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Summary 
 

            The protozoan parasite Plasmodium falciparum is the causative agent of the deadliest form 

of human malaria. This pathogen uses monoallelic expression of variant surface adhesion 

molecules, encoded by the var gene family, to evade the host immune system and cause 

pathogenesis. It remains unclear how monoallelic expression of var gene activation works at the 

molecular level and if environmental factors can modulate var gene expression. Our laboratory 

showed a Pol III transcribed GC-rich non-coding RNA gene family, termed RUF6, acts as a trans-

activator of var genes. A physical association between the transcribed RUF6 ncRNA and the active 

var gene locus was observed through FISH. Transcriptional repression of all RUF6 by a specific 

CRISPR interference strategy resulted in transcriptional down regulation of the entire var gene 

family, suggesting a potential enhancer-like function to var gene expression. An understanding of 

how RUF6 ncRNA mediates var gene activation is lacking. Here we developed a robust RNA-

directed proteomic discovery (ChIRP-MS) protocol to identify in vivo RUF6 ncRNA protein 

interactions. Biotinylated antisense oligonucleotides were used to purify the RUF6 ncRNA 

interactome. Mass spectrometry identified several uniquely enriched proteins that are linked to 

gene transcription such as RNA Pol II subunits, nucleosome assembly proteins, and a homologue 

of the Dead-Box Helicase 5 (DDX5). Affinity purification of PfDDX5 identified several proteins 

originally found by our RUF6-ChIRP protocol, validating the robustness of the technique for the 

identification of ncRNA interactomes in P. falciparum. Inducible displacement of nuclear Pf-

DDX5 resulted in the significant down-regulation of the active var gene. Our work identifies a 

RUF6 ncRNA protein complex that interacts with RNA Pol II to sustain var gene expression. We 

postulate that DDX5 helicase may resolve G-quadruplex secondary structures highly enriched in 

var genes to facilitate transcriptional activation and progression.  

Furthermore, we discovered environmental factors that trigger downregulation of var gene 

transcription. We observe that isoleucine starvation and high MgCl2 concentrations in the medium 

inhibit RNA Polymerase III transcribed genes. Importantly, this includes a P. falciparum-specific 

regulatory ncRNA gene family (encoded by the RUF6 gene family) that is a key regulator in var 

gene activation. We identified a homologous gene to the highly conserved eukaryotic Maf1, as a 

negative effector of RUF6 ncRNA transcription. Elevated MgCl2 concentrations led to a shift of 

cytoplasmic PfMaf1 to the nuclear compartment. We used an inducible protein degradation system 

to show that external stimuli depend on PfMaf1 to trigger lower expression of RUF6 genes. Our 

results point to a TOR independent pathway that responds to changes in the environment and 

represses Pol III transcription. This work provides new and important conceptual insights into 

PfMaf1-dependent repression of parasite virulence that may be highly relevant for establishing 

subclinical parasite persistence in the dry season. 

Taken together, these results help to better understand the function and regulation of a 

ncRNA involved in regulating the antigenic variation and pathogenesis in P. falciparum. Our 

validation of the ChIRP-MS technique allows for future studies in identifying RNA-binding 

proteins for ncRNAs whose function remains to be fully characterized. 
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Résumé 

 

Le parasite protozoaire Plasmodium falciparum est l'agent causal de la forme la plus 

mortelle de paludisme humain. Ce pathogène utilise l'expression monoallélique de molécules 

d'adhésion de surface variantes, codées par la famille de gènes var, pour échapper au système 

immunitaire de l'hôte et provoquer une pathogenèse. On ne sait toujours pas comment l'activation 

du gène var fonctionne au niveau moléculaire et si des facteurs environnementaux peuvent 

moduler l'expression du gène var. Notre laboratoire a montré qu'une famille de gènes d'ARN non 

codants transcrits par Pol III, appelée RUF6, agit comme un trans-activateur des gènes var. Une 

association physique entre l'ARNnc RUF6 transcrit et le locus du gène var actif a été observée par 

FISH. La répression transcriptionnelle de tous les RUF6 par une stratégie d'interférence CRISPR 

spécifique a entraîné une régulation négative de la transcription de toute la famille des gènes var, 

suggérant une fonction potentielle de type amplificateur pour l'expression des gènes var. Une 

compréhension de la façon dont l'ARNnc RUF6 médie l'activation du gène var fait défaut. Ici, 

nous avons développé un protocole robuste de découverte protéomique dirigée par l'ARN (ChIRP-

MS) pour identifier les interactions in vivo des protéines ARNnc RUF6. Des oligonucléotides 

antisens biotinylés ont été utilisés pour purifier l'interactome d'ARNnc RUF6. La spectrométrie de 

masse a identifié plusieurs protéines enrichies de manière unique qui sont liées à la transcription 

génique, telles que les sous-unités d'ARN Pol II, les protéines d'assemblage des nucléosomes et un 

homologue de la Dead-Box Helicase 5 (DDX5). La purification par affinité de PfDDX5 a identifié 

plusieurs protéines trouvées à l'origine par notre protocole RUF6-ChIRP, validant la robustesse de 

la technique pour l'identification des interactomes d'ARNnc chez P. falciparum. Le déplacement 

inductible de PfDDX5 nucléaire a entraîné une importante régulation à la baisse du gène var actif. 

Notre travail identifie un complexe protéique RUF6 ARNnc qui interagit avec l'ARN Pol II pour 

soutenir l'expression du gène var. Nous postulons que l'hélicase DDX5 peut résoudre les structures 

secondaires G-quadruplex hautement enrichies en gènes var pour faciliter l'activation et la 

progression de la transcription.  

De plus, nous découvrons des facteurs environnementaux qui déclenchent une régulation 

négative de la transcription du gène var. Nous observons que la privation d'isoleucine et les 

concentrations élevées de MgCl2 dans le milieu inhibent les gènes transcrits par l'ARN polymérase 

III. Il est important de noter que cela inclut une famille de gènes ARNnc régulateurs spécifiques 

de P. falciparum (codée par la famille de gènes RUF6) qui est un régulateur clé de l'activation du 

gène var. Nous avons identifié un gène homologue à l'eucaryote Maf1 hautement conservé, en tant 

qu'effecteur négatif de la transcription de l'ARNnc RUF6. Des concentrations élevées de MgCl2 

ont entraîné un déplacement de PfMaf1 cytoplasmique vers le compartiment nucléaire. Nous avons 

utilisé un système de dégradation inductible des protéines pour montrer que les stimuli externes 

dépendent de PfMaf1 pour déclencher une expression plus faible des gènes RUF6. Nos résultats 

indiquent une voie indépendante de TOR qui répond aux changements de l'environnement et 

réprime la transcription Pol III. Ce travail fournit des informations conceptuelles nouvelles et 
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importantes sur la répression de la virulence du parasite dépendante de PfMaf1 qui peuvent être 

très pertinentes pour établir la persistance subclinique du parasite pendant la saison sèche.  

Pris ensemble, ces résultats aident à mieux comprendre la fonction et la régulation d'un 

ARNnc impliqué dans la régulation de la variation antigénique et de la pathogenèse chez P. 

falciparum. Notre validation de la technique ChIRP-MS permet de futures études dans 

l'identification des protéines de liaison à l'ARN pour les ARNnc dont la fonction reste à caractériser 

entièrement. 
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1 Introduction 

1.1 Introduction to malaria 

 
Malaria is a deadly, vector borne disease caused by eukaryotic single-celled parasites of 

the phylum Apicomplexa and genus Plasmodium.  Plasmodium parasites can infect birds, reptiles, 

and mammals, including humans. Plasmodium parasites are transmitted to their vertebrate host 

during a blood meal from their invertebrate vector, female mosquitoes from the genus Anopheles. 

Human malaria is an ancient disease and detailed description of its symptoms appear as early as 

2700 BC in the Chinese Canon of Medicine, clay tablets from Mesopotamia from c. 2000 BC and 

Egyptian papyri from c. 1500 BC [Cox, 2010]. However, the disease has most likely affected 

humans much longer, perhaps throughout the entire history of our species. Currently, the oldest 

proof of its causative agent, Plasmodium, is parasitic DNA isolated from a mosquito fossil dated 

30 million years ago [Poinar, 2005]. It wasn’t until 1718 when Francesco Torti gave the name 

malaria, believing that the disease was air borne and came from the "bad air," mal-aria in Italian, 

of swamps. In 1880 Charles Louis Alphonse Laveran discovered the cause of the disease by 

identifying the protozoan parasites in a blood smear from a malaria patient. Finally, in 1897, a 

British medical officer, Dr. Ronald Ross, discovered that the vector that transmits the disease was 

mosquitoes. Not long after, an Italian professor, Giovanni Battista Grassi and colleagues, 

demonstrated that human malaria could only be transmitted by Anopheles mosquitoes [Cox, 2010]. 

From approximately 400 species of Anopheles, about 60 are malaria vectors, and 30 are of major 

importance.  

1.1.1 Malaria epidemiology 
 

While everyone is susceptible to malaria, pregnant women and children under five bear the 

greatest burden of malaria. Different factors influence the transmission of the disease including 

those related to the: vector, parasite, human host, and conditions within the environment. For 

example, transmission is highly dependent upon conditions related to the climate like rainfall 

patterns and levels in an area, temperature, and humidity. Usually, transmission is seasonal and 

divided into a rainy and dry season. Most often there is a peak of malaria transmission both during 
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and following the rainy season. Transmission can vary from year to year within a location, making 

tracking transmission very complex. 

Malaria affects a large number of countries home to over two billion people, with more 

than 40% of the world's population at risk of contracting the disease [WH0 2021]. In fact, in the 

20th century alone, between 150 million and 300 million people died from the disease, accounting 

for 2 to 5 percent of all deaths [Carter and Mendis, 2002]. The World Health Organization, WHO, 

launched the Global Malaria Eradication Campaign in 1955 that successfully eliminated malaria 

from a number of countries. Unfortunately, the ultimate goal of global eradication was not met. It 

was later recognized that malaria control, rather than an eradication program, was more practical 

for the remaining endemic countries and a global malaria control strategy was adopted in 1992. 

This strategy, The Roll Back Malaria Partnership, helps implement coordinated action against 

malaria. 

Countries where malaria is still prevalent include India, Brazil, Afghanistan, Sri Lanka, 

Thailand, Indonesia, Vietnam, Cambodia, China; the majority of all malaria cases occurs in 

countries of sub-Saharan Africa [Snow et al., 1999; Breman et al., 2001]. In Africa, Malaria is 

estimated to cost more than $12 billion annually and account for nearly 25% of all deaths in 

children under the age of five [Rowe et al., 2006]. According to the latest WHO World malaria 

report, in 2020 there were 241 million estimated malaria cases in the 85 endemic countries. The 

disease caused 627,000 deaths in 2020, 12% more than the previous year, 2019. It is estimated that 

47,000 of those deaths were the result of service disruptions due to the COVID-19 

pandemic [WHO, 2021]. The malaria endemic areas comprise almost exclusively tropical and 

subtropical regions of the world (Fig. 1.1). Africa carries the highest share of global malaria 

burden, being home to 95% of cases and 96% of deaths, with just six countries accounting for over 

half of all malaria deaths globally. Young children under 5 years old are at the highest risk of 

malaria and accounted for 77% of the global malaria deaths in 2020 [WHO 2021]. These at-risk 

children are susceptible to the disease because their protective immunity has not yet been 

developed against the most severe forms of the disease. Pregnant women and their newborns are 

also vulnerable due to the increased risk of miscarriage or newborn death. 
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Figure 1.1: Worldwide distribution of countries with malaria cases in 2000 and their status by 2020. 
Countries with zero indigenous malaria cases for at least three consecutive years are considered malaria 
free. Taken from World malaria report 2020 [WHO, 2021]. 

