access recruiting the Snf2–histone deacetylase repressor complex 

(SHREC). The TRAMP non-canonical poly(A) polymerase and the exosome also 

contribute to silencing. Reproduced from Holoch and Moazed, 2015. 

Once heterochromatin is nucleated at a particular locus, their 

components allow its expansion through a DNA sequence-

independent process (Allshire and Madhani, 2018). Some of the 

nucleation events are not productive, with only a few that result in 

spreading: stochastic interactions between the heterochromatin 

domain and adjacent chromatin may trigger the deposition of 

H3K9me3 in a discontinuous manner. Population-based analysis 

showed that nucleation occurs after a few cell divisions (1-10 

generations), whereas the spreading and establishment of an 

heterochromatin domain to its full size requires longer times (>20 

generations) (Greenstein et al., 2018; Obersriebnig et al., 2016). To 

limit the spreading of heterochromatin to avoid possible erroneous 

gene silencing, cells have different mechanisms that block the process. 

Such mechanisms consist on nucleosome depleted regions with high 

histone turnover where TFs can bind and recruit anti-silencing factors. 

These regions are characterized by the presence of H2A.Z and PTMs 

consisting on activation marks that counteract the silencing complexes 

of heterochromatin. Moreover, there are intrinsic spreading inhibitors 

such as EpeI (a JMJD HDM), whose activity is inhibited in the interior 

of the heterochromatin domain, whereas it is active at the periphery 

where it can demethylate H3K9me3 (Allshire and Madhani, 2018). 

Additional control of spreading involves the action of ncRNAs such 

as Borderline, which is specifically transcribed at the heterochromatin 

boundary and interacts with Swi6, blocking its activity (Johnson and 

Straight, 2017) (Figure 11).  
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Figure 11. Heterochromatin spreading. a, Model of heterochromatin expansion 

based on reader and writer interactions enhancing the formation of repressive 

histone PTMs (red hexagons) in neighbour nucleosomes. The barrier represents 

different mechanisms to restrict the spreading (panels b–e). b, Sequences bound by 

factors that avoid nucleosome assembly create gaps that prevent heterochromatin 

spreading. c, Nucleosome turnover blocks heterochromatin expansion. d, Adjacent 

active transcription units characterized by active PTMs (green triangles) prevent the 

addition of repressive PTMs and heterochromatin spreading. e, Erasers such as the 

S. pombe demethylase enhancer of position effect 1 (Epe1) are recruited by readers of 

repressive PTMs at the edge of heterochromatin and prevent heterochromatin 

expansion. Reproduced from Allshire and Madhani, 2018. 

The coupling between epigenetic readers and modifiers is essential for 

the spreading and maintenance of heterochromatin. The HMT Clr4 

(or Suv39 in Drosophila and mammals) contains an N-terminal 
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chromodomain and a C-terminal SET domain that allows the same 

protein to act as a reader and a writer. The methylation of H3K9 

triggers the recruitment of more HMT, but also of HP1 that contains 

a chromodomain and a chromoshadow domain. The chromoshadow 

domain of HP1 allows its dimerization, which provides a binding 

platform for other effector proteins. For instance, in S. pombe, the 

recruitment of the SHREC complex removes acetylation and allows 

H3K9 methylation (Allshire and Madhani, 2018).  

Similar mechanisms regulate heterochromatin formation in worms or 

plants, in which DNA methylation is also required for the correct 

establishment of heterochromatin (Allshire and Madhani, 2018). In 

mammals, heterochromatin may form through similar mechanisms 

since the proteins involved have orthologs in metazoans. However, 

there is little evidence that RNAi plays a role in the establishment of 

heterochromatin in mammals because dsRNA originating from 

pericentromeric regions have not been detected (Saksouk et al., 2015). 

Nonetheless, the HMT Suv39 can be recruited to pericentromeric 

regions through RNA-dependent mechanisms (Johnson et al., 2017; 

Shirai et al., 2017). Of note, injection of dsRNA composed of satellite 

sequences in mouse embryos was able to target HP1 to 

pericentromeric regions, evidencing the role of RNA in 

heterochromatin formation, although the involvement of the RNAi 

pathway was not explored (Santenard et al., 2010). Moreover, mouse 

heterochromatin is sensitive to RNase A treatment (Maison et al., 

2002).  

Some RNAs seem to regulate chromatin modifications through 

pathways independent of RNAi.  lncRNA have been shown to recruit 
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chromatin modifying complexes that can trigger heterochromatin 

formation. For instance, lncRNAs such as XIST are involved in 

dosage compensation by inactivating the X chromosome in female 

mammals through the recruitment of PRC2 to methylate H3K27 

(Holoch and Moazed, 2015). Other heterochromatin formation 

mechanisms independent of RNAi involve protein complexes that 

specifically recognize DNA motifs and recruit the HMTs triggering 

heterochromatin nucleation. For instance, the silencing of endogenous 

retroelements in the genome involves the action of KRAB-Zinc finger 

proteins that recruit the HMT SETDB1 to methylate H3K9. Similar 

mechanisms account for the silencing of regions required for the 

maintenance of cell identity  (Allshire and Madhani, 2018). Zinc finger 

domain TFs also associate with pericentromeric regions driving 

transcription, which is essential for the recruitment of Suv39 (Bulut-

Karslioglu et al., 2012).  

- Heterochromatin inheritance 

Once the heterochromatin-based silencing at a particular locus has 

been established, it is stably inherited (Figure 12). The inheritance of 

changes in the expression status of a gene that do not involve changes 

in its sequence and persists in the absence of the initiating signal is 

defined as epigenetics. Therefore, heterochromatin, and particularly 

facultative heterochromatin, can carry epigenetic information. The 

term “epigenetics” is commonly used to refer to DNA methylation, 

PTMs, histone variants and ncRNAs; however, not all chemical 

modifications of  DNA or histones can mediate a heritable change in 

the expression of a gene (Allshire and Madhani, 2018).  



INTRODUCTION 

47 
 

 

Figure 12. Reader–writer coupling maintains repressive chromatin 

modifications through DNA replication. During replication, parental ‘old’ 

nucleosomes are randomly reused into the two newly synthesized DNA molecules. 

Reader–writer coupling allows the propagation of the PTMs to the newly assembled 

nucleosomes. Adapted from Allshire and Madhani, 2018. 

Epigenetic inheritance requires the faithful transmission of the 

epigenetic state of a particular locus to the offspring during DNA 

replication. Transmission of the epigenetic state involves specific 

elements, such as TFs or RNAs, which are essential to probe the 

information of the epigenome and re-establish it after DNA 

replication. Positive feedback loops, involving histone PTMs readers 

and writers, are also essential for the successful propagation of the 

chromatin state. During DNA synthesis, parental histones are 

sequentially removed and later assembled on the two daughter strands. 

Old histones are deposited on both strands of the newly replicated 

DNA and serve as template for the replication of the epigenetic state 

(Margueron and Reinberg, 2010; Moazed, 2011) (Figure 12). In the 
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specific case of constitutive heterochromatin maintenance, the positive 

feedback loop between the presence of H3K9me3 and its recognition 

by HP1, leads to further recruitment of Suv39 HMT, which allows 

epigenetic memory.      

3. Transcriptional regulation in Plasmodium 

falciparum 

3.1 General aspects 

P. falciparum malaria parasites have the most AT-rich known eukaryotic 

genome, with an AT content of 80% that rises to 90-95% in intergenic 

regions. Its haploid genome is composed of 14 chromosomes 

containing ~5,500 protein-coding genes (Gardner et al., 2002). Given 

its complex life cycle and its ability to rapidly adapt to distinct 

environmental niches, parasites require a complex program of 

coordinated gene expression. Gene expression during the IDC occurs 

in a periodic transcriptional cascade with most of the genes expressed 

“just-in-time”, meaning that most of them are just expressed when 

needed and just once every IDC (Bozdech et al., 2003) (Figure 13). 

while studies using bulk parasite populations suggested a continuous 

cascade of expression, the recent analysis of transcriptional profiles in 

single cells revealed a transcriptional cascade directed by sharp 

transitions of gene expression across the IDC (Reid et al., 2018). For a 

long time, how parasites regulate gene expression has been of major 

interest for the field. 
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Figure 13. The P. falciparum IDC transcriptome. Heatmap of the IDC 

transcriptome with the transcriptional profiles of 2,712 genes. A cascade of 

continuous expression lacking clear boundaries is shown. Adapted from Bozdech et 

al., 2003. 

Initial characterization of the parasite genome revealed that it encodes 

for most of the machinery involved in the assembly of the PIC at the 

TSSs of promoter regions. Most of the Pol II subunits and GTFs are 

conserved, but most GSTFs found in other eukaryotes are 

underrepresented, with a general low number of GSTFs (Callebaut et 

al., 2005; Coulson, 2004). The low number of GSTFs was 
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hypothesized to reflect the importance of epigenetics and chromatin 

structure for the control of gene expression in P. falciparum, but also of 

posttranscriptional events (Abel and Le Roch, 2019). How the PIC 

assembles in the promoter region and drives transcription from a 

particular TSS remains elusive (Toenhake and Bártfai, 2019). TSSs in 

P. falciparum are distributed within multiple small windows of the 

promoter region, with some being more prevalent than others 

(Adjalley et al., 2016; Kensche et al., 2016). 

Regions around the TSSs present some characteristic features: a TA 

dinucleotide at -1 bp, GC-rich elements at -210 bp to +150 bp and 

homopolymeric tracks of dA- or dT- at around -50 bp (Adjalley et al., 

2016; Toenhake and Bártfai, 2019). These features contribute to the 

establishment of a nucleosome depleted region upstream of the TSSs, 

allowing the assembly of the PIC (Abel and Le Roch, 2019; Bunnik et 

al., 2014). As a consequence of their elevated AT-content, intergenic 

regions are specifically enriched in the histone variant H2A.Z, which 

establishes weak interactions with the DNA, and affects the stability of 

nucleosomes in these regions. This lower stability results in a high 

turnover of nucleosomes in intergenic regions, increasing their 

accessibility and priming them for transcription (Hoeijmakers et al., 

2013; Petter et al., 2013). (Figure 14).  

Therefore, P. falciparum possess a highly permissive genome during the 

IDC and additional control could be explained by posttranscriptional 

regulation; indeed malaria parasites have a large repertoire of RNA 

binding proteins that may account for this additional level of 

regulation (Reddy et al., 2015; Le Roch, 2004; Vembar et al., 2016).  
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Figure 14. The P. falciparum transcriptional unit. Intergenic regions in P. 

falciparum are mainly occupied by H2A.Z/H2B.Z nucleosome variants (H2A.Z in 

yellow; H2B.Z in pink). Transcription starts within multiple TSS windows in 

promoter regions (black arrows). At position -1 relative to the TSS a TA 

dinucleotide can be detected and polymeric regions of A- or T- occur upstream of 

the TSS. The orange line depicts the typical GC-content around the TSS. A well-

positioned nucleosome (more prominent coloring) is located at position +1. 

Accessible regions are detected around the TSS, containing TF binding sites 

(TFBSs). Blue circles with K9: H3K9ac; Pink circles with K4: H3K4me3. Adapted 

from Toenhake and Bártfai, 2019. 

3.2 Gene specific transcription factors 

Initial characterization of P. falciparum GSTFs was based on genome 

comparative approaches with the DNA binding domains found in 

other eukaryotic TFs. Only a small representation of conserved DNA 

binding domains was identified, which was surprising given the 

complexity of gene expression during parasite development (Aravind 

et al., 2003; Coulson, 2004). Further analysis revealed a lineage-specific 

family of proteins that contain a domain similar to Apetala2/ERF 
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integrase (AP2) DNA binding domain of plants. These apicomplexan-

specific TFs were termed ApiAP2 and were probably acquired 

through horizontal gene transfer from the rhodophyte algae that was 

an endosymbiont of the apicomplexan ancestor (Balaji et al., 2005).  

P. falciparum encodes for 27 members of the ApiAP2 family and other 

TFs containing the C2H2-type zinc finger domain (12 TFs), helix-

turn-helix domains (8 TF), the β-scaffold domain (1 TF), the K 

homology domain-containing Prx regulatory element (1 TF) and an 

homeodomain-like domain (1 TF) (Bischoff and Vaquero, 2010; 

Komaki-Yasuda et al., 2013; Toenhake and Bártfai, 2019). Currently, 

the ApiAP2 family is by far the best characterized.  

P. falciparum ApiAP2 TFs contain 1-4 AP2 domains accompanied by 

other functional regions, which present little homology between the 

different members of the family. The size of ApiAP2 TFs is variable, 

ranging from 200 amino acids (aa) to more than 4,000 aa (Balaji et al., 

2005). For most ApiAP2 TFs, the cognate DNA motif has been 

identified though protein binding arrays. ApiAP2 DNA binding motifs 

are enriched in the upstream regulatory regions of many genes, 

pointing to a putative regulation by specific ApiAP2 TFs. Moreover, 

genes with comparable expression profiles contain similar ApiAP2 

binding motifs in their regulatory regions, suggesting that they are 

coregulated by the same ApiAP2 TFs. The sequential activation of 

ApiAP2 TFs may explain the gene expression pattern along the IDC 

of P. falciparum: different ApiAP2 may take the control of the specific 

transcriptional program needed at each stage and the sequential 

activation of downstream ApiAP2 TFs could drive the transitions in 

gene expression. Actually, genes encoding ApiAP2 TFs contain AP2 
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binding motifs in their regulatory regions, revealing an intricate 

regulation and possibly a hierarchical organization (Campbell et al., 

2010). 

Most of the ApiAP2 TFs have been characterized by knock-out (KO) 

screens and gene-centred studies in rodent malaria parasites, revealing 

the specific involvement of some TFs in different developmental 

stages (Modrzynska et al., 2017; Zhang et al., 2017) (Figure 15). Most 

of the disruptions resulted in the blockage of progression at a specific 

stage, whereas some of them were refractory to disruption, suggesting 

an essential role in the IDC. For instance, AP2-O is essential in 

ookinetes and its disruption blocks oocyst formation, together with 

AP2-O2/3/4/5 (Modrzynska et al., 2017; Yuda et al., 2009). AP2-Sp 

is expressed in late oocysts and regulates known sporozoite genes, 

evidenced by the loss of sporogony after its disruption (Yuda et al., 

2010). Another ApiAP2, termed AP2-L, has been shown to control 

liver-stage development (Iwanaga et al., 2012). 

Apart from regulating stage transitions, some ApiAP2s seem to have 

structural functions in P. falciparum, such as AP2-Tel, which recognizes 

telomeric repeats and is involved in telomere-end biology (Sierra-

Miranda et al., 2017); or SIP2, another ApiAP2 that binds to SPE2 

motifs present in subtelomeric genes and maintains their 

heterochromatin-based silencing (Flueck et al., 2010).  

In P. falciparum, the best characterized ApiAP2 TFs are PfAP2-I and 

PfAP2-G (Kafsack et al., 2014; Santos et al., 2017). PfAP2-I contains 

3 AP2 domains recognizing different motifs, one of which specifically 
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binds to a motif enriched in many genes expressed in schizonts and 

has a function in erythrocyte invasion (Santos et al., 2017). 

 

Figure 15. Role of Plasmodium spp. ApiAp2 TF across the life cycle. Essential 

ApiAP2 TFs for stage progression in P. falciparum (pink dot), P. berghei (light blue dot) 

and P. yoelli (dark blue dot) are indicated. Reproduced from Toenhake and Bártfai, 

2019. 