 

 While over 100 Plasmodium species can infect animals, the only five that infect humans 

are: Plasmodium falciparum, Plasmodium ovale, Plasmodium vivax and Plasmodium malariae 

and P. knowlesi. The latter one is primarily a zoonosis. Importantly, two species (P. vivax and P. 

ovale) form dormant forms in the liver called hypnozoites. These quiescent stages are resistant to 

most common drug treatments. P. vivax is the dominant malaria parasite outside of the African 

continent while P. falciparum is the deadliest and most prevalent on the African continent. This 

parasite is responsible for the vast majority of severe malaria cases which can become fatal if 

untreated. 

  

1.1.1.1 Current drugs and control strategies for malaria 

 

Currently, the dominant malaria prevention and control efforts focus on minimizing human 

contact with mosquito vectors through the use of mosquito nets, insecticides, and prophylactic and 

treatment drugs. However, the lack of an accessible and effective vaccine and the alarming 

emergence of resistance to current antimalarial drugs and insecticides pose a great challenge to the 

fight against malaria and emphasize the necessity for novel therapies and transmission blocking 
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strategies. Emergence of drug resistant parasites has been reported since the introduction of the 

first malaria drugs (Fig. 1.2) [Calderón et al., 2013]. For most recent drugs, resistance has appeared 

soon after drug introduction [Calderón et al., 2013, Cottrell et al., 2014]. Amongst all currently 

available drugs, artemisinin and its derivates (ARTs) are the most effective against P. falciparum, 

the species responsible for the deadliest form of the disease. Artemisinin is produced by Artemisia 

annua, a plant used in traditional Chinese medicine as a fever treatment and was isolated by 

Youyou Tu in 1972 who was awarded The Medicine Nobel Prize in Physiology or Medicine in 

2015 for its discovery [Tu, 2011, Miller and Su, 2011, Paddon et al., 2013]. ARTs compounds are 

often used in combination with other antimalarials such as Artemisinin Combination Therapies 

(ACT). The combination of drugs with different targets and mechanisms of action considerably 

reduces the likelihood of parasite resistance [WHO, 2020]. 

 

 

 

 

 

 

 

 

 
 

Figure 1.2: Timeline of antimalarial drugs resistance. Top panel indicates the year of the introduction 
of each drug, and lower panel, the year of appearance of resistance. Modified from [Calderón et al., 2013]. 

  

ACTs are still recommended by WHO as the first line treatment for P. falciparum malaria. 

However, the recent appearance of P. falciparum parasites resistant to artemisinin chemotherapy 

plays a key role in the decline of success to control malaria observed in the recent years and 

represents one of the major challenges for malaria elimination [WHO, 2021; Zhu et al., 2018; 

Dondorp et al., 2009; Ashley et al., 2014]. P. falciparum resistance to artemisinin was first 

reported in Cambodia in 2009 [Dondorp et al., 2009] and appeared in other Southeast Asia regions 

shortly after [Ashley et al., 2014, Tun et al., 2015]. Artemisinin resistance is associated with 

nonsynonymous single nucleotide polymorphisms (SNPs) in the P. falciparum gene Kelch13 
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(PfK13) [Straimer et al., 2015]. The identification of this molecular marker [Ariey et al., 2014] 

allows the tracking and monitoring of emergent resistant parasite populations. As a matter of fact, 

rise in artemisinin resistance in Africa is a concerning public health threat and would have a 

devastating effect in malaria burden, but also in the economic situation of the countries affected 

[Dondorp et al., 2010; Lubell et al., 2014; Ariey and Ménard, 2019]. 

Altogether, there is a need for an effective malaria vaccine, key to eradication of the 

disease. The current vaccine, RTS,S, is a recombinant protein which includes epitopes from P. 

falciparum circumsporozoite protein (CSP), together with a viral envelope from hepatitis B virus 

(HBsAg) and a chemical adjuvant (AS01). WHO now recommends that the RTS,S malaria vaccine 

be used for the prevention of P. falciparum malaria in children living in regions with moderate to 

high transmission as defined by WHO. This is the first vaccine against a human parasite to receive 

a WHO recommendation. However, downsides to this vaccine are the suggested four doses and its 

modest protection, 28% in children and 18% in young infants, which decreases over time [RTSS 

Clinical Trials Partnership, 2015]. Thus, development of new drugs, insecticides and vaccines, 

together with epidemiological surveillance are crucial to face the current challenges to malaria 

control. Hence, both basic research to better understand the molecular basis of parasite biology 

and interactions with the host and further application studies are of pivotal importance for the 

development of novel therapeutic targets. 

1.2 Plasmodium biology  

 
Plasmodium species belong to the phylum Apicomplexa, along with Toxoplasma, 

Cryptosporidium and Theileria parasites. This large phylum of alveolates comprises exclusively 

intracellular parasites [White and Suvorova, 2018]. Most apicomplexan parasites have an 

apicoplast, a non-photosynthetic organelle, which evolved from a red algal endosymbiont [van 

Dooren and Striepen, 2013]. The life cycle of these parasites is particularly complex due to the 

multiple stages they undergo and the wide range of environments they live in. Each stage of the 

life cycle has a distinct morphology and biochemistry [White and Suvorova, 2018; Frénal et al., 

2017, Francia and Striepen, 2014]. Specifically, alternation of generation accompanied with the 

changing between vertebrate and invertebrate hosts, and asexual and sexual cycles.  
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The name Apicomplexa originates from an apical complex structure, characteristic of the 

extracellular invasive stages of these parasites, zoites. These stages are polarized and one pole 

contains the apical complex which comprises two types of vesicles, rhoptries and micronemes, 

that facilitate parasite entrance into the host cell [Bargieri et al., 2014]. Zoites have gliding motility 

and invade the host cell by forming a junction with the host cell membrane, further invagination 

of the membrane forms the parasitophorous vacuole in which the parasites grow and multiply 

[Bargieri et al., 2014].  

1.2.1 P. falciparum life cycle 
  

  All malaria parasites have a complex, yet similar, life cycle involving both sexual and 

asexual replication in the mosquito vector and host, respectively. The particularities in 

pathogenesis for each species are due to differences in structural and biochemical aspects, the 

tropism for particular types of red blood cells (reticulocytes or erythrocytes) as well as in the length 

of each parasite cycle, which corresponds to the periodicity of the symptoms [Fujioka and Aikawa, 

2002]. 

The life cycle can be classified into three primary stages depending on the location of the 

parasites: liver, the bloodstream or the midgut of the mosquito. P. falciparum is transmitted 

through the bite of an infected female anopheline mosquito, primarily Anopheles gambiae. During 

a blood meal, the mosquito vector injects sporozoites into the skin that travel through the 

bloodstream and within 30 minutes, reach the liver. Sporozoites multiply in liver hepatocytes by a 

type of asexual reproduction, exoerythrocytic schizogony, yielding thousands of merozoites that 

are released into the bloodstream after 7-14 days. Released merozoites go on to invade red blood 

cells, RBCs, and develope through ring, trophozoite, and schizont stages within ∼48 hours. Upon 

rupturing of the schizonts, newly formed merozoites reinvade other erythrocytes, thus perpetuating 

the infection. A small subset of parasites do not progress and divide and instead differentiate, by 

gametocytogenesis, into the sexual forms, female and male gametocytes. Gametocytes are taken 

up by the Anopheles mosquito during a blood meal and undergo sexual reproduction in the 

mosquito midgut, transforming into oocysts. Thousands of sporozoites develop within the oocyst 

and are released into the mosquito body cavity to travel to the salivary glands where they are ready 



1.2 Plasmodium biology  
 

 25 

to be injected into the human in the saliva of the mosquito during a blood meal [Miller et al., 2002, 

Josling and Llinás, 2015]. An overview of the P. falciparum life cycle is shown in Fig.1.3. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 1.3: Illustration of P. falciparum life cycle. After transmission into the skin of the human host 
during a mosquito bite, sporozoites reach the liver and invade hepatocytes. Within the hepatocyte one 
sporozoite generates tens of thousands of hepatic merozoites, which enter the bloodstream and invade 
erythrocytes. The parasite asexual blood cycle causes the clinical symptoms of malaria and is initiated by 
erythrocyte invasion by a merozoite followed by its further development through ring, trophozoite and 
schizont stages, generating 16-32 daughter merozoites. These merozoites are in turn released during egress 
and invade new erythrocytes completing the cycle. One asexual cycle typically lasts 48 hours and <5% of 
intraerythrocytic parasites develop into male or female gametocytes, which are taken up by a mosquito 
during a blood meal to undergo sexual reproduction in the mosquito midgut lumen. An ookinete, the motile 
zygote, crosses the gut epithelium and transforms into an oocyst. Thousands of sporozoites develop within 
the oocyst and are released into the mosquito body cavity to travel to the salivary glands and allow the 
process to begin again. Taken from [Alexander G. Maier 2018]. 

 

1.2.1.1 The intraerythrocytic cycle 

  

The intraerythrocytic developmental cycle, IDC, is a tightly controlled development 

program beginning with the invasion of merozoites into RBCs. Here, the parasite forms a 

parasitophorous vacuole where it can grow and develop in the host erythrocyte cytoplasm [Zuccala 
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and Baum, 2011, Cowman et al., 2017]. During the ∼48-hour intraerythrocytic asexual cycle the 

haploid parasite develops through different morphological stages while enlarging its cytoplasm 

within the parasitophorous vacuole. Invaded merozoites first develop into low metabolic ring stage 

(∼0-24 hours post invasion, hpi) parasites, that then rapidly grow into trophozoites (24-36hp) 

where the parasite takes up more of the infected RBC (iRBC). In the final stage, named schizont 

stage, ∼36-48 hpi, mitotic divisions are first followed by nuclear membrane division and later 

cytokinesis, that results in the formation of 16-32 daughter merozoites. Schizont bursting and 

erythrocyte rupture, release the merozoites in the bloodstream, enabling the cycle to restart by 

invading new erythrocytes. 

 

 
Figure 1.4: Stages of the intraerythrocytic asexual cycle. After erythrocyte invasion by a merozoite, the 
parasite develops through the ring (∼0-24 hpi), trophozoite (∼24-36 hpi) and schizont (∼36-48 hpi) stages. 
After 24 hpi, membranous structures can be found in the erythrocyte cytoplasm and knobs are formed in 
the erythrocyte membrane where exported parasite antigens like PfEMP1 are displayed. Hemoglobin 
degradation, to obtain amino acids for protein synthesis, causes the accumulation of hemozoin crystals in 
the parasite digestive vacuole. At ∼48 hpi the infected erythrocyte bursts, releasing 16–32 daughter 
merozoites. Taken from [Maier et al., 2009].  

 

Specialized protein expression during the IDC is needed for the parasite’s survival and evasion of 

host immune responses. Once inside the host RBC, the parasite remodels the host erythrocyte by 

trafficking and displaying proteins on the surface of the infected erythrocyte that help the parasite 

acquire nutrients and evade the host immune system [Maier et al., 2009]. This protein trafficking 

occurs mainly via parasite-derived membranous structures, termed Maurer’s clefts, found in the 

erythrocyte cytosol [Mundwiler-Pachlatko and Beck, 2013]. The surface of the iRBC becomes 

distorted from a particular type of protrusions called knobs [Leech et al., 1984a]. These structures 

are primarily composed of knob-associated histidine-rich protein (KAHRP) where exported 

surface antigens, involved in cytoadhesion, like P. falciparum erythrocyte membrane protein 1 
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(PfEMP1) are anchored (Fig. 1.4). iRBCs containing ring stage parasites appear in peripheral 

blood circulation. Cytoadhesion occurs in mature stage parasites (18-24 hours post-invasion) 

where the iRBCs are sequestered in blood vessels in different organs, thereby preventing them 

from circulating in capillaries of critical target organs [David et al., 1983; Miller et al., 2013]. As 

a consequence, this adhesion phenotype prevents phagocytic clearance by the spleen and is also 

involved in lethal complications of the disease [Maier et al., 2009]. The parasite uses antigenic 

variation of these surface antigens as a mechanism to escape the host immune system and establish 

chronic infection, explained later in section 1.4 [Scherf et al., 1998]. It is during this time, the IDC, 

that is responsible for the pathogenesis of malaria infection. Because of this, symptoms, including 

the acute fever, usually take a week to appear.  

1.2.2 P. falciparum malaria pathology and pathogenesis 
 
Disease symptoms caused by P. falciparum infection can be very diverse, varying from 

asymptomatic to lethal and include a wide range of clinical symptoms like fever, chills, headache, 

vomiting, diarrhea, muscular and abdominal pain [Bartoloni and Zammarchi, 2012]. The 

characteristic waves of fever, associated with malaria, are the result of periodic, and exponentially 

increasing, merozoite egress and invasion during the asexual blood stage. In <0.5% of infections 

[Sachs and Malaney, 2002; WHO, 2021] mild malaria can progress to severe with associated 

symptoms such as: anemia, acute renal failure, pulmonary edema, generalized seizures, circulatory 

collapse, and prostration, which can be followed by coma and death [Bartoloni and Zammarchi, 

2012]. Each of these complications are associated with P. falciparum iRBC sequestration in 

different tissues and organs. Particularly, this adhesion is mediated by parasite variant surface 

antigens (VSA) displayed on the iRBC [Wahlgren et al., 2017].  

Cerebral malaria is the most severe pathology associated with this parasite and is caused 

by iRBC sequestration in the brain microvasculature which impairs the blood brain barrier and 

leads to an unarousable coma. Young children, pregnant women and travelers are at highest risk 

of developing severe malaria [WHO, 2021]. Pregnant women are at risk of a particular pathology 

termed pregnancy-associated malaria (PAM), caused by iRBC sequestration in the placenta 

resulting in low birthweight that can cause infant death [Sharma and Shukla, 2017]. 

 Individuals can acquire natural immunity to malaria through ongoing exposure to 

infections allowing for the production of anti-malarial antibodies including those against 
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VSAs [Chan et al., 2014].  This is especially important to those living in areas endemic to the 

severe form of the disease.   

1.3 Genome organization and gene regulation in P. falciparum 

  

P. falciparum development and survival within its host is largely dependent on gene 

regulation and expression. In eukaryotes, this control occurs at multiple levels, including 

transcriptional, post-transcriptional and translational stages. Transcriptional regulation, 

specifically, is known to play a key role where it is primarily controlled through the binding of 

transcription factors to regulatory DNA elements. Typically, eukaryotic genes are composed of a 

promoter and cis-acting elements, binding sites for proteins, as well as distal elements such as 

enhancers, silencers and insulators (Fig. 1.5) [Maston et al., 2006]. Additionally, similar to most 

eukaryotes, P. falciparum transcription occurs predominantly in a monocistronic fashion [Lanzer 

et al., 1992a]. Transcriptional control is evident when comparing the expression of genes in both 

sexual [Young et al., 2005] and asexual stages [Bozdech et al., 2003; Le Roch et al., 2003] of the 

parasite. It has been shown that functionally related genes are specifically expressed in the different 

stages.  

 

 

 

 

 

 

 

 

 

 

 
Figure 1.5: Typical eukaryotic gene regulatory region. The core promoter and proximal promoter 
elements make up the promoter. Upstream distal regulatory elements include: enhancers, silencers 
insulators, and other control regions. These are located up to 1 Mb from the promoter and interact via DNA 
looping. Taken from [Maston et al., 2006]. 
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A second layer of transcriptional control is seen when DNA is packaged into chromatin, 

thereby regulating the accessibility of transcription factors and polymerases. Epigenetic factors 

like histone modifications and nucleosome repositioning can modify different chromatin 

condensation states [Kornberg and Lorch, 1999]. Additionally, the nuclear architecture and 

genome organization contribute to transcriptional regulation [Branco and Pombo, 2007]. 

Genome organization of the parasite and its different layers of gene regulation: epigenetic 

regulation with specific transcription factors, alternative splicing, and post-transcriptional 

regulation are further described below. 

 

1.3.1 P. falciparum genome and features 
  

The P. falciparum nuclear genome is composed of 23.3 megabase (Mb) with an additional 

35 kilobase (kb) circular apicoplastic and a 6 kb mitochondrial genome [Gardner et al., 2002]. The 

haploid nuclear genome is distributed over 14 chromosomes, ranging in size from 0.64 to 3.3 Mb. 

P. falciparum has the most AT-rich genome sequenced so far, with a striking ∼79.6% AT-content 

genome-wide and rising up to 93% in intronic and intergenic regions [Gardner et al., 2002]. There 

are currently ∼5700 open reading frames (ORF) annotated, with over 33% of predicted genes 

remaining functionally unannotated in the parasite genome. Two distinct regions make up P. 

falciparum chromosomes: an internal region, where house-keeping genes are located, and 

chromosomal ends, comprising the telomeric DNA and the telomere-associated sequences (TAS), 

which have coding and non-coding regions (Figure 1.6) [Scherf et al., 2001]. Noncoding regions 

in the TAS are located adjacent to G-rich tandem repeats in the telomeric DNA and composed of 

six different telomere-associated repetitive elements (TAREs 1-6) [Figueiredo et al., 2000]. 

Coding regions in the chromosomal ends contain most members of clonally variant multigene 

families associated with antigenic variation and cytoadhesion [Gardner et al., 1998, Bowman et 

al., 1999, Gardner et al., 2002].  

In internal regions, tandem repeat-rich centromeric regions occupy a 2.3 to 2.5 kb region 

on each of the 14 chromosomes [Kelly et al., 2006]. These areas are enriched in the centromeric 

histone variant, PfCENH3, and histone variant, PfH2A.Z [Hoeijmakers et al., 2012]. Non-coding 
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RNAs (ncRNAs) from centromeric regions have been reported [Li et al., 2008] and have been 

suggested to facilitate the loading of PfCENH3 to centromeres [Vembar et al., 2014]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.6: Chromosome organization in P. falciparum. Top: The 14 lineal chromosomes are composed 
of an internal region and the chromosome ends. Middle: End of chromosome 3 is represented, as an 
example, to show the telomere and TAS. TAS is comprised of both a non-coding region, with the 6 TAREs, 
and a coding region, where the locus of gene families associated to virulence like var, rif and stevor are 
found. Lower panel: AT-content plotted for the different regions of the TAS. Taken from [Scherf et al., 
2001]. 

1.3.2 Transcriptional regulation by epigenetics and chromatin structure 
 

 Throughout the complex life cycle in its two different hosts, P. falciparum relies heavily 

on a combination of gene regulatory mechanisms, largely dependent on epigenetic processes. 

Chromatin remodeling, DNA methylation and nuclear architecture are a few examples of how the 

parasite is able to undergo such controlled gene regulation. (Long ncRNAs, which also play an 

important role, are reviewed further on in section 1.5). 

1.3.2.1 Chromatin structure 

  

Eukaryotic chromatin is tightly packed into nucleosomes, composed of 147 bp of DNA 

wound around histone octamers [Olins and Olins, 1974; Kornberg, 1974]. P. falciparum contains 

both the canonical histones, H2A, H2B, H3 and H4, and the four histone variants, H2A.Z, H2Bv, 

H3.3 and CenH3, but lacks the linker histone, H1 [Miao et al., 2006].  
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Figure 1.7: Chromatin states. Chromatin is classified as heterochromatin or euchromatin depending of its 
compaction level. Heterochromatin is compact and comprises a nucleosome array condensed into a 30 nm 
fiber. The condensation into heterochromatin reduces the access of the transcriptional machinery and is 
associated with repressed genes. Euchromatin is less compact and is described as a 11 nm fiber which 
resemble ‘beads on a string’, where the beads are the nucleosomes and the string is the DNA. The 
euchromatic state is open and permissive for chromatin remodeling complexes and RNA polymerases to 
access the DNA, therefore associated with active gene transcription.  

 

Chromatin exists in one of two states (shown in Figure 1.7): euchromatin, open and 

accessible to transcriptional machinery, or heterochromatin, condensed and transcriptionally 

repressive and is able to switch between the two. To do so, chromatin structure is altered, by 

nucleosome occupancy, thus affecting levels of transcription. In eukaryotes, including P. 

falciparum, nucleosome-depleted regions (NDRs) have been found in promoter regions, to allow 

for a more open chromatin structure, thus leading to higher levels of transcription [Kensche et al., 

2016; Lee et al., 2004, Struhl and Segal, 2013]. This is evident in the parasite at transcription start 

sites (TSSs) and core promoters. Such regions are nucleosome-free during the asexual stages, to 

allow for a general transcriptionally active state, whereas the opposite is seen in the sexual stage 

[Bunnik et al., 2014, Kensche et al., 2016; Ponts et al., 2011]. In fact, a study showed that 

transcription at strong TSSs is coupled by eviction of nucleosomes and nucleosome positioning 

and dynamics can indicate the function of regulatory DNA elements [Kensche et al., 2016]. 

 Developmentally regulated histone H3 protease clipping at the N-terminal region (aa 21) 

was observed in asexual blood stages of P. falciparum [Herrera-Solorio et al., 2019]. This 

truncated form primarily integrates into chromatin regions upstream of six DNA replication gene 

loci hinting at the existence of a highly specific cellular targeting machinery for truncated histones. 
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This report identified a novel epigenetic mechanism employed by P. falciparum that is linked to 

DNA metabolism. 

  

1.3.2.2 Histone post-translational modifications 

  

Post-translational modifications (PTMs) of histones play a vital role in the epigenetic 

regulation of genes, with functions like regulation of gene expression, chromatin condensation, 

DNA repair and replication (Table 1.1) These modifications alter the total charge of the histones 

which in turn affect the interaction with DNA, ultimately disrupting nucleosome occupancy. PTMs 

occur at the most accessible region of the core histones, in the N-terminal tail region. Among the 

many specific types, the most common are: acetylation, generally associated with gene activation, 

and methylation of lysine (K) residues, associated with both activation or silencing, depending on 

the affected residues [Kouzarides, 2007]. Such modifications either allow or eliminate sites where 

factors like readers or writers and erasers (which can generate or remove PTMs, respectively) can 

interact to regulate gene expression.  

  

Table 1.1: Histone PTMs and their functions. Modified from [Kouzarides, 2007]. 

 

 

 

 

 

  

 
 
 

 

Histone writers add, while erasers remove, PTMs. For example, histone acetyltransferases 

(HATs) and histone methyltransferases (HMTs) are writers while histone deacetylases (HDACs) 

and demethylases (HDMs) are erasers. Histone readers are proteins that recognize specific PTMs 

Modifications Residues Modified Functions Regulated

Acetylation K-ac Transcription, DNA repair, Replication, Condensation

Phosphorylation S-ph, T-ph Transcription, DNA repair, Condensation

Methylation (lysines) K-me1/me2/me3 Transcription, DNA repair

Ubiquitylation K-ub Transcription, DNA repair

Methylation (arginines) R-me1/2a/me2s

Sumoylation K-su

ADP ribosylation E-ar

Deimination R > Cit

Proline Isomerization P-cis > P-trans

Transcription
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and orchestrate the different functions in DNA transcription. Reader proteins bind to PTMs at 

histone tails and recruit proteins associated with transcription or chromatin remodeling.  

Evidence for the role of gene regulation by histone PTMs in P. falciparum was first 

observed by studying antigenic variation in the Scherf laboratory [Freitas-Junior et al., 2005]. 