PfAP2-I associates with bromodomain-containing proteins such as 

PfBPD1 and PfBDP2 that recruit chromatin remodelers, assisting in 

transcriptional regulation (Josling et al., 2015). PfAP2-G is responsible 

for triggering the transcriptional program of gametocyte development 
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(Kafsack et al., 2014; Sinha et al., 2014) and will be further discussed in 

another section.  

Other ApiAP2s have also been involved in sexual stage development 

in rodent malaria parasites, including AP2-G2 and AP2-G3, the latter 

also termed AP2-FG. AP2-G2 acts downstream of AP2-G repressing 

genes expressed in asexual stages and mosquito or liver stages, as 

evidenced by their up-regulation in an AP2-G2 KO line (Yuda et al., 

2015). In P. yoelii AP2-G3/AP2-FG was suggested to act upstream of 

AP2-G as its KO leads to loss of gametocyte formation and a decrease 

in AP2-G expression (Zhang et al., 2017); however, in P. berghei, AP2-

G3/AP2-FG presents female-specific expression and is essential for 

female gametocyte development, downstream of AP2-G (Yuda et al., 

2019).    

Overall, transcriptional regulation by ApiAp2 TFs is complex; some of 

them act as transcriptional activators whereas others act as repressors. 

Furthermore, despite being conserved, most of the TFs have different 

expression patterns across the different Plasmodium species, which may 

reflect a diversification of some functions. For instance, the cis-

elements bound by AP2 domains appear to be conserved across 

species but the target gene sets differ extensively (Campbell et al., 

2010; Modrzynska et al., 2017). This is also evidenced by important 

functional differences observed between some orthologue ApiAP2s in 

P. falciparum and rodent malaria parasites, such as PfAP2-

EXP/PbAP2-Sp or PfAP2-Tel/AP2-SP3 orthologues. The 

discrepancies could reflect the experimental approach followed to 

characterize their function in the different species, the redundancy of 

the system as a mechanism to safeguard the development of the 
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parasite, or real differences between Plasmodium spp. (Jeninga et al., 

2019; Modrzynska et al., 2017; Toenhake and Bártfai, 2019).  

Another layer of complexity arises from the combinatorial action of 

ApiAP2 TFs: complex expression patterns result from hierarchical 

networks, where TFs work in combination and sometimes 

synergistically, which depends on the context provided by cis-elements 

(Lesage et al., 2018; Modrzynska et al., 2017; Van Noort and Huynen, 

2006). One example is the overlap between PfAP2-I and PfAP2-G 

that share many target genes due to similarities in their specific DNA-

binding motif. Actually, they have been suggested to coregulate 

invasion genes in cells undergoing sexual development (Josling et al., 

2019). Finally, PTMs of the TFs can also impact their transcriptional 

activity: lysine acetylation of the ApiAp2 TFs has been shown to affect 

their DNA-binding capacity, for instance in PfAP2-I, reducing its 

affinity for DNA (Cobbold et al., 2016).  

3.3 Chromatin structure and organization 

Epigenetics plays an important role in the regulation of gene 

expression in P. falciparum. Epigenetic mechanisms in malaria parasites 

are mainly mediated through the structure of the chromatin and its 

composition. The nucleosome structure is conserved in P. falciparum, 

containing histones H2A, H2B, H3, H4 and the histone variants 

H2A.Z, H2B.Z, H3.3 and cenH3 (Miao et al., 2006). In P. falciparum, 

both constitutive and facultative heterochromatin are characterized by 

H3K9me3 and HP1, mainly covering telomeres, subtelomeric regions 

and some internal chromosome islands (Flueck et al., 2009; Lopez-

Rubio et al., 2009). The parasite was suggested to lack methylation of 
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H3K27 (Miao et al., 2006; Trelle et al., 2009), but recently this PTM 

has been detected in early gametocyte stages, although the enzyme 

involved in its deposition remains elusive (Coetzee et al., 2017). 

Bioinformatics analysis revealed that the parasite possesses almost the 

full repertoire of histone writer domains (Coulson, 2004; Iyer et al., 

2008) (Figure 16). Some histone PTMs, and specially histone 

acetylation and methylation, correlate with transcript levels and their 

incorporation into specific loci likely depends on the underlying DNA 

sequence (Cortés and Deitsch, 2017; Gupta et al., 2013).  

- Histone acetylation 

The best characterized HAT is GCN5, which is involved in the 

acetylation of H3K9 and H3K14 (Cui et al., 2007; Fan et al., 2004). 

H3K9ac, together with H3K4me3, define euchromatic regions and 

show dynamic changes during the IDC: H3K9ac levels correlate with 

temporal patterns of gene expression, whereas H3K4me3 increases 

throughout the IDC (Bártfai et al., 2010; Gupta et al., 2013; Salcedo-

Amaya et al., 2009). Other HATs include an ortholog of HAT1 in 

higher eukaryotes and a member of the MYST family mediating the 

acetylation of H4K5, K8, K12 and K16, which are involved in 

transcriptional regulation, DNA damage responses and DNA 

replication (Fan et al., 2004; Miao et al., 2010a). 

Histone deacetylation is mainly associated with transcriptional 

repression and is performed by HDACs. In P. falciparum there are 5 

HDACs: HDAC1, 2 (also termed HDA1) and 3 (also termed HDA2) 

SIR2A and SIR2B (Cortés and Deitsch, 2017). SIR2A and SIR2B are 

linked to telomere maintenance and the regulation of the expression 
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of subtelomeric genes such as the var gene family (Duraisingh et al., 

2005; Freitas-Junior et al., 2005; Merrick et al., 2015; Tonkin et al., 

2009). HDA2 has been linked with the regulation of var gene silencing, 

in addition to sexual conversion, whereas HDA1 might be involved in 

repressing the asexual program right after sexual conversion (Coleman 

et al., 2014; Poran et al., 2017; Rono et al., 2018). 

 

 

Figure 16. Histone PTMs in P. falciparum. Schematic of a nucleosome with the 

four histones (H3, H4, H2A, and H2B) present in P. falciparum. Histone tail 

modifications such as methylation (Me), acetylation (Ac) and ubiquitylation (Ub) are 

shown with the enzymes catalyzing their addition. Modified from Cui and Miao, 

2010.  
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- Histone methylation

Ten HMTs containing the SET domain have been identified in P. 

falciparum. Most of their target residues have been identified by in vitro 

histone methylation assays or by homology with other HMTs (Cui et 

al., 2008). SET1, SET4 and SET6 methylate H3K4, a modification 

associated with transcriptional activation; SET10 methylates the same 

residue and specifically regulates var gene expression (Volz et al., 2010, 

2012); SET2 methylates H3K36 at var gene loci through a Pol II-

dependent activity (Jiang et al., 2013; Ukaegbu et al., 2014); SET3, also 

named PfKMT1, is involved in the methylation of H3K9 (Cui et al., 

2008; Lopez-Rubio et al., 2009); SET7 was suggested to be involved in 

methylating H3K4 and H3K9 (Chen et al., 2016) and SET8 in 

methylating H4K20, which is also present in heterochromatin 

(Kishore et al., 2013); SET5 and SET9 methylate unknown residues 

(Cui et al., 2008). Additionally, the parasite possesses 5 HMTs 

methylating arginines, but only PRMT4 has been characterized and 

found to methylate H3R17, a modification usually associated with 

transcriptionally active sites (Horrocks et al., 2009; Miao et al., 2006). 

The removal of histone methylation is carried out by members of the 

two families of HDMs: JMJC and LSD1 (Horrocks et al., 2009). There 

are two members of the JMJC family: JmJC1, predicted to demethylate 

H3K9 and H3K36; and JmJC2, whose targets are unknown (Cui et al., 

2008; Jiang et al., 2013). LSD1 usually demethylates H3K4 in other 

organisms but in P. falciparum it is not clear whether this role is 

conserved (Cui et al., 2008; Iyer et al., 2008). 



INTRODUCTION 

60 
 

- Other modifications and unusual histone modifications 

Other modifications such as phosphorylation, ubiquitylation or 

SUMOylation have been reported in some histone residues, but its 

impact on transcriptional regulation is still not completely understood 

(Horrocks et al., 2009). In addition to well-established histone 

modifications, mass spectrometry analysis identified other residues 

modified by acetylation in H2A.Z and H2B.Z (Coetzee et al., 2017; 

Cui and Miao, 2010). Moreover, the parasite possesses unusual 

epigenetic marks at H3K14, H4K5 and H4K16, in addition to 

methylation of the core domain, which have not been reported in any 

other organism (Coetzee et al., 2017; Miao et al., 2006).  

- Nuclear architecture 

Genome organization in the nucleus of the parasite was initially 

described by microscopy-based techniques. The parasite nucleus is 

organized into two compartments: heterochromatin-repressed regions, 

represented by subtelomeric genes and some internal loci localizing at 

the nuclear periphery; and euchromatic active regions occupying the 

interior of the nucleus (Freitas-Junior et al., 2000; Lopez-Rubio et al., 

2009; Ralph et al., 2005). More recently, chromatin conformation 

capture techniques, such as Hi-C, validated this view, but surprisingly 

P. falciparum lacks the typical TADs described in other organisms, 

revealing a much simpler nuclear organization. Like in other 

organisms, centromeres and telomeres cluster on opposite regions of 

the nucleus. Nevertheless, during the IDC and the development to 

transmission stages, the nuclear organization is remodelled and the 

architecture correlates with the level of transcriptional activity at each 
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stage: the nucleus expands, reaching its maximum size at the 

trophozoite stage, reflecting a higher accessibility of the chromatin and 

a higher transcriptional activity. During schizogony, chromosome 

territories are well defined and chromatin recompacts. Across 

development there are changes associated with the silencing of 

chromosomal regions of individual loci, which are reflected by the 

intrachromosomal interactions that follow the nuclear repositioning of 

the regions involved (Ay et al., 2014; Batugedara et al., 2017; Bunnik et 

al., 2019).  

3.4 Clonally variant gene expression 

Studies regarding the epigenetic regulation of gene expression in P. 

falciparum have focused on clonally variant gene (CVG) families. CVGs 

can be found both in an active or silenced state in genetically identical 

parasites at the same stage of development and both states are clonally 

transmitted (Cortés et al., 2012). The epigenetic state of the locus is 

stably transmitted along generations, thus CVGs lay within bistable 

chromatin regions (Crowley et al., 2011) (Figure 17). 

Most of the studies on CVGs have focused on var genes, which are 

very relevant for the pathogenesis of the parasite. Clonally variant 

expression (CVE) is an intrinsic property of many gene families 

involved in processes such as antigenic variation, erythrocyte invasion, 

solute transport and sexual development (Cortés and Deitsch, 2017). 

CVE results in isogenic parasite populations that become 

transcriptionally heterogeneous during normal growth, such that 

individual parasites have different combinations of active and silenced 

genes (Rovira-Graells et al., 2012). Changes from one state to another 
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of a CVG occur at low frequencies through stochastic switches in 

their epigenetic makeup.  

Clonally variant genes (CVGs) 

 

Figure 17. Epigenetic regulation of CVGs. In P. falciparum facultative 

heterochromatin controls the expression of CVGs, which are linked to the virulence 

and pathogenesis of the parasite. CVGs are non-repetitive loci that can adopt either 

an active or a repressed conformation through stochastic transitions in the 

epigenetic state. Once established, both states are stably inherited for several 

generations (bistable chromatin domains). Active chromatin (euchromatin) is 

associated with H3K9ac, whereas silent chromatin (heterochromatin) is associated 

with H3K9me3. 

The mechanisms behind the switching of CVGs have not been 

elucidated, but may be explained by stochastic processes or by 

differences arising in the epigenetic regulators in response to 

environmental cues (Horrocks et al., 2004; Recker et al., 2011; Voss et 

al., 2014). Most CVGs are located in subtelomeric regions under the 

control of facultative heterochromatin; the silenced state is 

characterized by H3K9me3 and HP1, whereas the active state is 

characterized by H3K9ac (Crowley et al., 2011; Flueck et al., 2009; 

Lopez-Rubio et al., 2009; Rovira-Graells et al., 2012).  

- The bet-hedging adaptive strategy 

The diversity associated with CVE confers plasticity to parasite 

populations, providing the grounds for natural selection of the 

Clonally variant genes:
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parasites with highest fitness in an always-changing environment 

(Rovira-Graells et al., 2012). This adaptive strategy is termed bet-

hedging, where populations generate phenotypic diversity through 

stochastic mechanisms before the environmental challenge occurs. 

Such strategy is commonly used in bacteria, where populations are 

several orders of magnitude higher than in multicellular organisms. In 

these populations, not all the cells have optimal fitness but they 

provide enough diversity to overcome unexpected changes in the 

environment, even if many cells are not able to survive (Carey et al., 

2018; Casadesús and Low, 2013; Levy et al., 2012) (Figure 18).   

                          

Figure 18. Bet-hedging strategy for the adaptation to environmental changes. 

Individual genes (small circles) can be either repressed (crossed) or active (green 

arrow) generating a transcriptionally heterogeneous population with different cell 

phenotypes (coloured big circles). Upon an expected change in the environment, 

parasites with combinations of expressed and silenced genes that confer increased 

fitness are selected and survive under the new conditions, whereas other parasites 

die (broken line). Adapted from Rovira-Graells et al., 2012. 

In malaria parasites, there are only a few well characterized genes 

where transcriptional diversity drives adaptation to an environmental 

condition (Deitsch and Dzikowski, 2017; Mira-Martínez et al., 2013, 

2017, 2019). However, it can be speculated that most CVGs might 

reflect a bet-hedging adaptive strategy against currently unidentified 

environmental challenges.  
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- The var gene family and antigenic variation 

CVE plays an essential role in the antigenic variation of malaria 

parasites – the basis of its immune evasion strategy (Deitsch and 

Dzikowski, 2017). Parasites are able to maintain chronic infections 

even in the presence of protective antibody responses. In such 

conditions, the parasite population fluctuates, reflecting a cyclic 

outgrowth of the parasites that are not yet recognized by the immune 

system. These parasites will eventually be recognized and eliminated 

by the immune system; however, parasites with alternative surface 

antigens will arise and be able to survive in the host (Pasternak and 

Dzikowski, 2009). In general, antigenic variation in parasites is 

provided by CVE of surface antigens (Figure 19).  

The best characterized variant surface protein is PfEMP1, encoded by 

the var gene family consisting of 60 members (Smith et al., 1995; Su et 

al., 1995). PfEMP1 mediates the sequestration of infected RBCs in the 

microvasculature through its interaction with endothelial cell 

receptors, which avoids splenic clearance. Moreover, different 

PfEMP1 proteins possess diverse binding specificities allowing 

sequestration within different tissues, such as the brain or the placenta. 

Switches in var gene expression allow subpopulations of parasites to 

proliferate in the presence of immune responses against previous 

PfEMP1 proteins (Bernabeu and Smith, 2017; Miller et al., 2002; 

Montgomery et al., 2007; Pasternak and Dzikowski, 2009) (Figure 19). 

On top of this switching characteristic of clonally variant genes, var 

genes present mutually exclusive expression, such that only a single 

member of the family is transcribed in individual parasites (Scherf et 

al., 1998).  
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Figure 19. Impact of immune responses against variant surface antigens on 

parasite population dynamics. A small number of variant surface antigens 

(‘major’) can dominate parasite populations, but the total number of variants 

expressed is greater. In this figure the first peak is dominated by a particular variant, 

but in P. falciparum the first peak of parasitaemia is characterized by parasites 

expressing different variants. There are many variants that are present in low 

abundance (‘minor’). Once the first major variant is recognized by the immune 

system, parasites expressing a minor variant become the major and this will occur 

with successive rounds of antigenic variants. Each colour represents parasites 

expressing different surface antigens. Modified from McCulloch and Field, 2015. 