Throughout the years, mass spectrometry and antibody-based analyses have demonstrated that P. 

falciparum has over 232 histone PTMs [Miao et al., 2006; Cui et al., 2007; Issar et al., 2008; Trelle 

et al., 2009; Treeck et al., 2011; Dastidar et al., 2012], 88 unique to Plasmodium [Saraf et al., 

2016]. The most studied are histone H3 lysine 9 acetylation (H3K9ac) and lysine 4 methylation 

(H3K4me3) which are markers for euchromatin, and lysine 9 mono-, di, and tri-methylation 

(H3K9me1, H3K9me2, H3K9me3) mark heterochromatin (Fig. 1.8) [Lopez-Rubio et al., 2007; 

Chookajorn et al., 2007; Cui et al., 2007; Cui et al., 2008b]. 

The most characterized histone reader in P. falciparum is the heterochromatin protein 1 

(PfHP1), which binds H3K9me3 in heterochromatic domains of subtelomeric and central 

chromosomal clusters of virulence genes [Flueck et al., 2009; Pérez-Toledo et al., 2009].  

 

  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.8: Schematic drawing of a nucleosome with the four canonical histones (H3, H4, H2A, and 

H2B) in P. falciparum. The covalent PTMs of the histone tails (methylation [Me], acetylation [Ac], and 
ubiquitination [Ub]) and enzymes catalyzing the addition of the PTMs (PfGCN5, PfSET1, PfSET2, 
PfCARM1, PfPRMT1, PfMYST, and PfSET8) are colored in red or green above the modification. [Taken 
from Cui et al., 2010] 
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1.3.2.2.1 Histone variants 

  

Histone variants, which substitute for the core canonical histones, often have specific 

structural and functional features that play a role in establishing and maintaining epigenetic states, 

chromosome segregation, transcriptional regulation and DNA repair. The process of replacing 

canonical histones with histone variants results in the generation of functionally specialized 

chromatin domains [Henikoff and Smith, 2015]. During the IDC in P. falciparum, PfH2A.Z 

variant is found in euchromatic intergenic regions with H3K4me3 and H3K9ac [Bártfai et al., 

2010] and has been shown to dimerize with PfH2B.Z (PfH2Bv) at the most highly transcribed 

promoters [Hoeijmakers et al., 2013; Bártfai et al., 2010]. Additionally, P. falciparum PfH3.3 

variant is found in euchromatic GC-rich coding regions and subtelomeric repetitive sequences 

[Fraschka et al., 2016]. Lastly, centromeric histone variant PfCenH3 along with PfH2A.Z variant 

are located in centromeric regions [Hoeijmakers et al., 2012; Lopez-Rubio et al., 2009; Grewal 

and Jia, 2007].  

 

1.3.2.3 DNA methylation 

 

DNA methylation is involved in regulating gene expression through the recruitment of 

proteins that lead to gene repression or by inhibiting transcription factor binding to DNA. While 

the most widely accepted role for DNA methylation is gene silencing [Jones, 2012], methylation 

of DNA in the 5th carbon of cytosines (5mC) in CpG islands is also associated with genomic 

imprinting, regulation of gene expression, and chromosome stability. DNA methyltransferases 

(DNMTs) enzymes catalyze the transfer of a methyl group to DNA. Different DNA base 

modifications include the most abundant, 5mC, which is further oxidized by ten-eleven- 

translocatin (TET) enzymes into 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 

5-carboxylcytosine (5caC) [Rasmussen and Helin, 2016]. In other organisms, 5hmC, specifically, 

has been implicated in the regulation of many cellular and developmental processes, however its 

presence in P. falciparum remains unclear. DNA 5mC and its oxidized form have also been 

reported in the extremely AT-rich genome (>80%) of the protozoan human malaria parasite P. 

falciparum [Hammam et al., 2020]. Malaria parasites belong to a small group of eukaryotes 

denoted as “DNMT2-only organisms” (absence of DNMT1 and DNMT3A/B genes) that include 
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a wide range of phylogenetically diverse group of organisms such as D. melanogaster, S. mansoni, 

Schizosaccharomyces pombe and Entameoba histolytica [Jeltsch et al., 2017]. Similarly, to what 

is observed in other eukaryotes, plasmodial DNMT2 methylates tRNAAsp at position C38 

[Hammam et al., 2020]. Recent experimental evidence from the Scherf laboratory hints to Pf-

DNMT2 as having a dual function in DNA and RNA cytosine methylation [Hammam et al., 2021]. 

The plasmodial TET enzymes involved in 5hmC synthesis remain elusive.  

1.3.3 Nuclear genome organization 

  

The spatial organization and distribution of eukaryotic chromatin is related to gene 

expression. Mechanisms and molecular players involved in genome organization are therefore 

essential to fully comprehend nuclear organization and genome function. Evidence in higher 

eukaryotes show genome architecture plays a role in regulating transcription. 

Compartmentalization of the nucleus, specifically topologically associating domains (TADs), 

chromatin loops, involving the CCCTC-binding factor (CTCF) and cohesion, and long-range 

interactions, such as bringing together a distant enhancer to its target promoter, all contribute to 

genome organization [Rowley and Corces, 2018; Merkenschlager and Nora, 2016].  

In P. falciparum, while it appears that genome organization and its effect on gene 

expression is crucial, much is still left to be discovered. It was shown that the transcription site of 

ribosomal DNA (rDNA) cluster and colocalize in the nucleolus, the most prominent domain and 

the site of transcription of rDNA by RNA polymerase I (Pol I) [Mancio-Silva et al. 2010; Lemieux 

et al. 2013]. Similarly, RNA Pol II and Pol III transcription sites cluster in distinct loci domains 

during early and late stages (Fig. 1.9) [Mancio-Silva et al., 2010]. Telomeres have also been shown 

to form clusters that are tethered to the nuclear periphery [Freitas-Junior et al., 2000]. 
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Figure 1.9: Nuclear organization in P. falciparum. Schematics of the genome organization within the 
nucleus for ring stage parasites, displaying the nucleolus, the location of rDNA transcription by Pol I, the 
transcription sites for the RNA Pol II and Pol III machinery, and the telomeric and virulence gene families 
clusters in the nuclear periphery. Taken from [Scherf et al., 2017]. 

 

Studies have shown that genes involved in the control of parasite virulence (var genes, 

discussed in section 1.4.1) are arranged in repressive centers along the nuclear periphery 

[Duraisingh et al., 2005; Lopez-Rubio et al., 2009; Freitas-Junior et al., 2005]. These genes are 

located in subtelomeric regions, predominately, and internal chromosomal clusters [Gardner et al., 

2002]. Subtelomeric and central virulence genes are localized to the nuclear periphery where they 

form 4-7 repressive clusters [Lopez-Rubio et al., 2009, Lemieux et al., 2013; Ay et al., 2014]. This 

perinuclear localization is associated with heterochromatin and H3K9me3 enrichment in repressed 

virulence genes [Lopez-Rubio et al., 2009]. Specifically, for the virulence var gene family, the 

single active member is spatially segregated away from the repressed clusters thereby allowing its 

transcription [Ralph et al., 2005b; Lopez-Rubio et al., 2009].  

Lastly, throughout the IDC, the nuclear architecture of the parasite is remodeled, 

correlating with transcriptional changes. Namely, the transition between ring and trophozoite 

stages, where transcriptional activity increases, is correlated with an increase in nuclear pores, to 

facilitate the export of messenger RNA (mRNA) to the cytoplasm, and nucleosome eviction 

[Weiner et al., 2011]. These changes are later reversed once the parasite enters schizogony.  
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1.3.3.1 Transcription factors and DNA elements 

  

Eukaryotic transcription is carried out by three RNA polymerases that transcribe different 

types of genes. RNA Pol I, responsible for rRNA synthesis, RNA Pol II for transcribing protein-

coding genes into mRNA as well as micro RNAs (miRNAs) and other ncRNA, and RNA Pol III 

that transcribed tRNA, 5S rRNA, and other small ncRNAs. These polymerases rely on specific 

DNA element-binding transcription factors (TFs) to be recruited onto gene promoters. Canonical 

eukaryotic promoters contain a binding site for the preinitiation complex (PIC), containing general 

TFs, proximal to the TSS, and upstream regulatory regions where specialized TFs bind, in order 

to enhance or repress transcription [Vannini and Cramer, 2012].  

While many putative DNA regulatory elements have been identified bioinformatically 

[Gunasekera et al., 2007; Wu et al., 2008; Young et al., 2008], only a few have been validated 

experimentally (summarized in Table 1.2) [Lanzer et al., 1992b; Voss et al., 2003; López-Estraño 

et al., 2007; Olivieri et al., 2008; Osta et al., 2002; Santos et al., 2017]. DNA elements with 

enhancer and repressive activities have been described, however, insulator elements and a CTCF 

homolog have not yet been identified. 202 genes, making up 3.5% of the P. falciparum genome, 

code for either TFs or proteins with DNA binding domains [Bischoff and Vaquero, 2010]. Among 

them, 73 are chromatin-associated proteins and components of the transcriptional machinery; 

furthermore, 27 of them belong to a highly conserved Apicomplexa-specific family of transcription 

factors [Balaji et al., 2005]. This family of TFs, termed ApiAP2, contains a modified version of 

the Apetala 2 (AP2)-integrase DNA binding domain found in a family of plant TFs [Riechmann 

and Meyerowitz, 1998]. TFs from the ApiAP2 family are a central component of P. falciparum 

transcription.  
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Table 1.2: Validated DNA binding proteins regulating transcription or chromatin remodeling in P. 

falciparum. Modified from [Scherf et al., 2017; Toenhake et al., 2019]. 
  

DNA 

binding 

protein Gene ID  Class / Subclass  Biological process  Reference 

PfMyb1  PF3D7_1315800  
Specific TF / Helix-

turn-helix  

Transcriptional regulation of 

genes involved in cell cycle 

regulation and progression  

[Gissot et al., 2005]  

        

PfMyB2 
PF3D7_1033600 

 

Specific TF/ Helix-

turn-helix 

Pre-mRNA splicing factor  
CEF1 

 

[Sorber et al., 2011] 

PfAP2-Sp  PF3D7_1466400  
Specific TF / 

ApiAP2  
Transcriptional regulation of 

genes involved in sporozoite 

development  

[Campbell et al., 2010]  

        

PfSIP2  PF3D7_0604100  
Specific TF / 

ApiAP2  

Binding subtelomeric non-

coding regions  
[Flueck et al., 2010] 

PfAP2-

variant 
PF3D7_1107800  

Specific TF / 

ApiAP2  

Binding to intron element of var 

genes in a complex with nuclear 

actin  

 [Zhang et al., 2011]  

PfAP2G PF3D7_1222600 
Specific TF/ 

ApiAp2 

Principal regulator of 

gametocytogenesis switching 

[Josling and Llinás, 

2015] 

PfTRZ PF3D7_1209300 

Specific TF / Zinc 

finger 

 

Binding to telomeric 

TT(T/C)AGGG repeats and 

regulates expression of 5S rDNA 

loci 

[Bertschi et al., 2017] 

PfEGXP Pf3D7_1466200 
Homodomain-like 

TF 

Early gametocyte enriched 

phosphoprotein 

 

[Toenhake et al., 2019] 

PfPREP  PF3D7_1011800  
Specific TF / K 

homology 

Transcriptional regulation of 

IDC stages  

[Komaki-Yasuda et al., 

2013]  

PfAlbas  PF3D7_0814200 

PF3D7_1346300 

PF3D7_1006200 

PF3D7_1347500  

Alba 
Non-specific DNA binding 

enriched in subtelomeres  

[Chêne et al., 2012, 

Goyal et al., 2012]  

    

PfHMGBs  
PF3D7_1202900 

PF3D7_0817900  

Chromatin 

remodeling factor  

/ high mobility 

group box 3 protein 

Non-specific DNA binding; 

regulates transcription of ga- 

metocyte genes and ookinete 

formation  

[Briquet et al., 2006, 

Kumar et al., 2008]  
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 Accessibility of chromatin correlates with sites of active transcription where DNA 

elements such as TSS or enhancers are also present [Ruiz et al., 2018]. The identification of 

genome-wide chromatin accessibility in the P. falciparum IDC genome allowed for the discovery 

of novel regulatory regions [Toenhake et al., 2018; Ruiz et al., 2018]. Transposase accessible 

chromatin sequencing (ATAC-seq) identified ∼4000 novel regulatory regions, the majority found 

within 2 kb upstream of a transcribed gene [Toenhake et al., 2018]. Motif analyses of these sites 

predicted ApiAp2 transcription factor binding sites and functions [Toenhake et al., 2018; Ruiz et 

al., 2018]. 

 

1.3.4 Post-transcriptional and translational gene regulation 
 

Following control at the transcriptional level, gene expression can further be regulated at 

the translational and post-translational level. Such regulation is related to mRNA splicing and 

mRNA stability, which relies on RNA-protein interactions to either target mRNA for degradation 

or prevent access of the ribosome to its translation start codon [Day and Tuite, 1998]. For example, 

translation initiation can be repressed through eukaryotic translation initiation factor 4E (eIF4E)-

binding proteins. In P. falciparum, a large number of proteins code for mRNA decay and 

translational rate control, however, detailed post-translational regulation has not been fully 

characterized. Additionally, antisense ncRNAs can participate in this layer of regulation, discussed 

in further detail in section 1.5. 

The best-known form of RNA processing is splicing. In order for transcribed mRNA to 

translated, it needs to be further processed. Specifically, alternative splicing, where introns, non-

protein-coding regions, are removed by a large complex of RNAs and proteins, termed the 

spliceosome. This process is essential to P. falciparum with approximately half of its genes 

containing more than one intron [Yeoh et al., 2019]. 

Once mRNA exits the nucleus, the mature mRNA has one of three outcomes: translation, 

degradation, or sequestration followed by repression. Cytoplasmic mRNA transcripts are 

susceptible to degradation by the RNA exosome [Chen and Shyu, 2011]. Particularly in the case 

of the P. falciparum, its RNA exosome complex, has been found to be is associated with 

degradation of diverse RNAs, as well as play a particularly important role in degradation of cryptic 
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and antisense RNA [Droll et al., 2018]. Recently, an orthologue of a eukaryotic RNA exosome-

associated RNAse, PfRrp6, has been found in P. falciparum [Fan et al., 2020]. Knockdown of this 

gene was shown to impact regulation of virulence gene expression [Fan et al., 2020]. Repression 

of cytoplasmic mRNA can also occur in complexes called mRNA nuclear ribonucleoprotein 

(mRNP) granules [Baum et al., 2009; Balu et al., 2011]. An additional layer of post-transcriptional 

regulation is mediated by a chromatin-associated exoribonuclease (PfRNase II) that silences a 

subset of the var gene family, independently of the RNA exosome, through degradation of nascent 

cryptic RNA [Zhang et al., 2014].  

Translational repression is seen in some invasion-related genes during the trophozoite 

stage. In fact, translational delay occurs for over 30% of transcribed genes in P. falciparum 

[Vembar et al., 2016]. A DNA/RNA-binding protein, PfAlba1, was found to bind to mRNAs to 

maintain their stability and removal of the protein, in late stage, correlates with protein synthesis 

[Vembar et al., 2015].  

1.3.4.1 Epitranscriptomics 

 

Similar to epigenetic modifications of histones and DNA during transcriptional regulation, 

RNA can also be reversibly modified. Identifying the biochemical modifications to RNA, 

epitranscriptomics, is an emerging field of study. Chemical modifications of tRNA have been 

reported in P. falciparum to be highly coordinated throughout the life cycle [Ng et al., 2018]. There 

are a higher number of modifications seen during trophozoite stage, consistent with increased 

translation, that have been suggested to be related to protein abundancy through enhanced 

translational efficiency [Ng et al., 2018]. The dominate modification on mRNA for the parasite is 

the methylation of N6-methyladenosine (m6A), associated with mRNA stability or translational 

efficiency [Baumgarten et al., 2019].  

Epitranscriptomics are additionally important to the parasite during its switch between its 

host and vector. Various forms of stress can influence this change, requiring the parasite to 

maintain stable protein synthesis through coordinated gene regulation. One such example, recently 

identified, is the cytosine methylation of tRNAAsp (GTC) that allows the parasite to maintain blood-

stage homeostasis during cellular stress [Hammam et al., 2020].  
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1.4 Antigenic variation in P. falciparum 

 
In order for infectious agents, including viruses, bacteria, fungi, and protozoa, to survive 

inside their host, they must avoid clearance by the host immune system. Similar to other 

microorganisms, P. falciparum uses antigenic variation as an evasion mechanism to evade the host 

immune response. This process consists of coordinated changes in the expression of its VSAs, 

which are displayed on the surface of RBCs and recognized by the host immune system [Deitsch 

et al., 2009].  

As a result of the displayed VSAs, the host produces antibodies against them, leading to a 

reduction in iRBCs and thus decreases the overall parasitic load in an infected individual. 

However, before complete clearance, sub-populations arise, expressing a different VSA form, not 

yet recognized by the host antibody response. Surface antigen switching forces the host to 

continually attempt to detect and clear the pathogen, ultimately resulting in waves of chronic 

infection (Fig 1.10) [Miller et al., 1994],  

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 1.10: Waves of P. falciparum parasitemia. P. falciparum chronic infection in RBCs after a single 
mosquito bite. Levels of parasitemia are shown for a period of 260 days. Each wave represents a distinct 
sub-population that expresses a different VSA. Taken from [Miller et al., 1994]. 

 

 

There are two main mechanisms that coordinate the switching of the VSAs, genetic and 

epigenetic. Genetic mechanisms refer to mutation and recombination in DNA of the antigen or its 

regulatory elements, whereas epigenetic mechanisms do not alter the primary nucleotide sequence.  
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Genetic mechanisms are used by African Trypanosomes in a kind of ‘programmed variation’ 

leading to a diversified antigen repertoire [Borst, 2003]. Epigenetic mechanisms allow for 

variation by switching between the expression of members of a gene family in a non-random order 

in cultured P. falciparum parasites [Noble et al., 2013]. At this stage of our knowledge, 

epigenetically-mediated switching remains puzzling [Noble et al., 2013]. Despite an underlying 

mechanism regulating switching, programmed variation may still result in random changes over 

time [Borst, 2003]. An overview of protozoan parasites using programmed antigenic variation and 

the involved gene families is shown below in Table 1.3. 

 

Table 1.3: Multigene families encoding variant surface antigens in different protozoan parasites. 

Modified from [Deitsch et al., 2009]. 

 

Organism Gene Copy number Variant surface antigen 

Trypanosoma brucei  vsg >1000 Variant surface glycoprotein   

Babesia bovis ves and vesβ ∼130-160 Variant expressed surface antigen 

Giardia lamblia   vsp ∼150 Variant surface protein  

Plasmodium falciparum  var  ∼60 Erythrocyte membrane protein 1  
 

 

The most important VSA involved in antigenic variation and pathogenesis in P. falciparum 

are PfEMP1 proteins (P. falciparum erythrocyte membrane protein 1), encoded by the var 

multigene family [Leech et al., 1984b]. Unlike VSGs of trypanosomes, whose primary function is 

to delay the production of anti-trypanosome antibodies to avoid clearance by the humoral immune 

system, PfEMP1 is the main VSA responsible for the strict cytoadherence of mature iRBCs 

[Baruch et al., 1996]. This process is only seen in P. falciparum because the other human malaria 

species do not encode var genes. The sequestration of iRBCs obstructs blood flow and is 

responsible for the phenotypes of severe disease, cerebral and placental malaria (Fig 1.11) [Kyes 

et al., 2001]. Cytoadherence, and its causative sequestration, of iRBCs prevents peripheral 

circulation of the parasitized cells through the spleen where they would be recognized and 

destroyed [Barnwell et al., 1983; Miller et al., 1994]. In addition to endothelial cells, late stage-

iRBCs can also adhere to uninfected RBCs (uRBCs), forming rosettes [Udomsangpetch et al., 
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1989]. This process is believed to help shield the VSAs on the iRBCs from immune-recognition 

by the host.  

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.11: PfEMP1-endothelial receptor interactions mediate sequestration in infected 

erythrocytes (IEs). (A) Typical microvessel found in a variety of organs and tissues in patients with 
malaria. The parasite shown on the left is expressing a PfEMP1 variant that binds CD36 on endothelial 
cells (ECs). In addition to CD36, ECs may also express EPCR, PECAM-1, and ICAM-1.  (B) IE 
sequestration in four different organs. Pregnancy-associated malaria is an organ-specific syndrome initiated 
by the expression of the PfEMP1 variant var2csa, which mediates IE binding to placental CSA. In brain 
ECs, cerebral malaria (CM) is initiated by the expression of a PfEMP1 variant containing DC8 or DC13 
(green circles), which mediates IE binding to EPCR. Respiratory distress and anemia are organ-specific 
malaria syndromes that may occur alone or in combination with CM. Taken from [Aird et al., 2014].  

 

In addition to var genes, several other clonally variant multigene families exist in P. 

falciparum that code for VSAs and undergo antigenic variation. However, only the var gene family 

shows strict singular gene expression, whereas the other families express a subset of family 

members at a given time. A description of these gene families is summarized below in Table 1.4.  
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Table 1.4: Multigene families encoding variant surface antigens in P. falciparum. Abbreviations: PV 
(parasitophorous vacuole), MC (Maurer’s clefts).  

 

  var  rif  stevor  Pfmc-2TM  

Copy number  ∼60 ∼150 ∼30 ∼13  

Gene location  
Subtelomeric and 
central  

Mainly 
subtelomeric 

Mainly 
subtelomeric 

Subtelomeric  

mRNA  3-18 hpi  12-27 hpi  22-32 hpi   18-30 hpi  

Function  
Cytoadherence, 
Immune evasion  

Cytoadherence, 
Immune evasion  

Rosetting Unknown  

Immunogenicity  Yes Yes  Yes Unknown  

Location  iRBC surface, MC  
iRBC surface, MC, 
PV, merozoite  

iRBC surface, MC, 
PV, merozoite  

iRBC surface, MC, 
PV  

Molecular 

weight  
200-360 kDa  30-45 kDa  30-40 kDa  20-25 kDa  

 

 

1.4.1 Mutually exclusive expression of the var gene family 
 

P. falciparum additionally uses mutually exclusive gene expression for antigenic variation. 

This mechanism allows for the expression of one member of a large, multicopy gene family like 

var genes, while the remaining members are silenced. PfEMP1-coding var genes are a major 

player in immune evasion and pathogenesis for P. falciparum parasites [Scherf et al., 1998; Smith 

et al., 1995]. This gene family is conserved among species from the Laverania subgenus of 

Plasmodium, which includes P. falciparum and several ape species [Larremore et al., 2015; Otto 

et al., 2018].  

A recent study showed that var gene expression is not limited to blood stage parasites. A 

particular var gene (called varsporo) was identified on the surface of salivary gland sporozoites 

(NF54 strain). Antibodies raised against the N-terminal varsporo domains significantly reduced 

sporozoite invasion into hepatocytes [Zhangi et al., 2018]. The biological role of varsporo awaits 

further studies. 