Despite the characterization of some essential players for the active 

and silenced state of var genes, the mechanism behind mutually 

exclusive expression remains elusive (Deitsch and Dzikowski, 2017). 

As all clonally variant genes, the repressed state of var genes is 

characterized by H3K9m3 and HP1 protein, and also requires HDA2 

and SIR2A leading to their clustering in the nuclear periphery 

(Brancucci et al., 2014; Chookajorn et al., 2007; Coleman et al., 2014; 

Duraisingh et al., 2005; Lopez-Rubio et al., 2009; Tonkin et al., 2009). 

Nevertheless, var genes are also controlled by H3K36me3 present in 

the cis-regulatory elements and the coding sequence (CDS) of the 

repressed var genes, but absent from the TSS of the active var gene 
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(Jiang et al., 2013; Volz et al., 2012). The active var gene is also defined 

by the presence of the histone variants H2A.Z and H2B.Z during its 

transcription at the ring stage, plus H3K9ac and H3K4me3 (Bártfai et 

al., 2010; Hoeijmakers et al., 2013; Lopez-Rubio et al., 2007; Petter et 

al., 2013; Volz et al., 2012). Moreover, antisense lncRNAs are 

produced from the intron of the active var gene during the trophozoite 

and schizont stage, with essential functions for the maintenance of the 

active state (Amit-Avraham et al., 2015; Zhang et al., 2014). 

- Other clonally variant gene families involved in antigenic variation 

In addition to var genes, P. falciparum contains other multicopy gene 

families encoding surface antigens, such as rif, stevor, Pfmc-2tm and 

surfins (Kaviratne et al., 2002; Kyes et al., 1999; Sam-Yellowe, 2004; 

Winter et al., 2005). RIFIN are even a larger family than var genes, 

with 150–200 members, which have been associated to several 

functions both in asexual and sexual stages. Some RIFIN variants bind 

to endothelial cells and erythrocytes resulting in the formation of 

rosettes (clusters of uninfected erythrocytes bound to an infected 

erythrocyte) (Goel et al., 2015). Others can bind to immune receptors 

inhibiting B cells and natural killer cells (Saito et al., 2017). The 

STEVOR family consists of 39 members that can present stage 

dependent expression, such that some of them are expressed in late 

stages, others in merozoites, gametocytes or sporozoites, with 

localisation changing between stages (Lavazec et al., 2007). This might 

reflect their involvement in different functions at different parasite 

stages. In fact, they have been described to have roles in merozoite 

invasion, the formation of rosettes and the alteration of host cell 

rigidity both in asexual stages and gametocytes (Niang et al., 2009, 
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2014; Tibúrcio et al., 2012). The Maurer’s cleft two transmembrane 

protein (PfMC-2TM) family consists of 13 members with a stage-

specific profile, some members specifically expressed in early stages 

and others in late stages; however, their biological role remains elusive. 

Similar to PfMC-2TM, the function of SURFIN proteins is not well-

understood, with just 1 of the 10 members being involved in 

merozoite invasion (Kaur and Hora, 2018; del Pilar Quintana et al., 

2018). Additionally, some members of the phist and hyp CVG families 

are also exported to the erythrocyte membrane and therefore may 

contribute to antigenic variation; nevertheless, their functions are 

currently unknown (Duraisingh and Skillman, 2018; Kumar et al., 

2019). 

- Roles of clonally variant genes beyond antigenic variation 

CVE also plays an important role in other cellular processes such as 

invasion of the host cell and solute transport through the host cell 

membrane (Cortés and Deitsch, 2017) (Figure 20). The eba and Pfrh 

gene families encode for adhesins released from the apical organelles 

of the merozoite that interact with the receptors present in the surface 

of erythrocytes to mediate apical attachment during invasion 

(Cowman et al., 2017). The multiple parasite ligand and host receptor 

interactions reflect alternative invasion pathways. Variant expression 

in these gene families may mediate phenotypic variation in the 

invasion process by determining alternative pathways (Cortés et al., 

2007; Crowley et al., 2011; Duraisingh et al., 2003; Jiang et al., 2010; 

Taylor et al., 2002).  
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Figure 20. Roles of clonally variant gene expression in P. falciparum blood 

stages. At the trophozoite stage, parasites express clonally variant proteins involved 

in erythrocyte modification, antigenic variation and cell permeability. In 

schizonts/merozoites, clonally variant proteins can determine alternative erythrocyte 

invasion pathways. Sexual commitment is initiated by the activation of PfAP2-G 

leading to the production of gametocytes. Reproduced from Cortés and Deitsch, 

2017. 

P. falciparum also harbours the clag gene family, which has been linked 

to invasion and nutrient acquisition by the formation of channels in 

the surface of the infected erythrocyte (Cortés et al., 2007; Kaneko et 

al., 2005; Nguitragool et al., 2011; Pillai et al., 2012). CLAG proteins 

associate with RhopH2 and RhopH3 to form the RhopH complex, 

which is secreted from the rhoptry bulb to assist in the invasion 

process and later exported to the erythrocyte membrane (Ito et al., 

2017). 
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Each RhopH complex contains only one CLAG protein out of the 5 

members of the family: clag2, clag3.1, clag3.2, clag8 and clag9 (Kaneko et 

al., 2005). Of the 5 members, only clag2, clag3.1 and clag3.2 present 

CVE. In addition, clag3.1 and clag3.2 are expressed in a mutually 

exclusive manner (Cortés et al., 2007; Rovira-Graells et al., 2015). 

CLAG3 proteins are required for the formation of the plasmodial 

surface anion channel (PSAC) that increases the membrane 

permeability of infected erythrocytes to multiple solutes, underlying 

the so called new permeation pathways (NPPs), which are involved in 

nutrient acquisition (Nguitragool et al., 2011; Pillai et al., 2012). The 

expression of alternative CLAG3 results in differences in solute 

transport, allowing the parasite to adapt to varying concentrations of 

nutrients and/or toxic compounds (Mira-Martínez et al., 2019). The 

roles of the other members of the family remain to be determined, but 

they might be involved in mediating the selectivity of the NPPs to 

different solutes (Cortés and Deitsch, 2017; Duraisingh and Skillman, 

2018; Mira-Martínez et al., 2019).  

Finally, another cellular process controlled by CVE is the regulation of 

sexual conversion, which depends on the variantly expressed gene 

pfap2-g (Cortés and Deitsch, 2017) (Figure 20). Due to the relevance 

of the topic for this thesis, a detailed review of sexual conversion will 

be provided in the following sections. 

4. Biology of transmission stages 

4.1 Gametocyte development 

The formation of male and female gametocytes is a prerequisite for 

the transmission of malaria (Baker, 2010). After commitment to sexual 
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development, P. falciparum parasites develop into gametocytes through 

five morphologically distinguishable stages (I-V) along 10-12 days, an 

unusually long process compared to other Plasmodium species (Ngotho 

et al., 2019) (Figure 21). 

 

Figure 21. P. falciparum gametocyte development. Gametocytes develop 

through five distinct morphological stages: stage I is morphologically similar to 

trophozoites, whereas stage II can already be distinguished as the parasites start to 

elongate. In stage III, gametocytes elongate and the ends become rounded. Stage IV 

gametocytes elongate even more but have pointed ends. In stage V, gametocytes 

adopt their characteristic crescent shape. Stage V male and female gametocytes can 

be differentiated, with females being more elongated and curved than males. 

Designed with Biorender.com.  

Gametocyte stages II-V can be easily identified in Giemsa-stained 

blood smears, whereas stage I gametocytes are almost identical to 

young trophozoites and can only be confidently identified by 

immunofluorescence assay (IFA) using antibodies against early 

gametocyte markers. Male and female gametocytes can be 

morphologically distinguished by trained researchers from stage IV 

onwards: female gametocytes have a smaller nucleus and a 

concentrated hemozoin pigment pattern, whereas male gametocytes 
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have a larger nucleus and a more diffuse pigment. Moreover, female 

gametocytes have a higher content of osmophilic bodies, organelles 

involved in the secretion of enzymes involved in the disruption of the 

host membrane during the egress of the gamete (Baker, 2010).  

Stage V gametocytes are the only stage present in the peripheral blood, 

suggesting that during maturation parasites are sequestered in tissues 

(Meibalan and Marti, 2016). Over the last years, the bone marrow and 

the spleen have been confirmed as the main reservoirs of maturing 

gametocytes (Aguilar et al., 2014; Farfour et al., 2012; Smalley et al., 

1981). Gametocytes are enriched in the bone marrow parenchyma and 

specifically in the erythroblastic islands (Joice et al., 2014), which may 

reflect a specific preference for this niche.  

The mechanism of sequestration is still not understood, but there are 

several hypotheses regarding the homing to the bone marrow (Nilsson 

et al., 2015) (Figure 22).  Sexually committed parasites or immature 

gametocytes have been suggested to extravasate and reach the bone 

marrow parenchyma, where they develop into stage V gametocytes 

that will later intravasate to reach the peripheral circulation. It is 

speculated that exported proteins may be required for sequestration 

and association with the erythroblast islands, while changes in the host 

cell deformability allow stage V gametocytes to reach the circulation 

again.  In addition to evading recognition by the immune system or 

clearance by the spleen, sequestration in the bone marrow may 

provide a favourable environment for the development of 

gametocytes: richness in nutrients, abundant young erythrocytes, and 

an aerobic environment (Ngotho et al., 2019; Nilsson et al., 2015). 

These conditions might not be essential for gametocyte development 
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as in vitro cultures support the growth of viable gametocytes capable of 

infecting mosquitoes. Nevertheless, in vitro studies with erythroid 

progenitors showed increased gametocyte formation within young 

erythrocytes (Peatey et al., 2013). 

 

Figure 22. Models of gametocyte sequestration in the bone marrow. A, 

Asexual parasites adhere to the endothelium of the bone marrow and transmigrate 

into the extravascular space. Once inside, parasites either continue growing asexually 

or commit to production of gametocytes. B, Sexually committed parasites 

specifically “home” to the bone marrow through adhesion to the endothelium and 

transmigrate into the extravascular space. Committed merozoites invade the 

erythroid progenitor cells. C, Sexually committed schizonts can “home” to the bone 

marrow without transmigrating. The committed merozoites could transmigrate and 

invade the erythroid progenitor cells. D, Young gametocytes “home” to the bone 

marrow and transmigrate into the extravascular space. E, Stage V gametocytes exit 

the extravascular space and the return to the circulation thanks to their increased 

deformability. Reproduced from Nilsson et al., 2015. 

The maturation of sexual stages is characterized by the formation of a 

multilayer membranous structure termed inner membrane complex 

(IMC) (Kaidoh et al., 1993). In association with the plasma membrane 

it forms the pellicle, a structure linked to the cytoskeleton, serving as a 

scaffold for parasite structures involved in gliding motility (Baum et 
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al., 2006). Sporozoites and ookinetes actively invade and traverse their 

host cells; nevertheless, whether gametocytes are capable of active 

motility remains elusive. Recently, movement of P. berghei gametocytes 

within the bone marrow parenchyma was reported, suggesting a 

possible mechanism of active motility (De Niz et al., 2018). In stage V 

gametocytes, part of the cytoskeleton network associated with the 

IMC is disassembled, leading to the rounding of the gametocyte tips 

and the relaxation of the membranes, which also contributes to the 

increased deformability of mature gametocytes. The exit of stage V 

gametocytes from their sequestration is enabled by this higher 

deformability (Aingaran et al., 2012; Dearnley et al., 2016; Parkyn 

Schneider et al., 2017; Tibúrcio et al., 2012). 

- Gametocytes transcriptional profile  

The early steps of sexual development are characterized by expression 

of early gametocyte genes, such as Pfs16, Pfg27/25, Pfg14.744, 

Pfg14.745 and Pfg14.748 in addition to several members of the phist 

gene family, which are required for the development of gametocytes 

(Alano et al., 1991; Bruce et al., 1994; Eksi et al., 2005; 

Kongkasuriyachai et al., 2004; Lobo et al., 1999). The transcriptomic 

comparison between the 3D7 line and the gametocyte-deficient line 

F12 identified additional early gametocyte markers, such as pfge-3 

(mdv1) and pfge-4 (etramp10.3) (Silvestrini et al., 2005).  A larger number 

of gametocyte markers are available for later gametocyte stages. 

However, until recently, the only P. falciparum gametocyte 

transcriptomic time-courses, covering mature gametocyte stages, were 

more than a decade old and contained a mixture of asexual parasites 

and gametocytes (Eksi et al., 2005; Young et al., 2005). However, by 
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comparing these datasets with expression data across the whole life 

cycle it was possible to generate transcriptional networks associated 

with each stage. This analysis revealed gene clusters expressed at 

different gametocyte stages providing a detailed profile of the 

transcription dynamics during gametocyte development (Pelle et al., 

2015). The integration of gametocyte transcriptional and proteomic 

data has also provided a list of gametocyte markers in P. falciparum 

(Meerstein-Kessel et al., 2018). Recently, a more detailed time-course 

analysis of sexual commitment and gametocyte development has been 

performed (Biljon et al., 2019). 

Posttranscriptional regulation also plays an essential role in gametocyte 

development, for instance stabilizing transcripts such that they can 

accumulate without the need of high transcription rates (Josling et al., 

2018). RNA-binding proteins, such as PUF proteins, are involved in 

the regulation of transcripts during gametocytogenesis. PUF proteins 

generally act as translational repressors by binding to transcripts and 

preventing their translation (Miao et al., 2013). For instance, PfPuf2 has 

been suggested to be a repressor of sexual development, as its 

disruption leads to increased gametocyte production. PfPuf2 interacts 

with the 5’ and 3’ of the transcripts blocking their translation (Miao et 

al., 2010b). PfPuf1 is also involved in gametocyte development as its 

KO impairs gametocyte development (Shrestha et al., 2016). 

Moreover, in female gametocytes many genes required for parasite 

development in the mosquito are transcribed but the messenger RNAs 

(mRNAs) are stored through a translational repression mechanism 

(Guerreiro et al., 2014; Khan et al., 2005; Mair, 2006). 
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- Gametocytes proteome 

At the protein level, comparative proteomic analysis revealed the 

upregulation of many specific exported proteins in the early steps of 

gametocytogenesis. These proteins were named gametocyte exported 

proteins (GEXPs) and represented a tenth of all the proteins detected 

in gametocytes (Silvestrini et al., 2010). Most of them are from the 

phist gene family that might be involved in host cell remodelling 

processes, such as the restructuration of the host cytoskeleton (Kumar 

et al., 2019). STEVOR proteins also play a role in host cell 

remodelling by altering the deformability of the cell, characteristic of 

stage V gametocytes (Tibúrcio et al., 2012). Moreover, female 

gametocytes have abundant ribosomal and vesicular network proteins 

to reinitiate translation in the mosquito midgut. Enzymes involved in 

the mitochondrial Krebs cycle are also abundant (Florens et al., 2002).  

- Gametocytes metabolism 

At the metabolic level, Plasmodium parasites cannot generate glucose 

and rely on glucose uptake from the host cells. Asexual parasites 

mainly perform anaerobic glycolysis, with <7% of the glucose 

processed in the mitochondrion through the Krebs cycle (MacRae et 

al., 2013). However, despite lacking pyruvate dehydrogenase, parasites 

are thought to metabolize pyruvate into acetyl-coA through the action 

of α-keto acid dehydrogenase. Therefore, parasites can metabolize 

glucose and glutamine through a highly flexible Krebs cycle to 

produce energy (Ke et al., 2015; MacRae et al., 2013; Ngotho et al., 

2019). In fact, gametocytes uptake more glucose than asexual parasites 

and mostly catabolize it in the Krebs cycle to obtain energy (MacRae 
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et al., 2013). Most of the enzymes involved in the mitochondrial Krebs 

cycle are upregulated in gametocytes (Khan et al., 2005; Young et al., 

2005).  

Lipids are essential in Plasmodium, being involved in processes such as 

protein trafficking, haemoglobin degradation or synthesis of 

membranes (Mi-Ichi et al., 2006). Parasites obtain fatty acids from the 

host cell and use them to synthesize lipids, but they also possess a fatty 

acid biosynthetic pathway (Grellier, 1991; Tarun et al., 2009). In 

gametocytes, phospholipids and glycerolipids levels decrease probably 

reflecting the non-proliferative nature of sexual stages and an altered 

substrate use. However, sphingolipids and some ceramides increase in 

sexual stages and have been reported to be essential for gametocyte 

maturation (Gulati et al., 2015; Tran et al., 2016). Enzymes involved in 

fatty acid elongation and phosphoethanolamine methyltransferase 

(PMT) have critical roles in gametocyte development (Bobenchik et 

al., 2013; Ikadai et al., 2013). Moreover, gametocytes use different lipid 

moieties from the culture media than asexual parasites during 

maturation (Lamour et al., 2014). 

4.2 Development in the mosquito 

Once ingested by the vector, gametocytes activate in the mosquito 

midgut and undergo sexual reproduction, allowing genetic 

recombination and thus providing genetic diversity to the population. 

After activation, male gametocytes produce eight flagellated 

microgametes in a process termed exflagellation, whereas females 

round up before the egress from the erythrocyte and develop into a 

single macrogamete. Fertilization results in the formation of a zygote 
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that after a meiotic division develops into an ookinete. Ookinetes are 

motile and have the capacity to invade the midgut epithelium. Within 

the epithelium, ookinetes develop into oocysts, where they replicate 

asexually for almost 2 weeks into thousands of sporozoites, later 

released upon oocyst rupture. These sporozoites migrate to the 

salivary glands from where they can be transmitted to a new host 

during a blood meal (Bennink et al., 2016).  

Stage V gametocytes activate in the mosquito midgut by 

environmental stimuli: mainly a >5ºC drop of temperature and the 

presence of xanthurenic acid (XA), a metabolite of tryptophan 

catabolism. Parasites can also sense an increase of the extracellular pH 

from 7.2 to 8  (Billker et al., 1998; Garcia et al., 1998; Kawamoto et al., 

1991). The presence of XA triggers the activation of guanylyl cyclase 

in gametocytes, leading to the synthesis of the second messenger cyclic 

GMP (cGMP) (Muhia et al., 2001). cGMP activates the cGMP-

dependent protein kinase (PKG) that increases the production of 

inositol-(1,4,5)-trisphosphate (IP3) and the release of Ca2+ from the 

endoplasmatic reticulum (Raabe et al., 2011). The increase of 

intracellular Ca2+ activates calcium-dependent protein kinases 

(CDPKs), which triggers the release of the translational repression of 

mRNAs in female gametocytes and the assembly of the axoneme, and 

DNA replication and exflagellation in male gametocytes (Billker et al., 

2004; Sebastian et al., 2012) (Figure 23).  
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Figure 23. Signalling events triggering gametocyte activation and key 

proteins involved in the development within the mosquito midgut. See main 

text for the description of the events involved in gamete formation. T, temperature. 

Reproduced from Bennink et al, 2016. 

During the egress of gametocytes from the erythrocyte, the 

parasitophorous vacuole membrane ruptures before the erythrocyte 

membrane. The osmiophilic bodies are responsible for the 

degradation of the parasitophorous vacuole, as they accumulate 

underneath the rupture sites and disappear simultaneously with its 

destruction (Sologub et al., 2011; Wirth and Pradel, 2012). Around 6 

min after activation, another type of vesicles containing the plasmodial 

pore-forming perforins (PPLP2) are released into the cytoplasm of the 

erythrocyte to perforate the erythrocyte membrane, resulting in the 
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release of the erythrocyte cytoplasm. Around 9 min later the 

erythrocyte membrane is disassembled, releasing the fertile gamete 

(Sologub et al., 2011; Wirth and Pradel, 2012; Wirth et al., 2014). 

During fertilization, the nuclei of the gametes fuse and divide by 

meiosis, which produces a tetraploid zygote (Figure 23). Tetraploidy 

persists until oocyst replication to produce sporozoites, restoring the 

haploid state (Bennink et al., 2016).  

The mosquito midgut represents a major bottleneck for the parasites, 

as they must survive for more than 20 h without a host cell providing 

protection from the extracellular environment. Factors of the human 

immune system present in the blood, the natural microflora of the 

midgut and the immune system of the mosquito are the main threats 

that parasites have to face. This environment causes a 300-fold 

reduction in parasite abundance (Bennink et al., 2016; Vaughan et al., 

1994). Some studies also reported a fitness cost for mosquito 

fecundity associated to the presence of parasites (Mitchell and 

Catteruccia, 2017). However, a recent study suggested that P. falciparum 

has evolved a non-competitve strategy based on the use of nutrients 

present in the mosquito that are not needed for egg development 

(Werling et al., 2019). These observations contrast with previous 

results in rodent malaria parasite infections showing a reproductive 

cost (Ahmed and Hurd, 2006; Hogg and Hurd, 1997). Nevertheless, 

rodent malaria parasites trigger strong immune reactions that may 

have side-effects in egg development (Blandin et al., 2004; Dong et al., 

2006). This effect may not occur in P. falciparum due to the surface 

protein Pfs47 that avoids complement activation (Molina-Cruz et al., 

2013; Werling et al., 2019).  
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5. Regulation of sexual conversion 

Our understanding of the mechanisms regulating the trade-off 

between asexual replication and sexual differentiation is limited.  

Gametocytogenesis has been proposed to be the default 

developmental decision in the apicomplexan ancestor, as 

haemoproteids (a phylum of apicomplexans) convert into gametocytes 

right after merozoite invasion of the avian RBCs (Sinden, 2009). Thus, 

mechanisms to control gametocytogenesis must have evolved at some 

point, conferring the ability to replicate continuously in the host, 

enhancing the effective population and therefore transmission. 

Committing to sexual conversion or continuing replicating asexually is 

the only developmental step where P. falciparum has alternative options 

(Josling et al., 2018). Moreover, the development of sexual stages 

provides an evasion mechanism in front of unfavourable conditions 

(Baker, 2010).  

5.1 Commitment to sexual conversion 

Back in 1979, different models of gametocytogenesis were proposed 

based on the point at which commitment may occur (Carter and 

Miller, 1979) (Figure 24). Years later, studies on sexual commitment 

determined that every merozoite within a schizont will become either 

a gametocyte or an asexual parasite (Bruce et al., 1990). Bruce and 

colleagues made use of the gametocyte specific antigen Pfg27 and the 

schizont/merozoite specific antigen MSP2 to identify the fate of the 

progeny of single schizonts. To achieve this, they performed plaque 

assays based on the infection of an immobilized monolayer of 
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erythrocytes with an overlaid culture, which was later processed to 

perform an IFA.  

 

Figure 24. Models for gametocytogenesis. Three models for gametocytogenesis 

were proposed based on different times of commitment (susceptibility) and different 

patterns of sexual conversion (manifestation), according to the presence of stage I 

gametocytes. In model I, a merozoite or a ring can commit either into an asexual 

parasite or into a gametocyte. In Models II and III commitment occurs during one 

asexual generation, but gametocyte development occurs after reinvasion. In Model 

II, commitment determines whether the progeny will develop entirely into 

gametocytes or entirely into asexual parasites. In Model III only a proportion of the 

merozoites within a schizont will become gametocytes. From Carter and Miller, 

1979. 
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By these means, the offspring of single schizonts invades the 

erythrocytes present in a particular area, forming clusters of parasites 

or the so-called plaques. Schizonts preferentially produced only pure 

sexual plaques or pure asexual plaques. Plaques containing both 

asexual and sexual parasites were attributed to double-infected 

erythrocytes in the overlaid culture. Therefore, the authors concluded 

that commitment to sexual development occurs the cycle before 

sexual conversion, prior to the onset of schizogony (Model II from 

Carter and Miller). Similar experiments tracking the sex of gametocytes 

within the plaques determined that all sibling parasites become either 

male or female gametocytes, indicating that sex determination also 

occurs before the schizont stage (Silvestrini et al., 2000; Smith et al., 

2000). 

During the IDC of P. falciparum only a few schizonts commit to sexual 

conversion, typically less than 10% of the parasites (Josling et al., 

2018). The low levels of sexual conversion have historically limited the 

biological characterization of gametocytes and especially of the early 

committed stages, since they are morphologically identical to their 

asexual counterparts (Baker, 2010). Moreover, sexual conversion rates 

vary between parasite lines and even between isogenic subclones, 

which suggests the involvement of genetic or epigenetic mechanisms 

(Josling et al., 2018; Kafsack et al., 2014). Some culture-adapted lines 

lose their ability to develop into gametocytes, suggesting a fitness cost 

for maintaining sexual capacity and a selection for traits blocking 

sexual conversion (Claessens et al., 2017; Eksi et al., 2012; Kafsack et 

al., 2014; Sinha et al., 2014). One example is the partial deletion of 

chromosome 9 resulting in loss of gametocyte production mainly due 
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to the loss of the gametocyte developmental protein 1 gene (gdv1): 

complementation with an episomally expressed GDV1 restored sexual 

conversion (Eksi et al., 2012).  

- Identification of the master regulator of sexual conversion 

For decades, the molecular mechanism triggering sexual conversion 

remained elusive and was considered the “Holy Grail” of parasite 

biology (Baker, 2010). The genome-wide analysis of heterochromatin 

revealed that H3K9me3 is mainly restricted to CVGs and, 

interestingly, a single member of the ApiAp2 family of TFs, 

PFL1085w, was positive for H3K9me3, suggesting that it may present 

CVE (Lopez-Rubio et al., 2009). Back in 2012, Rovira-Graells and 

colleagues performed a genome-wide study of transcriptional variation 

in isogenic subclones, confirming that PFL1085w has CVE (Rovira-

Graells et al., 2012). Further analysis of the transcriptional patterns of 

the isogenic subclones revealed a correlation between the expression 

of this ApiAP2 TF and early gametocyte markers (Figure 25).  

Additional characterization of parasites lines that lost the capacity to 

produce gametocytes, but had an intact chromosome 9, revealed 

premature stop mutations in PFL1085w, and the complete deletion of 

the PFL1085w CDS resulted in loss of gametocyte production 

(Kafsack et al., 2014). Additionally, conditional degradation of the 

protein also demonstrated its essentiality for gametocyte production, 

which led to the naming of PFL1085w as PfAP2-G (Kafsack et al., 

2014).  
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Figure 25. Variant expression of PfAP2-G correlates with the expression 

pattern of early gametocyte markers. Clustering analysis of the expression of 

gametocyte specific genes (rows) in 21 parasite clones (columns) revealing co-

clustering with PfAP2-G. Early gametocyte markers (bold) and genes enriched in the 

early gametocyte proteome (*) are shown. Adapted from Kafsack et al., 2014. 

Finally, a transcriptomic analysis revealed that PfAP2-G is responsible 

for triggering the expression of the sexual stage transcriptional 

programme (Kafsack et al., 2014). At the same time, the role of AP2-

G in sexual conversion was also reported in P. berghei (Sinha et al., 

2014). In fact, AP2-G is conserved in all Plasmodium species, 

highlighting its essential role in the life cycle of malaria parasites, 

ensuring the formation of gametocytes (Meibalan and Marti, 2016). 

5.2 The epigenetic regulation of PfAP2-G 

Epigenetic mechanisms play an essential role in the regulation of pfap2-

g expression: during asexual growth it is epigenetically silenced by 

heterochromatin based on H3K9me3 and presence of HP1 protein 

(Flueck et al., 2009; Josling et al., 2018; Lopez-Rubio et al., 2009). 

Conditional degradation of HP1 at 30-40 h after erythrocyte invasion 
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resulted in 50% sexual conversion the following cycle, which indicates 

a role for HP1 in maintaining the repressed state in schizonts. 

Transcriptional analysis upon HP1 depletion revealed an increase of 

pfap2-g transcripts and also of early gametocyte genes (Brancucci et al., 

2014). Another epigenetic regulator involved in maintaining the 

repressed state is HDA2: its depletion doubled the number of 

gametocytes produced. Thus, HDA2 might be important for 

deacetylating H3K9ac to allow the formation of H3K9me3 (Coleman 

et al., 2014) (Figure 26).  

It is clear that H3K9me3, HP1 and HDA2 are required for the 

maintenance of the silenced state of pfap2-g; nevertheless, they are 

general regulators of CVGs (Cortés et al., 2012; Voss et al., 2014). This 

implies that additional DNA elements or DNA binding factors must 

be involved in the targeting of these regulators to pfap2-g. Therefore, 

additional work is needed to identify the elements that maintain the 

repressed state, but also the ones involved in its activation. In fact, 

single cell transcriptomic analysis provided an initial characterization 

of sexually committed schizonts, identifying several histone 

remodelers (ISWI, SNF2L), epigenetic enzymes (LSD1, HDA1) and 

ApiAP2 TFs (PF3D7_1222400, PF3D7_1139300) enriched in sexually 

committed cells. This provided a hypothetical model of the drivers of 

PfAP2-G activation (Poran et al., 2017). 

Another key regulator of pfap2-g is GDV1, which was initially 

identified by studying gametocyte-deficient lines with a deletion in a 

subtelomeric region of chromosome 9 (Eksi et al., 2012). More 

recently, GDV1 was reported to be involved in the removal of HP1 

from the pfap2-g locus and some early gametocyte gene loci (Filarsky et 
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al., 2018). Therefore, GDV1 is an upstream regulator of pfap2-g that 

operates by derepressing the gene through dismantling 

heterochromatin silencing. Moreover, GDV1 is controlled by the 

expression of an antisense RNA that blocks its production. 

 

Figure 26. Regulation of pfap2-g in P. falciparum. pfap2-g is only transcribed in a 

small proportion of parasites (<10%). In most parasites, the pfap2-g locus is 

heterochromatic, characterized by H3K9me3 and PfHP1. PfHDA2 is also required 

for the maintenance of the silenced state. At each cycle of growth, the pfap2-g locus 

becomes euchromatic in a few parasites. pfap2-g expression occurs stochastically and 

certain environmental signals can increase the rate of activation. Other unidentified 

complexes are likely to be involved in the activation. PfAP2-G drives the expression 

of early gametocyte genes but also can bind to its own promoter in a positive 

feedback loop. Reproduced from Josling and Llinás, 2015. 

pfap2-g was also suggested to be regulated by the mechanisms involved 

in mutually exclusive expression of the var gene family, such that pfap2-

g would enter the var mutually exclusive expression program. Indeed, 
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recent studies using purified gametocytes detected a strong 

downregulation of var genes in stage II gametocytes compared with 

ring stages (Tibúrcio et al., 2013). Moreover, flanking the pfap2-g locus 

there are insulator-like pairing elements (PE), such as the ones present 

in var gene loci (Alano, 2014; Kafsack et al., 2014). PE are involved in 

the maintenance of var gene silencing by mediating long-range 

interactions between the var gene promoter and the intron promoter. 