Despite advances in the understanding of regulation of this multigene family expression, 

major mechanistic questions concerning how a single member is activated, while the others remain 

silenced, are still unanswered. Epigenetics have been shown to play a major role in this highly 

coordinated regulation and several layers of control are required to achieve activation of one 
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member while simultaneously silencing the rest. The following sections discuss the organization, 

structure, and regulation of var genes.  

 

1.4.1.1 var gene organization and structure within the genome 

 

The different isolated P. falciparum strains share the same general organization and types 

of var genes. The genome of P. falciparum 3D7 strain, the strain used in culture throughout the 

course of this thesis, contains 60 var genes. The 60 var genes are classified into different groups 

depending on the 5’ upstream sequence, position, and orientation within the chromosome, 

summarized below in Table 1.5 and Figure 1.12 [Gardner et al., 2002; Lavstsen et al., 2003; 

Kraemer et al., 2007]. Subtelomeric var genes are found in 13 of the 14 chromosomes whereas 

central var genes are restricted to chromosomes 4, 7, 8, and 12. The var2csa, coding for the 

PfEMP1 involved in pregnancy associated malaria, is found in the subtelomeric region of 

chromosome 12 and belongs to its own group, upsE [Lavstsen et al., 2003]. 

 

 

Table 1.5: Characteristics of P. falciparum var gene groups. Taken from [Kyriacou et al., 2006]. 
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Figure 1.12: Genomic location and organization of var genes. Subtelomeric var genes are located 
adjacent to TAREs. Commonly, the most proximal to the TAREs is a member from the var upsB type 
followed by a var upsA type member transcribed in the opposite direction, towards the telomere. Four 
chromosomes present var clusters of the upsC type in central chromosomal regions and arrayed in tandems. 
rif genes can often be found interspersed within var genes. Taken from [Scherf et al., 2008]. 

 

Subtelomeric var genes tend to undergo more frequent recombination events, due to their 

location, contributing to a greater diversity in var repertoire [Freitas-Junior et al., 2000]. Also 

found in subtelomeric regions are other clonally variant multigene families encoding for VSA like 

rif, stevor and Pfmc-2TM [Gardner et al., 2002].  

All var genes are composed of a 5′ upstream promoter region, followed by exon I, a 

relatively conserved intron, and exon II (Fig 1.13). Exon I codes for the extracellular domain of 

PfEMP1 while exon II codes for the intracellular parts of the PfEMP1 protein [Su et al., 1995].  
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Figure 1.13: Structure and features of var genes. All var genes are composed of two exons with one 
intron between. Exon 1 codes for the polymorphic extracellular domain which contains variable numbers 
of Duffy-binding-like (DBL) adhesion domains and cysteine-rich interdomain regions (CIDR). Exon 2 
encodes the intracellular domain, containing the transmembrane domain and a highly conserved acidic 
terminal segment (ATS). Taken from [Scherf et al., 2008]. 

  

 

1.4.1.1.1 var gene regulation 

 
Throughout the IDC, var gene expression is tightly regulated [Kyes et al., 2007, Schieck 

et al., 2007]. The active var, transcribed by RNA Pol II, reaches its peak expression during ring 

stage, around 12hpi. In late stages, when the expressed PfEMP1 proteins are on the surface of the 

iRBC, the active var is repressed, while remaining poised in order to allow for transcription to be 

initiated in the following cycle (Fig 1.14) [Kyes et al., 2000; Gardner et al., 1996; Kriek et al., 

2003; Lopez-Rubio et al., 2007].  
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Figure 1.14: var gene transcription throughout the intraerythrocytic cycle. A single var gene is 
transcribed in ring stages parasites, and stops transcribing before DNA replication. The active var remains 
in a poised state during trophozoite and schizont stages and is reactivated during the next cycle in the 
majority of the population, while some parasites switch to another member. Taken from [Guizetti and 
Scherf, 2013]. 

 

 

As mentioned in section 1.3.3, var genes have distinct characteristics related to histone 

PTMs, chromatin state, nuclear localization, and binding-proteins.  The single active var gene is 

enriched in euchromatic modifications, H3K9ac and H3K4me2/3, near TSSs [Lopez et al, 2007]. 

In addition, H4Kac and its potential writer PfMYST are also enriched in the promoter of the active 

var gene [Freitas-Junior et al., 2005; Miao et al., 2010]. The double histone variant 

PfH2A.Z/PfH2B.Z is only found during transcription at the active var gene [Bártfai et al., 2010; 

Petter et al., 2011; Petter et al., 2013]. PfH3.3 is enriched in the promoter region of the active and 

later poised var gene [Fraschka et al., 2016]. The poised var gene also maintains the activating 

mark H3K4me2 throughout the cycle [Lopez-Rubio et al., 2007] as well as the protein PfSET10 

[Volz et al., 2012]. 

Silent var genes are commonly enriched in H3K9me3 which facilitates heterochromatin 

formation by recruiting PfHP1 [Lopez et al, 2007; Freitas-Junior et al., 2005; Chookajorn et al., 

2007; Flueck et al., 2009; Pérez-Toledo et al., 2009]. Additionally, the marker H3K36me3 is 

characteristic of silent var genes and is controlled by histone methyltransferase (HMT) PfSETvs 

[Jiang et al., 2013]. Studies have also shown that the protein PfSir2, sirtuin (silent information 
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regulator) HDAC, is involved in var gene silencing [Tonkin et al., 2009]. Features of silent, active, 

and poised var genes are summarized below in Figure 1.15.  

 

 

 
Figure 1.15: Characteristics of silent, active and poised var genes. Mechanisms, modifications and 
factors associated with the different states of var genes are summarized.  

 

 

FISH studies revealed that nuclear organization of var genes is comprised of silent var 

genes clustered and tethered to the nuclear periphery, with central and telomeric var genes 

clustered independently of one another [Ralph et al., 2005b; Lopez-Rubio et al., 2009], and the 

sole active var gene localized to a perinuclear expression site apart from the repressive clusters 

(Fig 1.9) [Ralph et al., 2005b; Mok et al., 2008]. Upon switching, the newly active var gene 

repositions to a transcriptionally permissive site along the nuclear periphery, as shown by DNA 

and RNA fluorescence in situ hybridization (FISH) [Ralph et al., 2005b; Freitas-Junior et al., 2005; 

Voss et al., 2006; Lopez-Rubio et al., 2009]. 

Switching to a new active var gene occurs at low frequency with the rate dependent on the 

location [Horrocks et al., 2004]. For example, central var genes appear to be more stable, with 

switch rates of ∼0-0.3% per cycle, while subtelomeric members have higher switch rates of at 

least ∼1-2% per cycle [Frank et al., 2007]. It remains to be determined what are the chromatin 

factors that determine var switch rates. 

 More factors have been proposed to be associated or related to different var gene states. 

An ApiAP2 protein, PfSIP2, seems to promote heterochromatin formation and thus var silencing 

through its binding to specific promoter sequences in var genes [Flueck et al., 2010]. Antisense 
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ncRNA originating from the bidirectional var intron promoter has been reported to regulate 

activation of var genes [Amit-Avraham et al., 2015; Jing et al., 2018] although these studies relied 

on artificial systems and episomal expression. While deletion of the intron, in its genomic location, 

has shown it is not essential for either activation nor silencing of var2csa, it might potentially play 

a role in switching [Bryant et al., 2017]. Additionally, a family of ncRNA has recently been shown 

to be essential to var gene monoallelic expression, discussion further in section 1.5.2.3. 

 

1.4.2 Other clonally variant gene families associated with virulence 
 

In addition to var genes, the clonally variant rif, stevor, surf, and Pfmc2TM gene families 

are encoded within the P. falciparum genome. These gene families are expressed during the IDC 

and their protein products, RIFINS, STEVOR, SURFINSm and Pfmc2TM, are similarly displayed 

on the iRBC surface. It was when rifin, stevor and Pfmc-2TM families were shown to undergo 

switching [Kyes et al., 1999; Lavazec et al., 2007; Niang et al., 2014], that their involvement in 

antigenic variation was first suggested. However, while studies have shown these gene families 

are associated with virulence, their exact function is still largely unknown. 

The multigene families rif (repetitive interspersed families of polypeptides), stevor 

(subtelomeric variant open reading frame) and Pfmc-2TM (Maurer’s cleft two transmembrane 

protein) are large families that transcribe 2 transmembrane (2TM) proteins. For these three families 

the 2TM domains are found flanking a hypervariable region that codes for the exposed part of the 

antigen (Fig. 1.16) [Lavazec et al., 2006]. They additionally contain a PEXEL motif required for 

the export of the proteins [Hiller et al., 2004; Marti et al., 2004].  
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Figure 1.16: VSAs displayed on the surface of a P. falciparum iRBC. All molecules represented are 
trafficked via Maurer’s clefts to the erythrocyte membrane. PfEMP1 are first exposed, at 18 hpi, with the 
others following later in the IDC. These proteins are coded by clonally variant gene families. Two predicted 
trans-membrane regions for RIFIN, STEVOR and PfMC-2TM are shown, suggesting a loop-formation at 
the iRBC surface. Taken from [Scherf et al., 2008]. 

 

 

These three gene families are conserved in the same species as var genes, in Laverania 

species [Otto et al., 2018b] with the majority located in subtelomeric regions, and the remaining 

within central chromosomal var gene clusters [Gardner et al., 2002]. RIFINs have been shown to 

participate in immune evasion by targeting two immune inhibitory receptors. Specifically, by 

binding leucocyte immunoglobulin-like receptor B1 (LILRB1) to inhibit the activation of B cells 

and natural killer (NK) cells, associated with severe malaria [Saito et al., 2017].  

Resembling RIFINs protein structure, STEVOR proteins have been shown to mediate 

rosetting [Goel et al., 2015]. Unlike PfEMP1, RIFIN, STEVOR, and SURFIN proteins are 

additionally found on the surface of merozoites, to possibly mediate invasion [Petter et al., 2007; 

Khattab et al., 2008; Khattab and Meri, 2011]. An exact role for Pfmc-2TM remains unclear.  
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1.5 Regulatory non-coding RNA 

 

Gene expression at the transcriptional and post-transcriptional levels, can additionally 

be regulated with the help of RNAs not transcribed into proteins, called ncRNAs. In recent 

years, ncRNAs emerged as key modulators of gene expression and have been shown to be 

involved in a broad variety of mechanisms such as mRNA transcription, mRNA splicing, and 

translational efficiency [Pearson & Jones, 2016; Wright & Bruford, 2011]. 

ncRNAs are mainly classified into two categories, according to their length: small RNA 

(<200 nucleotides (nt)) and long non-coding RNA (lncRNA) (>200 nt), although this is an arbitrary 

cutoff as the 180 nt B2 RNA is referred to as an ‘honorary’ lncRNA [reviewed by Long et al, 

2017]. Indeed, mid-size ncRNAs have now recently begun to be characterized, which now refers 

to ncRNA between 50 and 400 nt (Fig 1.17) [Boivin et al, 2019]. 

Canonically, functional ncRNAs are small RNAs and include traditional RNA molecules, 

such as transfer RNA (tRNA), ribosomal RNA (rRNA), small nucleolar RNA (snoRNA), small 

nuclear RNA (snRNA), and telomerase RNA component (TERC). Functional tRNA and rRNA 

are involved in mRNA translation, snoRNA is involved in rRNA modification, snRNA is involved 

in RNA splicing, and finally, TERC plays a role in telomere elongation. Regulatory ncRNAs, often 

referred simply as ncRNAs, include all the other ncRNAs and can have very diverse functions. 

Regulatory ncRNAs include microRNAs (miRNAs), mid-size ncRNAs, and long ncRNAs 

(lncRNAs) [Ponting et al., 2009; Ma et al., 2013]. Finally, natural antisense transcripts (NATs) 

are RNAs transcribed from the opposite strands of DNA that overlap completely or partially with 

the sense RNA [Li et al., 2008; Pelechano et al., 2013]. 