These interactions are essential for var silencing and their arrangement 

is involved in the mechanism of mutually exclusive expression 

(Avraham et al., 2012). Nevertheless, var genes are regulated by SET2, 

involved in the deposition of H3K36me3, which is absent from pfap2-

g, and is essential for mutually exclusive expression (Deitsch and 

Dzikowski, 2017; Lopez-Rubio et al., 2009; Volz et al., 2012). 

Evidence for mutually exclusive expression of pfap2-g and var genes is 

lacking and testing the hypothesis that it occurs will require further 

investigation (Josling and Llinás, 2015). 

Upon activation, PfAP2-G binds to the upstream region of 

gametocyte-specific genes, driving the sexual conversion process 

(Josling et al., 2019; Kafsack et al., 2014). It recognizes the 

palindromic motif: (GxGTAC/GTACxC), identified by in vitro 

experiments (Campbell et al., 2010). PfAP2-G mainly acts as a 

transcriptional activator that triggers the transcriptional cascade 

driving sexual conversion (Kafsack et al., 2014). The AP2-G binding 

motif is also present within the upstream region of pfap2-g itself, 

allowing a positive feedback loop that enhances its own transcription 

(Josling et al., 2019; Kafsack et al., 2014; Poran et al., 2017) (Figure 

26). During sexual differentiation, the pfap2-g locus relocalizes in the 
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nucleus abandoning the perinuclear repressive centre (Bunnik et al., 

2018). Several chromatin changes at other loci also take place, such as 

the expansion of heterochromatin to silence genes involved in 

erythrocyte remodelling or erythrocyte invasion (Bunnik et al., 2018; 

Fraschka et al., 2018).  

Despite all these observations, currently there is no evidence that 

AP2-G alone is sufficient to initiate sexual development as other 

regulators might provide additional checkpoints. Therefore, whether 

AP2-G is sufficient to drive sexual conversion needs to be determined 

by assessing whether every cell that express AP2-G develops into a 

gametocyte or if additional regulators are required. Similarly, it would 

be important to determine whether a particular threshold of AP2-G is 

required to trigger gametocytogenesis (Bechtsi and Waters, 2017).  

5.3 Stochastic and induced sexual conversion 

Despite the current understanding of the epigenetic regulation of 

pfap2-g, the mechanisms triggering the activation of the locus remain 

elusive. pfap2-g is controlled by similar mechanisms to other CVGs, 

suggesting that its activation can also be driven by stochastic switches 

and may explain the low frequency of pfap2-g activation. Variation in 

gametocyte production among parasite lines (and even clones) may 

reflect the intrinsic stochasticity of pfap2-g activation (Kafsack et al., 

2014). Actually, pfap2-g activation could reflect a bet-hedging strategy 

for the population: ensuring transmission of a few parasites upon 

unpredictable changes of the environment that may affect survival in 

the host (Bechtsi and Waters, 2017). The stochastic activation of pfap2-
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g is essential to maintain production of gametocytes, even if it is only 

at low levels (Josling et al., 2018).  

Along the years, several factors have been linked to induce sexual 

conversion. Initial studies on infected individuals suggested a possible 

association with clinical symptoms (Meibalan and Marti, 2016). In fact, 

under in vitro conditions higher parasite densities result in higher 

conversion rates (Bruce et al., 1990), a relationship that may not be 

applicable in human infections, where lower parasite densities were 

associated with higher gametocyte numbers (Drakeley et al., 2006). 

These differences can be explained by host factors such as immunity, 

anaemia, haemoglobin variants or drug treatments (Drakeley et al., 

2006; Gouagna et al., 2010; Nacher et al., 2002; Trager and Gill, 1992). 

Other factors have been reported to increase gametocyte production 

under in vitro conditions, such as the presence of young erythrocytes; 

reticulocytes or erythroid precursors; and antimalarial drugs (Buckling 

et al., 1999; Peatey et al., 2013; Trager et al., 1999). The 

epidemiological setting also influences gametocyte production as 

evidenced by lower sexual conversion rates in high transmission areas 

than in low transmission areas, probably reflecting a selective pressure 

for the optimisation of transmission (Rono et al., 2018).  

For a long time, the use of spent medium (or parasite-conditioned 

medium) was known to increase gametocyte production (Dyer and 

Day, 2003; Mantel et al., 2013; Williams, 1999), which was exploited in 

several protocols to stress the culture and induce sexual conversion 

(Brancucci et al., 2015; Delves et al., 2016; Duffy et al., 2016; Fivelman 

et al., 2007; Roncalés et al., 2012). Spent medium is enriched in 

extracellular vesicles secreted by infected erythrocytes, and they were 
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initially suggested to be the triggers of sexual conversion (Mantel et al., 

2013; Regev-Rudzki et al., 2013). However, a specific component of 

the human serum was recently identified as being responsible for the 

effect of spent medium: lysophosphatidylcholine (LysoPC) (Brancucci 

et al., 2017).  

Mass spectrometry analysis of culture media and spent medium 

revealed that LysoPC was present in the medium fractions that 

blocked sexual conversion. Depletion of LysoPC from the media 

before 34-38 h after invasion leads to irreversible induction of sexual 

conversion in a large proportion of the parasites. LysoPC is 

metabolized by the parasite as a source of choline and converted into 

phosphatidylcholine via the Kennedy pathway (Brancucci et al., 2017). 

Phosphatidylcholine is especially relevant during schizogony, being the 

most abundant phospholipid in the parasite membrane. When LysoPC 

is depleted from the culture media, parasites can produce choline de 

novo by phosphorylation and methylation of ethanolamine through the 

activity of ethanolamine kinase (EK) and PMT using S-

adenosylmethionine (SAM) as a methyl donor (Bobenchik et al., 2013; 

Pessi et al., 2004). In fact, upon LysoPC depletion there is an 

upregulation of pfap2-g, ek, pmt, sam synthetase and other factors 

involved in the metabolic adjustment of the cell (Brancucci et al., 

2017). The requirement of SAM to maintain the Kennedy pathway 

active in the absence of LysoPC has been suggested to directly impact 

the epigenetic silencing of pfap2-g. The pool of SAM also serves as a 

methyl donor for HMTs, such as the one involved in the methylation 

of H3K9. The use of SAM to produce phosphatidylcholine might 

reduce its availability in the nucleus, affecting the activity of the HMTs 
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and the repression of their target genes (Llinás, 2017).  Nevertheless, 

other genes such as sir2a, hda2, lsd1 and gdv1 responded before pfap2-g 

upon LysoPC depletion, suggesting their potential involvement in 

regulating its expression (Brancucci et al., 2017). While some 

mechanistic details still remain unclear, it has been well established 

that LysoPC depletion impacts both cell metabolism and sexual 

conversion via changes in the expression of metabolic enzymes and 

pfap2-g. 

Interestingly, the depletion of choline from the culture media 

increased the number of GDV1-positive cells and therefore sexual 

conversion, which linked the signalling of lipid metabolism with gdv1 

regulation (Filarsky et al., 2018). It is likely that the absence of LysoPC 

is transduced into the silencing of the antisense RNA allowing the 

production of GDV1 and the activation of pfap2-g. Nevertheless, the 

authors did not provide a direct link between the expression of the 

antisense and the depletion of choline (Figure 27).  

For the first time, an environmental cue triggering sexual conversion 

has been characterized at the molecular level, revealing a signalling 

process that results in a metabolic response linked to sexual 

conversion (Brancucci et al., 2017). At the physiological level, LysoPC 

levels can reflect parasite biomass, with higher parasitemias leading to 

reduced levels of LysoPC in the plasma, possibly triggering sexual 

conversion (Brancucci et al., 2017; Lakshmanan et al., 2012; Orikiiriza 

et al., 2017). This may operate as a quorum sensing mechanism. 

Moreover, LysoPC levels are lower at tissues like the bone marrow, 

which may induce sexual conversion and partly explain gametocyte 

abundance in this tissue (Brancucci et al., 2017). However, parasites 
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cannot rely on the environment to ensure transmission; therefore, a 

basal rate of sexual conversion, based on stochastic activation, is 

needed to sustain the formation of gametocytes at each cycle.  

 

Figure 27. Sexual commitment is environmentally regulated. a, In the presence 

of high levels of LysoPC, the pfap2-g locus is epigenetically silenced by H3K9me3 

and HP1 involving Hda2. b, When LysoPC levels are lower, parasites are more likely 

to commit to sexual conversion. Sexual commitment requires the removal of HP1 by 

GDV1, allowing pfap2-g transcription. Downstream of AP2-G, other epigenetic and 

transcriptional regulators are expressed, controlling the gametocyte transcriptional 

program. Reproduced from Josling et al., 2018. 

Future work should determine the factors involved in the stochastic 

activation of pfap2-g, how the basal rates are defined in different 
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parasite lines and how environmental cues are transduced into pfap2-g 

activation. Another important question is why only a small proportion 

of parasites can overcome the epigenetic silencing of pfap2-g and 

convert into gametocytes even under inducing conditions. After 

depletion of choline Brancucci et al. detected 50% of GDV1-positive 

parasites, but only 30% sexual conversion, suggesting that not all the 

cells that express GDV1 will be able to activate the pfap2-g locus, 

which probably reflects an extra layer of regulation that determines the 

activation of pfap2-g. 

The identification of the genetic switch controlling sexual conversion 

represents an important milestone, allowing the experimental control 

of sexual conversion. This would enable the characterization of early 

committed and early sexual stages that remain poorly characterized. 

The control of sexual conversion would provide the basis for a 

detailed transcriptional analysis of these poorly characterized stages, 

identifying much-needed additional markers for sexually committed 

schizonts and rings. Such markers would be very valuable for 

epidemiological studies to assess parasite investment in transmission, 

by predicting transmission potential 12 days later. This would allow to 

test the effect of an intervention such as drug administration or vector 

control strategies (Josling and Llinás, 2015). In fact, PfAP2-G itself 

could be used as a marker of sexually committed parasites in 

epidemiological settings. However, most epidemiological studies 

tracking transmission stages are based on the detection of sex specific 

markers expressed in stage III-V gametocytes, such as Pfs25, Pf77 and 

Pfg377 for females; Pfs230p, Pf13 and PfMGET for males and Pfg27 for 

both sexes (Tadesse et al., 2019).  
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HYPOTHESES AND OBJECTIVES 

Despite all the recent advances in our understanding of the regulation 

of pfap2-g and sexual conversion, there are still many unresolved 

questions. A detailed characterization of sexually committed schizonts 

and sexual rings is lacking, mainly due to the low levels of sexual 

conversion and the difficulties to obtain sufficiently pure preparations 

of these stages. Moreover, there is still no evidence that PfAP2-G 

expression is sufficient to initiate sexual development. Likewise, some 

aspects of the mechanisms involved in the regulation of the 

transcriptional state of the gene remain unknown. For instance, it is 

still unclear how heterochromatin specifically assembles at the pfap2-g 

locus. 

We hypothesize that the use of PfAP2-G as a marker of committed 

cells can provide insight into the early steps of sexual conversion. 

Moreover, a conditional activation system for PfAP2-G may enable 

controlled conversion of the majority of parasites in a culture, allowing 

a detailed characterization of committed parasites and sexual stages. 

We also hypothesize that heterochromatin nucleation is driven by a 

sequence-dependent mechanism, as RNAi-based mechanisms 

mediating nucleation in other organisms are absent in P. falciparum.  

The specific objectives to test these hypotheses are the following: 

 To study sexual conversion using PfAP2-G as a marker of 

sexually committed cells. 

 To develop a conditional activation system for PfAP2-G. 

 To characterize committed schizonts and sexual rings. 

 To identify the specific sequences involved in heterochromatin 

nucleation at the pfap2-g locus. 
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1. Article 1: Revisiting the initial steps of sexual

development in the malaria parasite Plasmodium 

falciparum. 

Bancells C, Llorà-Batlle O, Poran A, Nötzel C, Rovira-Graells 
N, Elemento O, et al. Revisiting the initial steps of sexual 
development in the malaria parasite Plasmodium falciparum. 
Nature microbiology. 2019;4(1):144–54. DOI: 10.1038/
s41564-018-0291-7

https://www.nature.com/articles/s41564-018-0291-7
https://www.nature.com/articles/s41564-018-0291-7
https://www.nature.com/articles/s41564-018-0291-7
https://www.nature.com/articles/s41564-018-0291-7
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2. Article 2: Conditional expression of pfap2-g for

controlled massive sexual conversion in 

Plasmodium falciparum. 

Llorà-Batlle O, Michel-Todó L, Witmer K, Toda H, 
Fernández-Becerra C, Baum J, et al. Conditional 
expression of PfAP2-G for controlled massive sexual 
conversion in Plasmodium falciparum. Science advances. 
2020;6(24). DOI: 10.1126/sciadv.aaz5057

https://www.science.org/doi/10.1126/sciadv.aaz5057?url_ver=Z39.88-2003&rfr_id=ori:rid:crossref.org&rfr_dat=cr_pub%20%200pubmed
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3. Article 3: Specific regions of the Plasmodium 

falciparum pfap2-g gene can nucleate 

heterochromatin. 

 

 

 

 

 

 

 

  

Llorà-Batlle, O., Michel-Todó, L. & Cortés, A. Specific regions of 

the Plasmodium falciparum pfap2-g gene can nucleate heterochromatin. 

(In preparation) 
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DISCUSSION 

In this thesis, we have identified a new route of sexual conversion that 

has revealed unexpected features of sexual conversion, challenging the 

textbook view of the parasite life cycle. We have also developed an 

inducible system for PfAP2-G, achieving the highest sexual 

conversion rate reported so far. The system allowed the 

characterization of the poorly studied sexually committed parasites 

and early sexual stages. Moreover, our results have provided the first 

insight into the mechanisms of heterochromatin formation in pfap2-g, 

revealing an unexpected role of the coding sequence. In the following 

lines we discuss about the regulation sexual commitment, sexual 

conversion and heterochromatin formation in the light of our results, 

but also about their implications and future perspectives.  

1. On the regulatory basis of SCC and NCC 

By using PfAP2-G as a marker of commitment, we identified a new 

route of sexual conversion in P. falciparum, challenging the current view 

of the life cycle. This new route involves early expression of PfAP2-G 

in ring stages, which allows the parasite to convert into stage I 

gametocytes without undergoing an additional round of replication. It 

is still unclear whether early activation of PfAP2-G involves the 

dismantling of the heterochromatin domain at the pfap2-g locus in ring 

stages or in the previous schizont stage. The occurrence of same cycle 

conversion (SCC) in natural infections, together with its functional 

implications, is currently unknown. Furthermore, the involvement of 

SCC and next cycle conversion (NCC) in stochastic or 

environmentally induced sexual conversion remains unexplored.  
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Nevertheless, we hypothesize that SCC may only reflect basal 

stochastic sexual conversion, whereas NCC may reflect both 

environmentally induced and stochastic sexual conversion. 

One of the main observations supporting this hypothesis is the 

temporal dynamics of GDV1 expression and its regulation. GDV1 is 

mainly expressed in late IDC stages, with maximal expression at the 

schizont stage (Eksi et al., 2012; Filarsky et al., 2018). Moreover, 

depletion of LysoPC from the media increases GDV1 expression, 

probably by downregulating the expression of the gdv1 antisense RNA 

(Filarsky et al., 2018). The sensing of LysoPC levels appears to occur 

at the trophozoite stage, probably involving transport via the PSAC 

channel, which is not present at earlier stages (Brancucci et al., 2017; 

Ito et al., 2017). Therefore, the environmentally induced sexual 

conversion by LysoPC can only be sensed in trophozoites leading to 

increased expression of GDV1 and thereafter PfAP2-G in schizonts. 

This time of PfAP2-G activation is incompatible with SCC. This was 

also evidenced in experiments tracking single schizonts and its 

offspring after LysoPC depletion (Brancucci et al., 2018). These 

committed parasites will reinvade and form sexual rings that will 

convert to stage I gametocytes the cycle after commitment (NCC) 

(Figure 28). Of note, throughout the thesis, we have defined sexual 

commitment as the point at which expression of the earliest available 

commitment marker occurs, which is presence of PfAP2-G protein.  
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Figure 28. Inducible sexual conversion may only operate through the NCC. 

The drop in LysoPC levels is sensed by the parasite through its transport involving 

the PSAC channel, which is first expressed at the surface of trophozoite-infected 

RBCs. Low levels of LysoPC induce an increase in GDV1 protein levels that results 

in removal of HP1 from the pfap2-g locus, triggering its expression. In the committed 

schizont all the merozoites express PfAP2-G, developing into sexual rings upon 

reinvasion and later into gametocytes. Designed with Biorender.com. 

In the absence of inducing signals, sexual conversion still occurs, likely 

reflecting basal stochastic activation of the pfap2-g locus. The 

stochastic activation of the locus may account for SCC: our 

experiments involving plaque assays revealed that mixed plaques 

reflect SCC events, such that the “decision” to commit to sexual 

conversion can occur independently in sibling parasites. This 

“decision” is likely to be stochastic, as it is an independent event 

arising in parasites growing under the same conditions. At which point 

this stochastic activation occurs is unexplored, however, in the 

following lines, we first discuss the possible mechanism of switching 

and then propose different models that may explain SCC based on 

them.  

- Mechanisms of epigenetic switching  

Stochastic events are by definition unpredictable, but at the population 

level they can result in defined outcomes such as a stable frequency of 

switching (Tawfik, 2010). In fact, these stable frequencies of switching 
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are essential for the maintenance of cell-to-cell variability that are the 

basis of bet-hedging survival strategies (Bury-Moné and Sclavi, 2017; 

Herman et al., 2014). Specifically, the on and off switching rate of 

CVGs appears to be a stable intrinsic property of these gene families, 

as reported for var genes (Fastman et al., 2012; Frank et al., 2007; 

Horrocks et al., 2004; Recker et al., 2011) and also indirectly for pfap2-g 

(Kafsack et al., 2014).  

This intrinsic property suggests that the switching rate is inherited 

across generations and is probably encoded by the epigenetic state of 

the locus. In the case of pfap2-g, only the silenced state is inherited, as 

sexual stages abandon the replicative cycle. Therefore, the probability 

of activation must be somehow transmitted by the heterochromatin 

domain. It is possible that heterochromatin domains have different 

degrees of “strength”, understood as their resistance to activation, 

which may be reflected in their extension. While the heterochromatin 

state would in all cases result in silencing of the gene, variable 

extension of the domain may determine the probability of activation: 

heterochromatin domains with shorter extensions may be more prone 

to switching. We propose that the transmission of the epigenetic 

memory is susceptible to “errors”, and these “errors” might be more 

frequent in regions with “weaker” heterochromatin domains (Figure 

29).  

Actually, the accuracy and fidelity of biological processes are limited, 

something inevitable due to the characteristics of biological 

components and processes. However, this “messiness” provides the 

grounds for evolution, providing variability or noise for natural 

selection to operate (Tawfik, 2010). One good example of “errors” in 
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biology are DNA polymerases, which make mistakes in 1 nucleotide 

every 100,000, with proofreading mechanisms repairing 99% of them 

(Pray, 2008). Therefore, the transmission of the epigenetic memory is 

also likely to be susceptible to mistakes.     

In fact, during DNA replication, nucleosomes are removed and later 

recycled to be incorporated into the new DNA (Margueron and 

Reinberg, 2010). DNA replication requires double amounts of 

nucleosomes; therefore, parental histones represent, at most, half of 

the histones in the new chromatin. The current model postulates that 

parental histones serve as a template for the modification of new 

histones, through the coupling of epigenetic readers and writers. 

Furthermore, the distribution of parental histones is stochastic, 

meaning that some regions of the new DNA may exclusively contain 

new or old histones, limiting the accuracy of epigenetic inheritance 

(O’Kane and Hyland, 2019). Actually, inheritance of gene silencing has 

been proposed to depend on a threshold quantity of repressive histone 

modifications over broad genomic regions. Such regions act as 

“buffering” areas tolerating errors that may occur during DNA 

replication (Xu et al., 2011).  

Therefore, “weaker” heterochromatin domains, or less extensive 

heterochromatic regions, may provide histone methylation levels 

below the threshold required for a successful epigenetic inheritance, 

which may lead to epigenetic switches. In fact, errors in the epigenetic 

memory themselves could provide a mechanism to progressively 

weaken heterochromatin domains along subsequent DNA replication 

rounds (Figure 29).  
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Figure 29. The extension of an heterochromatin domain may determine its 

resistance to an epigenetic switch. Hypothetical model in which “stronger” 

heterochromatin domains occupy a more extensive region, which provides a more 

stable epigenetic inheritance. Nevertheless, mistakes in the transmission of the 

epigenetic memory can weaken a domain by reducing its extension. Less extensive 

domains are more prone to “errors” in the transmission of the epigenetic memory, 

favouring epigenetic switches. The red and green circles over the histones represent 

H3K9me3 and H3K9ac, respectively. The green arrow represents active 

transcription. Designed with Biorender.com. 

Alternatively, these “weaker” heterochromatin domains could be more 

susceptible to an epigenetic switch independently of the replication 

process, probably involving the interaction of epigenetic regulators or 

transcription factors. 

- Stochastic switching of pfap2-g and SCC

We propose that the switch in the epigenetic state of pfap2-g involved 

in SCC can occur at different moments during the IDC, such as 

during schizogony or at the ring stage. 
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A switch during schizogony could be explained by the failure of the 

epigenetic memory during DNA replication. DNA replication in P. 

falciparum starts at the interface between late trophozoites and 

schizonts, through asynchronous schizogony that involves multiple 

nuclear divisions, forming a multinucleate syncytium, prior to budding 

and cytokinesis (Francia and Striepen, 2014). Therefore, errors in the 

transmission of the epigenetic state of pfap2-g at any point during 

schizogony, can be transmitted in subsequent nuclear divisions, 

resulting in a schizont with heterogeneous merozoites (Figure 30).  In 

merozoites in which a switch in pfap2-g has occurred during 

replication, pfap2-g expression could start after invasion, probably 

controlled by the action of a ring-specific ApiAP2 TF together with 

the PfAP2-G feedback loop (Figure 31.1). Following a definition of 

commitment based on the presence of PfAP2-G protein, this 

epigenetic heterogeneity in sibling merozoites would still be defined as 

SCC.  

 

Figure 30. Models of pfap2-g switching at the schizont stage that may 

account for SCC. During schizogony, a mistake in the transmission of the 

epigenetic memory can occur during DNA replication, resulting in a switch of the 
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epigenetic state in one of the daughter cells. This switch into an active state is stably 

transmitted through subsequent replication rounds. Alternatively, uneven GDV1 

distribution can promote the switch into an active state of the pfap2-g promoter in 

some of the merozoites. Purple circles represent merozoites. The red and green 

circles over the histones represent H3K9me3 and H3K9ac, respectively. The red 

arrow represents an inactive pfap2-g TSS. GDV1 is represented as an orange 

molecule and the size represents its protein levels. Designed with Biorender.com. 

An alternative model for the generation of epigenetic heterogeneity 

could be the uneven distribution of GDV1 protein into sibling 

merozoites. If during schizogony some merozoites inherit GDV1 

protein levels that surpass a determined threshold, the pfap2-g locus 

could switch into an active state (Figure 30 and Figure 31.2). The 

main argument against both models is that schizonts are able to 

express PfAP2-G protein; therefore, merozoites with an active locus 

should express the TF, resulting in schizonts with merozoites positive 

and negative for PfAP2-G, something that our IFAs did not detect. It 

is unclear how merozoites could not express PfAP2-G with a 

permissive pfap2-g locus. However, initial expression of PfAP2-G may 

require the involvement of a ring-specific TF, whereas expression in 

schizonts would require the presence of the positive feedback loop. 

SCC could also be explained by a switch of pfap2-g into an active state 

in ring stages (Figure 31.3). However, the exact mechanisms that 

might be involved are unknown, as they would be likely independent 

of DNA replication and GDV1, which is expressed from trophozoites 

onwards. The transition might involve a stochastic event or specific 

epigenetic regulators that target the locus in ring stages.  
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- NCC can also arise from basal pfap2-g activation 

In the first article included in this thesis, we proposed that parasites 

expressing pfap2-g early at the ring stage, and that reach a determined 

threshold of PfAP2-G before the trophozoite stage, will undergo 

direct conversion into stage I gametocytes (SCC). If the committed 

parasites do not reach this threshold, they continue growing asexually 

as committed trophozoites and schizonts until they convert at the 

following cycle (NCC). Therefore, conversion through NCC can also 

proceed after commitment in ring stages, providing a basal rate of 

sexual conversion (Figure 31.4).   

In the absence of the positive feedback loop, pfap2-g expression 

essentially occurs in ring stages, as shown by its temporal expression 

pattern in the F12 line. Together with the observation that PfAP2-G-

positive rings can arise from PfAP2-G-negative schizonts, this 

suggests that the onset of pfap2-g expression likely occurs at the ring 

stage. The existence of a threshold level of PfAP2-G protein to drive 

conversion has not been demonstrated. Thus, given that pfap2-g 

expression is maximal in rings, it remains possible that cells expressing 

PfAP2-G in rings can develop into gametocytes, without the need to 

reach a determined threshold. In such scenario, NCC could not be 

explained by commitment at the ring stage, as all parasites would 

develop into gametocytes through SCC, and the occurrence of NCC 

would only depend on the activity of GDV1 protein at trophozoites 

(Figure 31.5). 
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Figure 31. Hypothetical model of the switching in the epigenetic stage of 

pfap2-g leading to SCC or NCC. “Errors” in the transmission of the epigenetic 

memory (1) or uneven distribution of GDV1 protein (2) may result in epigenetically 

heterogeneous merozoites. Upon reinvasion, parasites expressing PfAP2-G above a 

determined threshold will develop into gametocytes (SCC). De novo activation of 

PfAP2-G in rings can also occur as a consequence of direct dismantling of 

heterochromatin at pfap2-g in rings (3). If PfAP2-G levels do not reach the threshold, 

parasites continue as committed forms and convert the following cycle (NCC) (4). 

NCC can also reflect a switch of the epigenetic state of pfap2-g in trophozoites 

involving GDV1 and leading to the formation of committed schizonts. After 

reinvasion, parasites develop into gametocytes (5). The green parasites represent 

committed stages expressing PfAP2-G. Designed with Biorender.com 
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According to the strand-specific RNA-Seq data, the gdv1 antisense 

RNA is highly expressed across the whole IDC (Bártfai et al., 2010; 

Toenhake et al., 2018), suggesting a tight control of GDV1 protein 

levels. However, even under non-inducing conditions, such as in the 

presence of LysoPC, GDV1 is expressed in some cells (Filarsky et al., 

2018). Therefore, GDV1 could activate the pfap2-g locus in 

trophozoites, explaining the presence of committed trophozoites, and 

trigger conversion at the following cycle, a route that is enhanced 

under inducing conditions. 

Overall, we propose a model in which NCC reflects both basal and 

inducible sexual conversion with commitment occurring in rings or 

trophozoites. On the other hand, SCC only reflects basal sexual 

conversion with the switch in the epigenetic state of pfap2-g occurring 

either in schizonts or in ring stages, with commitment in ring stages 

(Figure 31). 

- The role of GDV1 in stochastic and induced sexual conversion 

Surprisingly, not all cells expressing GDV1 activate pfap2-g expression 

under non-inducing conditions, as evidenced by a sexual conversion 

rate below 5% in a population with 18% of parasites positive for 

GDV1 (Filarsky et al., 2018). This suggests that a threshold in GDV1 

protein levels may be needed to dismantle the heterochromatin 

domain at pfap2-g. Even under inducing conditions, not all GDV1-

expressing parasites convert into gametocytes (30% conversion vs 

50% GDV1 positive) (Filarsky et al., 2018). This could reflect a 

delicate balance between opposing forces operating at the pfap2-g 

locus: on the one hand, GDV1 destabilizing the heterochromatin 
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environment; on the other hand, the HP1, HDA2 and H3K9me3 

HMT feedback loops reinforcing the heterochromatin state (Josling et 

al., 2018).  

As opposed to a deterministic model in which GDV1 expression 

results in pfap2-g activation, it is possible that stochasticity may play a 

role, favouring the balance towards one side or the other. The action 

of GDV1 may also provide a source of variability in the “strength” of 

the pfap2-g heterochromatin domain. In those cells where presence of 

GDV1 is not sufficient to trigger the activation of pfap2-g, the 

heterochromatin domain could become “weaker”, with higher chances 

of switching in subsequent cycles of growth. Therefore, GDV1 may 

also influence and determine the rate of stochastic activation at the 

following generations by altering the pfap2-g heterochromatin domain.  

The role of GDV1 in induced conversion is well established, as 

choline depletion leads to a rapid increase in the percentage of GDV1-

expressing cells, concomitant with the increase in sexual conversion 

(Filarsky et al., 2018). In contrast, the role of GDV1 in basal sexual 

conversion is less clear, but some data suggests that it also plays a role. 

For instance, in parasite lines lacking functional GDV1 protein, such 

as the 3D7 deficient line (Eksi et al., 2012), gametocytes are not 

produced, suggesting that pfap2-g is not expressed. Actually, in our 

1.2B line, which contains a premature stop codon in GDV1, pfap2-g is 

not expressed (Rovira-Graells et al., 2012). This highlights the 

involvement of GDV1 in the stochastic activation of pfap2-g, in 

addition to its role in induced sexual conversion. The absence of 

GDV1 for prolonged times probably favours the balance towards a 
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“stronger” silencing of pfap2-g through a more stable heterochromatin 

domain. 

In fact, the ChIP-Seq analysis of 1.2Bind+Rapa_prol parasites 

revealed a broader heterochromatin domain than in 

E5ind+Rapa_prol. Ongoing comparative ChIP-Seq studies on parasite 

clones also support this idea. Additionally, 1.2Bind parasites yield 

lower sexual conversion after rapamycin treatment and a higher 

reduction of sexual conversion levels after the removal of WR99210 

selection for 5 weeks, compared to E5ind. Altogether, these results 

reflect a “stronger” heterochromatin domain in 1.2B. Nevertheless, in 

these parasites, GDV1 has been absent for long periods of time. The 

conditional depletion of GDV1 would be very valuable to assess the 

immediate effect of GDV1 depletion on the heterochromatin at the 

pfap2-g locus and on the stochastic sexual conversion.  

Interestingly, silencing of pfap2-g expression is mediated by 

heterochromatin in all Plasmodium spp. (Fraschka et al., 2018), but 

GDV1 is absent in rodent malaria parasites (Eksi et al., 2012). 