Mid and long ncRNAs can play roles in diverse functions, including transcription, RNA 

processing, RNA degradation, and translation, while being predominantly nuclear [Boivin et al, 

2019; Kopp et al, 2018]. They are commonly transcribed by RNA Polymerase II and can interact 

with DNA, RNA, and proteins to modulate chromatin structure and function, and regulate 

transcription of genes in cis or trans. RNA-binding proteins (RBPs) can stabilize these ncRNA 

and assist in their transport to promoter regions of genes.  
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Figure 1.17: Types and size distribution of different RNA. The different types of RNAs are illustrated 
as a function of their length. The average size of small, mid-size and long RNA is indicated in red, green 
and blue boxes, respectively. Dotted lines indicate the size delimitation between these RNA families. The 
median size of mRNAs and the size of rRNAs that are too large to be visible on the figure are indicated on 
the right. Examples are for human RNA, taken from [Boivin et al., 2019]. 

 

1.5.1 Functions and mechanisms of action of regulatory ncRNA 
 

As previously mentioned, regulatory ncRNA refers to short, mid-size, and long ncRNAs. 

Short ncRNAs, including small interfering RNA (siRNA) and miRNA have well defined functions 

related to mRNA degradation and stability (Table 1.6) including the RNA-interference (RNAi) 

pathway that mediates mRNA silencing [Fire et al., 1998]. Mid and long ncRNAs, on the other 

hand, are still being characterized and have been shown to play an important role in a broad range 

of functions with regulation of transcription by chromatin modulation as the top studied. For 

example, lncRNAs have been shown to facilitate the formation of chromatin loops between distant 

enhancers and promoters [Arnold et al, 2020; Postepska-Igielska et al, 2015; Zhu et al, 2020; 

Cajigas et al, 2018; Tan et al, 2019]. Because ncRNAs have only recently been further classified 

into mid-size ncRNAs, most studies refer to the ncRNA studied as lncRNA. For this reason, in the 

following sections, mid-size ncRNA will be referred to as long ncRNA. 
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Table 1.6: Examples of regulatory ncRNAs. Modified from [Gomes et al., 2013; Li et al., 2020].  

 
 

1.5.1.1 Chromatin remodeling and transcriptional regulation by ncRNA 

 

lncRNAs constitute an important class of epigenetic regulators to control chromatin 

structure. Unique to lncRNAs is their biochemical ability to form RNA-RNA, RNA-DNA, and 

RNA-protein complexes through the interaction with a wide range of molecules to specific RNA 

functional domains [Quinn et al., 2014]. Additionally, the folding of RNA into its 3D structure 

allows for protein recognition and binding.  

Recently, lncRNAs have been shown to control chromatin structure thereby regulating 

gene expression specifically by directly interacting with histone- and DNA-modifying enzymes to 

modify histones or DNA (Fig 1.18) [Rinn et al., 2014; Rinn et al., 2012; Devaux et al., 2015]. For 

example, they can directly bind to chromatin-modifying enzymes to serve as a guide for chromatin 

modifiers to target genomic regions. Long non-coding RNAs (lncRNAs) can interact with 

chromatin modifiers and recruit them to target-gene promoters in order to activate or suppress their 

transcription in cis [Yap et al., 2010; Rosa et al., 2016; Csorba et al., 2014], or in trans at distant 

loci [Holdt et al., 2013]. An example is shown in Figure 1.18.  

LncRNAs can regulate transcription by acting as scaffolds for chromatin- and histone-

modifying complexes and orchestrate their organization spatially and temporally [Pandey et al., 

 ncRNA full name Class, size Function 

siRNA small interfering RNA short ncRNA mRNA degradation 
miRNA micro RNA short ncRNA, 22-23 nt mRNA stability 
piRNA piwi-interacting RNA short ncRNA, 26-31 nt Transposon silencing 
paRNA promoter-associated RNA medium ncRNA Transcription repression 
eRNA enhancer RNA lncRNA Promoter activation 
NAT natural antisense transcript lncRNA mRNA stability 
lincRNA long intergenic ncRNA lncRNA Transcription control 
iRNA intronic RNA lncRNA Transcription control 
satellite satellite ncRNA lncRNA Centromere assembling 
repeat ncRNA repeat-associated ncRNA lncRNA Repeat silencing 
pseudogene RNA pseudogene ncRNA lncRNA mRNA stability 
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2008; Tsai et al., 2010; Khalil et al., 2009; Spitale et al., 2011; Yap et al., 2010]. Additionally, 

chromatin can switch between heterochromatin to its open conformation, euchromatin, from RNA 

binding to histones. The negative charge on RNA can neutralize positively charged histone tails 

leading to their de-compaction [Dueva et al., 2019]. Direct binding of lncRNAs to DNA in cis or 

trans, can facilitate or inhibit proteins from binding and thus, their activity. Furthermore, lncRNAs 

transcription can influence the binding of regulatory factors [Hirota et al., 2008; Lefevre et al., 

2008; Baumgarten et al., 2012].  

 

Figure 1.18: Chromatin regulation mediated by 

long non-coding RNAs. Schematic of a lncRNA 
interacting with chromatin modifiers and recruiting 
them to target-gene promoters, to activate or suppress 
transcription, in cis or trans. HOXA transcript at the 
distal tip (HOTTIP) [Wang et al., 2011; Luo et al., 
2019] acts in cis at the 5′ genes of the HOXA gene 
cluster, with which it interacts through chromatin 
looping. HOTTIP interacts with WD repeat-
containing protein 5 (WDR5), thereby targeting the 
complex to the promoters and promoting histone H3 
Lys4 trimethylation (H3K4me3). Taken from 
[Statello et al., 2021].  
 

 

 

Transcription can also be regulated by nuclear lncRNAs, through the modification of 

histone or DNA modifications, primarily methylation and acetylation. lncRNAs can regulate 

histone methylation or acetylation alone [Zuckerman et al., 2020], or can act as a scaffold that 

interacts with enzymes or methylation and acetylation complexes, thereby regulating histone 

methylation and acetylation simultaneously [Carlevaro-Fita et al., 2016].  

Another mechanism by which lncRNAs regulate transcription is by directly binding to 

RNA Pol II. For example, the 331nt 7SK lncRNA binds RNA Pol II in trans and prevents the 

PTEFβ transcription factor binding, thus affecting transcriptional output of the cell [Peterlin et al, 

2012]. Another example are ncRNAs from Alu SINEs (short interspersed nuclear elements) that 

also bind to RNA Pol II and repress transcription, of specific genes, upon heat shock [Mariner et 

al., 2008]. The assembly of the transcription protein initiation complex (PIC) can be hindered as a 
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result of lncRNAs forming RNA:DNA triplex structures [Martianov et al., 2007] or interact 

directly with TFs to either activate or repress transcription [Shamovsky et al., 2006; Kino et al., 

2010]. Schematics showing some mechanisms of transcriptional regulation by ncRNA are 

illustrated below in Fig. 1.19. 

 
 

Figure 1.19: Examples of ncRNA-mediated transcriptional regulation. (a) LncRNAs can target 
chromatin-modifying complexes, or TFs, to specific loci. (b) Chromatin-modifying complexes can be 
bound to RNA Pol II and act while lncRNAs are being transcribed. (c) Transcription of lncRNAs can also 
cause either activating or repressing chromatin remodeling. (d) LncRNAs binding to RNA Pol II represses 
transcription of target genes. (e) LncRNA-DNA triplex structures inhibit assembly of the PIC and repress 
transcription. Taken from [Geisler and Coller, 2013]. 

 

 

Surprisingly, enhancer regions, short DNA sequences where proteins bind to increase 

transcription potential, are actively transcribed [De Santa et al., 2010; Kim et al., 2010] giving 

way to an additional class of ncRNAs, enhancer RNAs (eRNAs). While their size correlates to 
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lncRNAs, their specific histone methylation markers make them a unique category. Studies have 

shown that these eRNAs have many diverse roles and in some cases the eRNA transcript is 

required for the activity of its enhancer (Fig. 1.20) [Ørom et al., 2010; Wang et al., 2011].  

 

 

Figure 1.20: Stabilization of enhancer-

promoter looping. Schematic diagram 
depicting the roles of eRNAs acting in cis 
(left) to regulate specific enhancer-
promoter looping by supporting cohesin 
binding at enhancers and influencing 
chromatin accessibility by regulating 
recruitment of cohesin complex in trans 
(right) to facilitate gene expression.   

Taken from [Sartorelli et al., 2020]. 
  

 

1.5.1.2 Post-transcriptional regulation by ncRNA 

 

Post-transcriptional regulation, specifically mRNA processing, by lncRNAs occurs by 

forming lncRNA-protein complexes (lncRNPs) that can affect mRNA splicing and output. This 

happens when splicing factors bind to the same motif on lncRNAs rather than on pre-mRNAs [Yin 

et al., 2012; Wu et al., 2016; Yap et al., 2018]. Furthermore, while the mechanism is still unknown, 

NATs can regulate splicing of their associated mRNAs mRNAs [Beltran et al., 2008; Hastings et 

al., 1997; Munroe and Lazar, 1991; Faghihi and Wahlestedt, 2009].  

After mRNA processing, lncRNAs can be involved in regulation of translational efficiency 

[Carrieri et al., 2012] by positively or negatively regulating mRNA stability [Faghihi et al., 2008; 

Gong and Maquat, 2011]. lncRNAs can also stabilize target mRNA by binding to regions where 

miRNAs, involved in mRNA repression, would bind [Faghihi et al., 2008].  More so, miRNAs 

can additionally bind to lncRNAs rather than mRNA, ultimately preventing the interaction of 

miRNA with mRNA targets [Salmena et al., 2011; Cesana et al., 2011; Wang et al., 2010]. 
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1.5.2 ncRNA in P. falciparum 
 

Interest in the involvement of ncRNAs in P. falciparum has been growing, notably in the 

regulation of genes associated with virulence. This interest began largely after 189 RNA-binding 

proteins were discovered, upon sequencing the P. falciparum genome, which highlighted the 

potential of RNA-mediated regulation in the parasite [Gardner et al., 2002]. Furthermore, for a 

large number of genes, widespread and developmentally regulated long antisense transcripts has 

been reported [Siegel et al., 2014; Vembar et al., 2014]. Overall, ncRNA studies are still an 

emerging field in malaria parasites with only a few examples that have a biological function 

determined.  

1.5.2.1 Human miRNA able to modulate P. falciparum RNA 

 

RNA interference (RNAi) pathway uses double-stranded RNA to regulate the expression 

of protein-coding genes by silencing of genes through a sequence-specific fashion. miRNAs are 

the sequence-specific component of the RNA-induced silencing complex (RISC). While it appears 

that P. falciparum parasites lack the components of the RNAi pathway [Gardner et al., 2002; Baum 

et al., 2009] and no associated miRNAs have been detected [Xue et al., 2008], evidence suggests 

that human-derived miRNAs are imported into P. falciparum where the parasite uses them to 

modulate its own gene expression. It is suggested that these imported RNAs interact with mRNAs 

by a process of trans-splicing and prevent ribosomes from loading thus repressing translation 

[LaMonte et al., 2012]. The biological impact of this work needs further validation.  

 

1.5.2.2 Subtelomeric lncRNA 

 

Using a high-resolution DNA tiling array, Broadbent et al. [Broadbent et al., 2011] 

investigated the role of lncRNAs and identified a family of 22 telomere-associated lncRNAs, 

termed lncRNA-TARE (telomere-associated repeat elements). These lncRNA-TAREs were 

shown to exhibit coordinated expression during DNA replication and contain the binding sites, 

SPE2, for PfSip2 suggesting that PfSip2 regulates the lncRNA-TARE locus [Flueck et al., 2010; 

Broadbent et al., 2011]. Sierra-Miranda et al., additionally discovered that TARE-3 and TARE-6 
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lncRNA that colocalizes to a perinuclear compartment, linked with heterochromatin, during ring 

stage. Later, in schizont stage, the full length ncRNAs form nuclear foci [Sierra-Miranda et al. 