Therefore, the stochastic activation of pfap2-g could also be 

independent of GDV1, at least in rodent malaria parasites. Rodent 

malaria parasites were suggested to be insensitive to environmentally 

induced sexual conversion, as they lack some of the proteins involved 

in the response to LysoPC depletion, such as an alpha/beta hydrolase 

(PF3D7_1001600), the tryptophan rich antigen P-Art 

(PF3D7_1002200), an ApiAP2 (PF3D7_1222400) or GDV1 

(Brancucci et al., 2017). 
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Overall, the identification of two alternative routes of sexual 

conversion has provided the basis to better interpret cell fate 

determination in P. falciparum. The added complexity that these two 

routes provide will push the field for a better characterization of the 

molecular mechanisms behind sexual commitment. Here we have 

proposed different models of epigenetic switching and how they can 

fit into the two routes of sexual conversion. Nevertheless, there are 

several questions that need to be addressed experimentally. The exact 

point(s) at which the epigenetic switch occurs leading to pfap2-g 

activation, and later to sexual conversion, is unknown. The 

development of single-cell ChIP-Seq procedures could provide insight 

into the switching model involving a failure in the epigenetic memory 

during schizogony. If that was the case, it is unclear how a permissive 

pfap2-g is not coupled to presence of PfAP2-G protein. Another key 

point would be the validation of the PfAP2-G threshold needed for 

conversion through SCC.  

2. On the pfap2-g transcriptional unit 

The identification of the TSSs of pfap2-g has provided insight into the 

potential use of alternative TSSs in the presence or in the absence of 

the PfAP2-G positive feedback loop. In the absence of functional 

PfAP2-G, the relative abundance of transcripts including the region 

immediately downstream of the TSSs identified is similar to the 

abundance of transcripts including regions upstream of these TSSs, as 

determined by RT-qPCR. This suggests that other TSSs may be 

occurring upstream and that they might be relevant for the initial 

transcription of pfap2-g. To test this hypothesis, other approaches such 

as 5’RACE of the F12 line or the E5-PfAP2-G-DD line in the absence 
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of Shld, would be needed to confirm the predominance of upstream 

TSSs in the absence of the positive feedback loop. 

The location of the TSSs, together with the transcriptional pattern 

across the IDC, can provide some clues regarding the potential 

candidate TFs involved in pfap2-g expression. Several predicted 

ApiAP2 DNA binding motifs are present around the TSSs identified, 

which may account for a regulatory function (Campbell et al., 2010). 

Among the ApiAP2s with a cognate motif near the pfap2-g TSSs, 

several have been predicted to be involved in gametocyte production 

or to be expressed in committed cells (Figure 32) (Josling et al., 2018): 

PfAP2-Exp is upregulated in PfAP2-G positive cells (Poran et al., 

2017), with expression mainly occurring in late schizonts (Martins et 

al., 2017); SIP2 is upregulated in committed cells and stabilized in 

gametocytes (Painter et al., 2017; Poran et al., 2017), with expression 

in late stages (Flueck et al., 2010); PfAP2-O is upregulated and 

stabilized in gametocytes (Lu et al., 2017; Painter et al., 2017), and 

highly expressed in schizonts;  PF3D7_1139300 is upregulated in 

committed cells (Poran et al., 2017) and is mainly expressed in ring 

stages; and PF3D7_0613800 is upregulated in committed parasites 

upon LysoPC depletion (Brancucci et al., 2017; Poran et al., 2017) and 

is mainly expressed in late stages.  

Other ApiAP2, for which the predicted binding motifs are absent in 

the regulatory region of pfap2-g, have been linked to gametocyte 

production and are thus also candidates to be involved in the 

expression of pfap2-g. These include PF3D7_1222400 and 

PF3D7_1429200, which are upregulated in committed parasites upon 
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LysoPC depletion (Brancucci et al., 2017; Lu et al., 2017; Poran et al., 

2017); and PfAP2-FG (Ikadai et al., 2013). 

 

Figure 32. Position of the predicted ApiAP2 DNA binding motifs of TFs 

linked to sexual conversion along the promoter region of pfap2-g. The 

positions of the predicted DNA binding motifs of the ApiAP2 TFs are depicted as 

small boxes. The arrows represent the positions of the blocks of TSSs identified. 

Data from PlasmoDB. 

According to our model, initial basal transcription of pfap2-g occurs at 

the ring stage, probably involving a ring-specific TF. Among the 

candidates presented above, only PF3D7_1139300 is expressed in 

rings. Our inducible system provides a great opportunity to dissect the 

dichotomy between cause-effect: until now, discerning whether higher 

expression of a particular TF in early committed parasites was 

reflecting a potential role upstream of pfap2-g, or if PfAP2-G was 

activating the expression of the TF, was almost impossible. With our 

inducible lines, we can identify all the events occurring downstream of 

PfAP2-G, discerning whether the TFs increased in committed 

parasites are targets of PfAP2-G or not. 

In our inducible system, PF3D7_1139300 transcript levels increased in 

committed schizonts after the activation of pfap2-g, suggesting that it is 

a target of PfAP2-G, which is also reflected by ChIP-Seq analysis 
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(Josling et al., 2019). Therefore, the ApiAP2 TF involved in pfap2-g 

expression at the ring stage remains unknown. However, it is plausible 

that a constitutive TF expressed at rings, whose expression does not 

change during commitment or sexual development, triggers pfap2-g 

expression at this stage when the locus is accessible (i.e. when the 

promoter is in an euchromatic state).  

From all the other candidates, expressed mainly in late stages, only 

SIP2 and PfAP2-O did not respond to the activation of pfap2-g, 

suggesting that they may operate upstream of it. Nevertheless, SIP2 

can be excluded as no binding at the pfap2-g locus was observed by 

ChIP-on-ChIP approaches (Flueck et al., 2010), leaving PfAP2-O as 

the only potential candidate for regulating pfap2-g in late stages. 

However, its predicted DNA binding motifs are located close to the 

CDS, suggesting that it is unlikely to be involved in triggering pfap2-g 

expression.  

It is important to mention that TFs upregulated upon pfap2-g 

activation cannot be completely excluded, as pfap2-g may also activate 

its upstream activators to promote a positive feedback loop to increase 

its transcription. A detailed characterization of the whole ApiAP2 

family, together with the validation of their predicted DNA binding 

motifs in vivo, will represent an important milestone, disentangling the 

intricate regulatory network of ApiAP2 TFs.   

Other proteins have also been proposed to regulate pfap2-g expression 

due to their upregulation in committed parasites, such as the 

epigenetic regulators ISWI, SNF2L, LSD2 and HDA1 (Poran et al., 

2017). In agreement with this study, our inducible system suggests that 



DISCUSSION 

252 
 

LSD2 and HDA1 are targets of PfAP2-G, whereas ISWI and SNF2L 

likely operate upstream of it. Other epigenetic regulators involved in 

triggering pfap2-g expression, such as HP1 or GDV1, are indeed not 

upregulated in our dataset, highlighting the suitability of our data to 

discern between events occurring before, or after, the point of 

commitment. 

3. On the posttranscriptional regulation of pfap2-g 

As previously discussed, the inducible activation system for PfAP2-G 

has provided the field with a great opportunity to study and 

characterize committed schizonts and sexual rings. Moreover, it has 

also provided some insight into the regulation of pfap2-g.  

The recently available ChIP-Seq data for PfAP2-G identified many 

genes bound by the TF at stage I gametocytes, which were not bound 

in previous stages (Josling et al., 2019). Therefore, PfAP2-G may have 

a role beyond sexual commitment. Indeed, our IFA analysis for 

PfAP2-G revealed that PfAP2-G signal is lost form the nucleus in late 

stage I gametocytes. The absence of PfAP2-G beyond stage I 

gametocytes suggests that it is mainly needed during the first steps of 

sexual conversion in addition to triggering commitment.  

For this reason, the use of a strong and constitutive promoter to drive 

expression of pfap2-g in our inducible system was a risky decision: the 

overexpression of PfAP2-G could have detrimental effects for the cell. 

Fortunately, the activity of the calmodulin (cam) promoter integrated at 

the pfap2-g locus was far from the activity of the endogenous cam 

promoter and resembled the activity of the active endogenous pfap2-g 

promoter. The heterochromatin environment within the locus likely 
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influences the activity of the cam promoter, maintaining pfap2-g 

transcripts within physiological levels (Figure 33). It is possible that in 

some parasites higher expression levels are achieved, leading to an 

excess of PfAP2-G which may have detrimental effects. This could 

occur in the few parasites that get stuck in their development after the 

treatment with rapamycin.  

 

Figure 33. The activity of the cam promoter at the pfap2-g locus may be 

influenced by the heterochromatin environment. The constitutive and strong 

cam promoter provides high transcript levels (wavy lines with a ribosome attached) 

of the cam gene. The cam promoter integrated at the pfap2-g locus is possibly affected 

by the heterochromatin environment, resulting in lower levels of transcription. Pale 

green and pale red histones represent the promoter regions of cam and pfap2-g, 

respectively. Green and red histones represent the CDS of each gene. The green 

flags and the red flags represent activating histone marks and repressing histone 

marks, respectively. Designed with Biorender.com. 

Moreover, the use of a constitutive promoter may represent an 

obstacle, as expressing PfAP2-G beyond the required stages may have 

deleterious consequences for gametocyte development. Nevertheless, 

and to our surprise, pfap2-g transcripts levels decreased dramatically 

beyond stage I gametocytes, whereas cam transcripts were still detected 
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in these stages. The heterochromatin profile of stage II-V gametocytes 

evidences the absence of HP1 at the promoter region of pfap2-g 

(Fraschka et al., 2018), making unlikely a possible silencing of the cam 

promoter by heterochromatin. 

As the heterochromatin environment cannot fully explain the silencing 

of pfap2-g beyond stage I gametocytes, we propose that 

posttranscriptional regulatory mechanisms might be involved in 

controlling pfap2-g transcript levels in gametocyte stages. Our inducible 

lines have a modified 5’UTR, but the 3’UTR is intact, which suggests 

that in wild type parasites the 3’UTR may be important for the 

posttranscriptional regulation of the gene. In fact, pfap2-g transcript 

levels are stabilized after its transcription, as reported by a study 

describing real-time transcription and steady state transcripts along the 

IDC (Painter et al., 2018), suggesting the involvement of 

posttranscriptional mechanisms in its regulation. RNA-binding 

proteins of the Puf family have been described to be involved in 

gametocyte development (Miao et al., 2013; Shrestha et al., 2016). 

Indeed, in PfPUF2-KO parasites pfap2-g transcript levels seem to 

increase (Josling and Llinás, 2015; Miao et al., 2010b). 

Other posttranscriptional regulators that might be involved in 

regulating pfap2-g are ribonucleases. Actually, the knockdown of 

PfRNase II, a non-canonical exoribonuclease, leads to increased 

expression of pfap2-g and gametocyte markers, suggesting an 

upregulation of pfap2-g and sexual conversion (Zhang et al., 2014). 

Moreover, PfRNase II expression peaks in stage I gametocytes, 

correlating with the decrease in pfap2-g transcript levels (Biljon et al., 

2019). Therefore, PfRNase II is a good candidate to regulate the 
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expression of pfap2-g, preventing the presence of PfAP2-G in the 

following gametocyte stages. This predicted control mechanism would 

block the positive feedback loop of PfAP2-G, resulting in a further 

decrease in pfap2-g transcripts levels. Nevertheless, in stage IV-V 

gametocytes, PfRNase II levels decrease again, coinciding with a slight 

increase of PfAP2-G (Biljon et al., 2019); this suggests that once 

activated, the pfap2-g promoter keeps some level of activity along 

gametocyte development.  

4. On the functional implications of SCC and 

NCC 

As previously discussed, the existence of the two routes could provide 

the parasite with different alternatives for sexual conversion, 

safeguarding transmission and allowing adjustments to overcome 

environmental stresses. SCC allows the parasite to convert 

immediately after invasion, ensuring that gametocytes would be 

produced even if the population encounters unfavourable conditions 

that severely reduce its numbers. On the other hand, NCC allows 

increasing gametocyte numbers and therefore the probability of 

transmission. Overall, the occurrence of both routes is likely to 

provide an evolutionary advantage, as evidenced by its conservation in 

P. berghei (Kent et al., 2018) and probably across Plasmodium spp.. This 

suggests a strong selection for the maintenance of both routes; 

however, the exact biological relevance of each route in natural 

infections and how often each of them is used remains unknown. Due 

to its epidemiological implications, future studies should try to 

uncover the biological relevance of the two routes. 
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- The sequestration of SCC and NCC gametocytes 

With the current data, we can only speculate on functional differences 

between the gametocytes produced through SCC and NCC. 

Conversion through NCC involves the formation of committed 

schizonts, releasing committed merozoites that will develop into 

sexual stages. Our characterization of committed schizonts revealed 

that, contrary to the expectations, they are almost identical to non-

committed schizonts, with just a few transcriptional differences.  

Committed schizonts and merozoites were expected to have some 

phenotypic peculiarities, which may be involved in the sequestration 

of sexual stages in the spleen or the bone marrow. For instance, a 

preferential invasion of erythrocyte precursors was proposed as a 

mechanism for the sequestration in the bone marrow (Josling et al., 

2019; Nilsson et al., 2015; De Niz et al., 2018) (Figure 34).  

Our results suggest that sequestration in the bone marrow cannot be 

explained by an increased tropism of committed merozoites for 

erythrocyte precursors like reticulocytes. Although we cannot exclude 

the possibility that they have tropism for other RBC precursors, it is 

likely that sequestration is directed by another mechanism.  

Another piece of data argues against sequestration being mainly 

determined at the committed schizont or committed merozoite stage. 

SCC gametocytes skip the committed schizont stage, therefore the 

potential factors present in committed schizonts and merozoites, 

which could explain tissue sequestration, are not applicable to SCC 

gametocytes. Immature gametocytes are not present in the peripheral 

circulation, suggesting that gametocytes produced by SCC also 
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sequester in these tissues. One explanation is the involvement of 

sexual rings or early gametocytes in the sequestration process, already 

proposed previously (Nilsson et al., 2015; De Niz et al., 2018), rather 

than committed schizonts or merozoites stages (Figure 35).  

 

Figure 34. Hypothetical model for the sequestration of sexual stages in the 

bone marrow. Sequestration in the bone marrow could be mediated by a higher 

preference for reticulocyte invasion of sexually committed merozoites. Sexually 

committed merozoites are represented in green. The higher preference for 

reticulocytes is shown by a thicker arrow. Designed with Biorender.com. 

Alternatively, if committed merozoites can influence the tissue of 

gametocyte sequestration, gametocytes produced by SCC and NCC 

may sequester to different tissues (Figure 35). We have demonstrated 

that committed schizonts downregulate some of the components of 

the PSAC, which is translated into a decreased permeability of 

gametocytes to some solutes. Given that SCC avoids the committed 

schizont stage, gametocytes arising from SCC events probably express 

the PSAC in their surface. If presence of the PSAC is confirmed in 

SCC, it could be exploited as a marker to identify gametocytes 
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produced by SCC in the different tissues. The screening of the relative 

abundance of SCC and NCC gametocytes in these tissues would shed 

light into a possible preference of committed merozoites for one of 

them.  

 

Figure 35. Gametocytes arising from SCC and NCC might sequester through 

different mechanisms.  Committed merozoites have been hypothesized to express 

some ligands allowing the enrichment of sexual stages in tissues where they 

sequester, especially in the bone marrow. SCC skips the committed merozoite stage; 

therefore, SCC gametocytes may lack this specific tropism. Given that no immature 

gametocytes are present in the circulation, SCC gametocytes are likely to be able to 

sequester. Therefore, sexual rings might also direct sequestration, potentially with a 

different relative preference for tissues than committed merozoites. Parasites in 

green are sexually committed or sexual rings. Designed with Biorender.com.   

- The role of PSAC in gametocytes 

The silencing of the PSAC could reflect a shift in the metabolic needs 

of sexual stages or a defence mechanism against toxic compounds. 

However, SCC gametocytes do not have a choice, as the PSAC 

components are inherited from the previous cycle. The trafficking 
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though the PSAC is a passive mechanism, leading to the accumulation 

of nutrients that gametocytes may not need. This raises the possibility 

that SCC gametocytes can benefit from other nutrient sources or that 

PSAC may be somehow blocked to avoid the entrance of such 

nutrients, which may pose a fitness cost for SCC gametocytes. 

- The emergence of SCC 

Examining the mechanisms of sexual conversion in other 

apicomplexan parasites can provide some clues on the relevance of the 

SCC and NCC routes. PfAP2-G is conserved in Plasmodium spp., with 

orthologues present in other apicomplexan parasites such as Babesia 

spp., Theileria spp. and Eimeria spp. (Kafsack et al., 2014), which suggests 

a possible conservation of its role. 

In Babesia spp. and Theileria spp. a few parasites convert into sexual 

forms during multiplication in the blood (Jalovecka et al., 2018). In 

Eimeria spp. no gametocytes are produced until a determined number 

of asexual multiplications are reached (a number that varies between 

different species), after which all parasites convert (Walker et al., 

2013). Other apicomplexans, such as Haemoproteus spp., convert directly 

into gametocytes after one replication through schizogony in the 

blood (Atkinson and van Riper III, 1991) (Figure 36).  

Replication within the host cell for prolonged times, rather than 

directly developing into sexual stages, increases the number of 

gametocytes and enhances the probability of transmitting. Therefore, 

mechanisms allowing a tight control of this developmental transition 

were likely to evolve. The silencing of AP2-G, or a related TF 

regulating sexual commitment, could be the basis of this mechanism. 
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In parasites such as Eimeria spp., silencing could be programmed to last 

a determined number of cycles or be overridden through a quorum 

sensing mechanism, whereas in Babesia spp., Theileria spp. and 

Plasmodium spp. the silencing is overridden in a few parasites at each 

cycle. It would be interesting to assess the potential involvement of 

heterochromatin in the silencing of the AP2-G orthologue in these 

parasites. In Plasmodium spp., the spontaneous switches in the 

epigenetic state of the locus provide a basal rate of activation and 

constant production of gametocytes. 

 

Figure 36. Models of sexual conversion in other apicomplexan parasites. 

Trophozoites in these parasites refer to the stage preceding nuclear division, which 

in Plasmodium spp. are equivalent to rings and trophozoites. In Haemoproteus spp. all 
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parasites develop into gametocytes after a single round of the IDC. In Eimeria spp. 

parasites infect the gut and grow asexually for a determined number of cycles before 

developing all into gametocytes. In Theileria spp. and Babesia spp. parasites can sustain 

asexual growth through binary fission and at each cycle a small percentage of the 

population develop into gametocytes. Designed with Biorender.com.  

Altogether, the patterns of sexual conversion in other apicomplexan 

parasites suggest that by default, following commitment, sexual 

conversion occurs after a round of schizogony (NCC). The emergence 

of SCC in Plasmodium spp. could reflect a by-product of the epigenetic 

regulation of AP2-G: if the silencing is lost during schizogony or early 

in ring stages, parasites can convert directly into gametocytes. 

Nevertheless, as SCC may provide some potential advantages for the 

parasite, it has been maintained across the genus. Therefore, 

determining how sexual commitment is regulated in other 

apicomplexan parasites containing an orthologue for AP2-G, could 

provide some insight into the origin of the alternative routes of sexual 

conversion in Plasmodium spp.. 

5. On the formation of heterochromatin in P. 

falciparum 

The specific involvement of facultative heterochromatin in the control 

of CVGs suggests that these loci are able to initiate heterochromatin 

formation. We hypothesized about a possible involvement of the 

underlying DNA sequence in the process and validated that some 

regions of the pfap2-g CDS are able to form heterochromatin when 

inserted into an euchromatic locus. Nevertheless, the process is highly 

inefficient, which may reflect that heterochromatin formation at these 

regions is a very rare event. De novo heterochromatin nucleation in P. 

falciparum may be infrequent, perhaps just occurring sporadically 
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during evolution, but once formed it can be stably maintained across 

generations. According to the model discussed below, a switch into an 

active conformation just involves the removal of heterochromatin 

form the promoter region, which can be later recovered by expansion 

of heterochromatin from the surrounding regions. We cannot exclude 

the possibility that the formation of H3K9me3 occurs in a step-wise 

process, however methylation of H3K9 in P. falciparum is catalysed by 

the action of PfSET3 (or PfKMT1), which is involved in mono- to tri-

methylation (Cui et al., 2008; Lopez-Rubio et al., 2009). Therefore, 

methylation of H3K9 should be a straightforward process that once 

initiates proceeds all the way to the final state.  

Our results point to the CDS of pfap2-g as an essential element for the 

nucleation of heterochromatin at this locus. Moreover, 

heterochromatin in pfap2-g is never dismantled from the CDS 

(Fraschka et al., 2018; Gómez-Díaz et al., 2017). Therefore, the 

epigenetic state of the CDS, or nearby regions, in CVGs may act as a 

form of epigenetic bookmark that defines the locus as a CVG, 

whereas the epigenetic state of the promoter region typically correlates 

with their transcriptional activity (Crowley et al., 2011; Lopez-Rubio et 

al., 2009). The heterochromatin in the CDS, or neighbour regions may 

act as a reservoir, from where heterochromatin can spread into, or 

retract from, the promoter region, which leads to a switch in the 

epigenetic state of the gene (Figure 37). We propose that 3 distinct 

elements define heterochromatic regions in P. falciparum: the 

nucleation site, the reservoir zones and zones where heterochromatin 

can spread. The regions involved in the nucleation do not necessarily 
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have to be located within the region acting as reservoir, although in 

the case of pfap2-g the CDS appears to perform both functions. 

 

Figure 37. The CDS of pfap2-g may act as a reservoir of heterochromatin, 

allowing the recovery of the silenced state during the infection of the 

mosquito. Activation of pfap2-g just requires the dismantling of heterochromatin at 

the promoter region. The active state of the locus is characterized by maintaining 

heterochromatin in the CDS. During the infection of the mosquito, parasites 

progressively recover the heterochromatin at the promoter region (Gómez-Díaz et 

al., 2017), allowing the asexual growth of the parasite in the blood. Red histones 

represent the CDS of the gene. Red flags and green flags represent repressive and 

activating histone marks, respectively. The arrow shows the position of the TSS.  

Genome wide analysis of H3K9me3 occupancy, together with the 

expression profiles of parasite clones, could provide valuable insight 

into the distribution of heterochromatin in active and silenced CVGs, 

validating the hypothesis presented here. 

The H3K9me3 ChIP-Seq analysis of the inducible lines suggests that 

the presence of heterochromatin in the CDS does not interfere with 

the expression of pfap2-g. Therefore, for a switch in the epigenetic state 

of the locus, dismantling of heterochromatin at the promoter region is 

sufficient. The presence of intragenic H3K9me3 in active genes has 

also been identified in other P. falciparum CVGs (Lopez-Rubio et al., 

2007, 2009) and in other organisms:  

Asexual stages Committed and 

sexual stages

Mosquito stages

Human host

Mosquito vector
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 In humans, H3K9me3 is enriched in the 3’ exon of Zinc Finger genes 

and overlaps with H3K36me3, a hallmark of transcription elongation. 

Given that these genes can be transcribed, the authors suggest that 

H3K9me3 could provide a more compact chromatin structure that 

prevents homologous recombination between homologous Zinc 

Finger genes (Blahnik et al., 2011). The presence of H3K9me3 in the 

CDS has also been observed in expressed genes of human cancer cell 

lines (Wiencke et al., 2008).  

 In Drosophila, the chromosome 4 is highly enriched in transposable 

elements silenced by heterochromatin, but also in transcribed genes. 

These transcribed genes are enriched in H3K9me3 in their CDS, 

which correlates with lack of Pol II pausing (Riddle et al., 2012). 

Actually, Pol II elongation and H3K9me3/HP1 have been previously 

described to coexist in actively transcribed genes in humans, but 

H3K9me3/HP1 are usually lost after transcription (Vakoc et al., 

2005). 

 In Arabidopsis, intragenic transposable elements are silenced by the 

presence of heterochromatin. However, full length transcripts from 

these elements can still be produced through the action of a specific 

demethylase (Saze et al., 2013).  

 

Overall, these results suggest that presence of heterochromatin in 

CDSs does not necessarily imply a transcriptionally repressed state. 

Alternatively, heterochromatin in P. falciparum could be less compact 

than in other organisms, facilitating the progression of the 

transcription machinery and allowing expression of genes with 

heterochromatic CDS.  For instance, in humans, phosphorylation of 

the N-terminus of HP1 promotes the formation of phase-separated 
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droplets. This phenomenon leads to the sequestration of the compact 

chromatin in droplets, helping to compartmentalize heterochromatin 

components in cells (Larson and Narlikar, 2018; Larson et al., 2017). 

Phosphorylation of HP1 in P. falciparum has been identified in 

phosphoproteomic datasets (Collins et al., 2014; Lasonder et al., 2012; 

Pease et al., 2013; Treeck et al., 2011), but its functional relevance is 

unknown.   

The ectopic formation of heterochromatin at the PF3D7_1144400 

locus has provided evidence of heterochromatin spreading in P. 

falciparum, as previously reported (Rovira-Graells et al., 2015; Voss et 

al., 2006). Barrier insulators have not been identified, but they are 

predicted to be located in intergenic regions to maintain the epigenetic 

context without affecting neighbour regions (Ali et al., 2016; Avraham 

et al., 2012). Our approach may provide some insight into the 

potential elements involved in limiting the spreading of 

heterochromatin, but we only observed spreading along the CDS. One 

possible explanation is based on the presence of an essential gene 

(encoding for SUMO-activating enzyme subunit 1) located 

downstream of PF3D7_1144400: in parasites where heterochromatin 

spreads into the regulatory region of this gene, the silencing would be 

deleterious. Nevertheless, it does not explain the absence of spreading 

in the upstream region, as the nearest gene is not essential. These 

results may suggest that expansion through intergenic regions may be 

more inefficient than through the CDS, probably due to their AT 

richness. Further studies should characterize the spreading capacity of 

heterochromatin in P. falciparum, assisting in the identification of 

barrier insulator elements. 
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CONCLUSIONS 

1. In P. falciparum, sexual conversion can occur by two different 

routes: a direct route consisting on conversion within the same 

cycle as initial PfAP2-G expression (SCC), or the previously 

described route, where PfAP2-G-expressing parasites complete a 

replicative cycle as committed forms before converting into 

gametocytes after reinvasion (NCC). 

 

2. The SCC route reflects de novo PfAP2-G expression in ring stages. 

 

3. By using PfAP2-G as a marker of commitment, we identified 

sexually committed parasites preceding the previously known 

committed schizont stage, such as committed trophozoites. 

 

4. We developed a conditional activation system for pfap2-g that 

provides 90% synchronous sexual conversion. To our knowledge, 

this is the highest sexual conversion rate ever observed. The high 

yield of the system allowed the characterization of the early events 

that follow commitment. 

   

5. The inducible system allows the most accurate description to date 

of the initial transcriptomic changes that occur during sexual 

development.  

 

6. The high level of purity of our preparations enabled the 

identification of genes downregulated at the initial phases of 

sexual development, which was not possible with previous 
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approaches. The RhopH complex is downregulated in committed 

schizonts, correlating with the altered solute transport in sexual 

stages.  

 

7. Sexually committed merozoites do not have a preference for 

reticulocyte invasion, which suggests that sequestration in the 

bone marrow is directed by other mechanisms. 

 

8. Expression of PfAP2-G rescues the production of sexual 

parasites in a gametocyte non-producer line, formally 

demonstrating that PfAP2-G is sufficient to trigger sexual 

conversion. 

 

9. The ChIP-seq analysis of the inducible lines provided new insight 

into the regulation of sexual conversion. The expression of pfap2-g 

in sexually committed and early sexual stages just requires the 

dismantling of heterochromatin at the promoter region. 

 

10. Some regions of the pfap2-g CDS can recapitulate 

heterochromatin formation into an ectopic location. 

Nevertheless, it just occurs in a few parasites, which suggests that 

de novo heterochromatin formation in P. falciparum may be a rare 

event. 
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5’RACE 5' Rapid Amplification of cDNA Ends 

ACT  Artemisinin-combination therapy 

BC  Before Christ 

CDPK  Calcium-dependent protein kinase 

CDS  Coding sequence 

cGMP  Cyclic GMP  

CSP  Circumsporozite surface protein 

CVE  Clonally variant expression 

CVG  Clonally variant gene  

DNA  Deoxyribonucleic acid 

dsRNA  Double-stranded RNA 

EK  Ethanolamine kinase  

GDV1  Gametocyte developmental protein 1 

GEXP  Gametocyte exported proteins  

GSTF  Gene specific transcription factor 

GTF  General transcription factor 

HAT  Histone acetyltransferase 

HDAC  Histone deacetylase 

HDM  Histone demethylase 

HKMT Histone lysine methyltransferase 

HP1  Heterochromatin protein 1  

IDC  Intraerythrocytic developmental cycle 

IFA  Immunofluorescence assay  

IMC  Inner membrane complex 

IP3  Inositol-(1,4,5)-trisphosphate  

IPTp  Intermittent preventive therapy in pregnancy  
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IRS  indoor residual spraying 

ITN  Insecticide treated bed net 

JMJD  Jumonji-C domain containing histone demethylase 

KO  Knock-out 

LAMP  Loop-mediated isothermal amplification 

lncRNA Long non-coding RNA 

LSD1  Lysine specific demethylase 1  

LysoPC Lysophosphatidylcholine 

mRNA  Messenger RNA 

NCC  Next cycle conversion  

ncRNA Non-coding RNA 

NPP  New permeation pathway 

PcG  Polycomb group  

PCR  Polymerase chain reaction 

PE  Pairing elements  

PfEMP1 P. falciparum erythrocyte membrane protein 1  

PfMC-2TM P. falciparum Maurer’s cleft two transmembrane protein 

PIC  Pre-initation complex  

PKG  cGMP-dependent protein kinase  

PMT  Phosphoethanolamine methyltransferase 

Pol II  RNA polymerase II  

PPLP2  Plasmodial pore-forming perforins  

PSAC  Plasmodial surface anion channel  

PTM  Posttranslational modifications  

RBC  Red blood cell 

RDT  Rapid diagnostic test  

RIFIN  Repetitive interspersed families of polypeptides 

RITS  RNA-induced transcriptional silencing complex 
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RNA  Ribonucleic acid 

RNAi  RNA interference  

SAM  S-adenosylmethionine 

SCC  Same cycle conversion 

siRNA  Small interfering RNA  

STEVOR Subtelomeric variable open reading frame 

TAD  Topologically associated domain 

TF  Transcription factor 

TSS  Transcription start site  

WHO   World Health Organization 

XA  Xanthurenic acid 
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ANNEXES 

During my thesis I have also been involved in the writing of a 

scientific review about the mechanisms underlying transcriptional 

variation in malaria parasites, which has been published in Briefings in 

Functional Genomics. Additionally, I have assisted in the development of 

reporter lines for sexual conversion. These lines are based on the 

expression of a tandem tomato fluorescent marker under the control 

of the gexp02 promoter, one of the first genes responding to pfap2-g 

activation. The manuscript has been peer-reviewed in Scientific Reports 

and is currently under consideration. 
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