2012]. 

 

1.5.2.3 Natural antisense transcripts  

 

NATs have been identified in P. falciparum and are thought to have a role in gene 

regulation. Transcription of a particular NAT has been shown to be highly correlated to that of its 

related mRNA, coded by the gene PfGDV1 (P. falciparum gametocyte development 1), an 

activator of sexual commitment [Broadbent et al., 2015]. Sexual commitment to 

gametocytogenesis, triggered by environmental factors, has been shown to be activated by GDV1 

expression under the control of its NAT [Filarsky et al., 2018].  Specifically, PfGDV1 NAT has 

been shown to target heterochromatin to evict the ap2-g repressor, HP1 [Filarsky et al., 2018].  

 

1.5.2.4 Pf-var-aslncRNAs 

 

A new candidate in var gene regulation are var gene antisense long non-coding RNAs 

(aslncRNAs). Transcription of a particular one of these nuclear ncRNAs, originating from the var 

intron until exon I (Fig 1.22) [Epp et al., 2009], has been proposed to activate its corresponding 

var gene [Jiang et al., 2013; Avraham et al., 2015; Jing et al, 2018]. These studies are based on 

episomal constructs. Contrarily, other studies state that these ncRNAs are either not overall 

correlated with var gene activation or silencing, or essential [Ralph et al., 2005a; Bryant et al., 

2017]. Bryant et al. demonstrated that upon deletion of the var2csa intron, var gene activation was 

not inhibited implying that aslncRNA is not essential for var gene activation [Bryant et al., 2017]. 

It still debated what is the biological role of intron derived ncRNA in var transcriptional regulation. 
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Figure 1.22: Illustration of var gene and regulatory elements. A central var gene, composed of a 
promoter, exon I, intron, and exon 2. Sense and antisense lncRNAs are transcribed from the intron. 
Upstream at the 5’ end of some central var genes are GC-rich elements, transcribed into ncRNA. Modified 
from [Vembar, et al., 2014].  

 

 

1.5.2.5 RUF6 ncRNA 

 
 

In addition to the var gene intron-derived lncRNAs, another group of ncRNAs have been 

found to be related to virulence in the pathogen. A family of mid-sized ncRNAs, 136 nt, was 

discovered after identifying conserved sequences with high GC-content, more than 50%, in 

intergenic regions of central chromosomal var clusters (Fig 1.23) [Hall et al., 2002; Hyman et al., 

2002; Gardner et al., 2002]. This GC-content is high for P. falciparum, considering its genome has 

~20% GC content genome-wide with the highest AT-content than any other organism known to 

date and the transcriptional peak for these ncRNAs occurs during late ring stages, as shown by 

transcriptomic studies [Mourier et al., 2008; Otto et al., 2010; Broadbent et al., 2011; Siegel et al., 

2014; Wei et al., 2014]. Interestingly, this ncRNA gene family is conserved only in Plasmodium 

species from the Laverania subgenus that also contain var, rif and stevor virulence gene families 

[Otto et al, 2018], suggesting a regulatory role in virulence gene expression. 

 

 

 

Sense 

Antisense 



1.5 Regulatory non-coding RNA  
 

 61 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.23: Genomic organization and sequence alignment of RUF6 ncRNA gene family. 
Chromosomal location of var genes (black arrowheads), GC-rich ncRNA elements (red arrowheads) and 
T-serine ligase gene (green arrowhead) within the 3D7 genome (modified from Fastman et al., 2012). Only 
five last digits of gene numbers are displayed (PF3D7_chr#xxxxx). Direction of the arrowhead indicates 
orientation of gene. Drawing is not to scale and chromosome 14 is omitted since it does not contain any var 
genes or GC-rich elements. Promoter subtype for each var genes is shown (ups A, A/B, B, B/C, C, E). 
Taken from [Guizetti et al., 2016]. 

 

 

The GC-rich sequences code for a novel family of 15 highly homologous ncRNAs (89.9-

100% conserved, Fig 1.24), annotated as RNA of unknown function 6 (RUF6), with loci 

interspersed between central var and rif genes, [Chakrabarti et al., 2007; Mourier et al., 2008; 

Panneerselvam et al., 2011]. Their positioning relative to var genes and their high sequence 

conservation amongst the different members first suggested they play a role in the regulation of 

var expression (Fig. 1.28). Unlike other regulatory mid and long ncRNAs, RUF6 members contain 

the A- and B-box that is only found at RNA Pol III-transcribed tRNA genes, and short interspersed 

nuclear elements (SINE) in other organisms [Guizetti et al., 2016].  
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Figure 1.24: Genomic organization and sequence alignment of RUF6 ncRNA gene family. Multiple 
sequence alignement of highly conserved GC-rich non-coding RUF6 RNA elements. 15 members of RUF-
6 gene family aligned by Clustal Omega (http://www.ebi.ac.uk) and presented in Jalview 
(http://www.jalview.org). Degree of conservation per base and consensus sequence are displayed below. 
Black lines show position of potential A- and B-box consensus motifs (as assessed in [Dieci et al., 2013]). 
Taken from [Guizetti et al., 2016]. 

 

Recently, two studies have shown that RUF6 ncRNA is linked to the regulation of mutually 

exclusive transcription of the var multigene family [Guizetti et al, 2016; Barcons-Simon et al, 

2020]. First, through fluorescence in situ hybridization (FISH), these ncRNAs were shown to 

colocalize to the var gene expression site. Second, episomal overexpression of a distinct RUF6 

member resulted in the deregulation of mutually exclusive var gene expression [Guizetti et al, 

2016]. A small subset of var genes was upregulated in RUF6 transfected parasites. In addition, 

downregulating the entire RUF6 gene family, provided further evidence for the necessity of RUF6 

ncRNA in mutually exclusive var gene activation [Barcons-Simon et al, 2020]. Barcons-Simon et 

al. developed a CRISPRi approach, targeting all 15 GC-rich members simultaneously, and 

confirmed their implication in var activation, as ncRNA down-regulation led to var gene family 

repression.  

Steady state transcriptional analysis, of the 15 RUF6 ncRNA members, indicated that when 

a single RUF6 gene is predominantly transcribed, it is always found adjacent to the 5’ region of 

an active central var gene [Barcons-Simon et al., 2020]. Conversely, when an active subtelomeric 

or central var lacking a RUF6 gene, with this configuration, RUF6 transcription occurs from 

multiple loci at lower levels (Fig 1.25) [Barcons-Simon et al., 2020]. It has previously been 

reported that switch rates of var genes for central members are less prone to switch than 
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subtelomeric [Frank et al., 2007]. It is therefore speculated that adjacent RUF6 transcription could 

aid in opening chromatin for transcriptional machinery to be accessible at the var promoter or 

stabilize the open conformation. In fact, a recent study, using the Assay for Transposase-

Accessible Chromatin by sequencing (ATAC-seq), showed increased accessibility at GC-rich 

genes adjacent to actively transcribed var and rif genes [Ruiz et al., 2018].  

 

 

 

 

Figure 1.25: Illustration showing GC-rich RUF6 ncRNA and var genes relative chromosomal 

location. Three different possibilities for the chromosomal location of var genes relative to that of GC-rich 
RUF6 genes are shown. Only a subset of central var genes harbor RUF6 genes adjacent to the 5’ upstream 
sequence of a var. These var genes, once activated, are less prone to switch then subtelomeric var genes or 
central var genes with no adjacent RUF6.  
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1.6 Aim of thesis: 

 
Because the vast functions of mid and long-ncRNAs are primarily facilitated by RNA-

binding proteins (RBPs), it is likely that interacting proteins play a role in the mechanism of action 

for RUF6 ncRNA and the activation of a var gene locus (Fig 1.26) [Mohibi et al, 2019; Gerstberger 

et al, 2014]. Out of the 189 RNA-binding proteins, discovered in P. falciparum, functions for the 

majority are still undetermined [Gardner et al, 2002; Vembar et al, 2014; Reddy et al, 2015]. These 

data all led to formation of the aim of my PhD project, to identify the RUF6 ncRNA-binding 

protein interactome to gain insight into key questions:  how RUF6 ncRNA is targeted to the var 

expression site and how this ncRNA promotes singular var gene activation. At the beginning of 

my thesis in April 2019, the schematic model, shown below, of the proposed action of RUF6 

lacked any interacting protein partners.  

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 1.26: Schematic model of the role of RUF6 ncRNA in var activation in the perinuclear 

expression site. According to the model, RUF6 ncRNA acts in trans to activate a singular member of the 
var gene family. 
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Part 2  

2 Results  

 
Contents:  

 

2.1 Discovery of RUF6 ncRNA interacting proteins 

2.2 RUF6 ncRNA is regulated by external factors  

 

This second part contains the main results of my thesis, linked to the study of RUF6 ncRNA. Each 

section is presented in the format of an independent manuscript including the summarized methods 

used and a brief discussion. Section 2.1 corresponds to results currently submitted for review. 

Section 2.2 describe results in preparation for submission. Additional preliminary results can be 

found in Appendices A-C.  
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2.1 Discovery of RUF6 ncRNA interacting proteins  

 
 

 The highlights of this section are: 

 

- Optimizing ChIRP-MS in P. falciparum  

- Validating RUF6-binding candidate proteins 

- Functional studies of RUF6-binding DDX5 protein  

 

 

Results from this manuscript are currently submitted for review. My contribution to the work was 

conceptualization, experimental design, constructs and strains generation, performing all of the 

experiments (with the exception of the EMSAs), analyzing the data, and writing the manuscript. 

  



2.1 Discovery of RUF6 ncRNA interacting proteins  
 

 69 

 

 

Discovery of RUF6 ncRNA interacting proteins 

involved in P. falciparum immune evasion  

 

Diffendall, G1,2., Barcons-Simon, A1,2, 5., Baumgarten, S.3, Dingli, F4., Loew, D4., Scherf, A1, * 

1Universite Paris Cité, Institut Pasteur, Biology of Host-Parasite Interactions Unit, INSERM U1201, 

CNRS EMR9195, Paris, France. 

2Sorbonne Université Ecole doctorale Complexité du Vivant ED515, Paris, France. 3Plasmodium RNA 

Biology, Institut Pasteur, Paris, France 
4Institut Curie, PSL Research University, Centre de Recherche, CurieCoreTech Mass Spectrometry 

Proteomics, Paris, France 

5Biomedical Center, Division of Physiological Chemistry, Faculty of Medicine, Ludwig-Maximilians-

Universität München, Munich 82152, Germany 

 

*Corresponding author: artur.scherf@pasteur.fr  

  

Abstract: 

  
Non-coding RNAs (ncRNAs) are emerging regulators of immune evasion and transmission of 

Plasmodium falciparum. RUF6 is a ncRNA gene family that is transcribed by RNA Polymerase 

III but actively regulates the Pol II-transcribed var virulence gene family. Understanding how 

RUF6 ncRNA connect to downstream effectors is lacking. We developed an RNA-directed 

proteomic discovery (ChIRP-MS) protocol to identify in vivo RUF6 ncRNA protein interactions. 

The RUF6 ncRNA interactome was purified with biotinylated antisense oligonucleotides. 

Quantitative label-free mass spectrometry identified several unique proteins linked to gene 

transcription including: RNA Pol II subunits, nucleosome assembly proteins, and a homologue of 

Dead-Box Helicase 5 (DDX5). Affinity purification of Pf-DDX5 identified proteins originally 

found by our RUF6-ChIRP protocol, validating the technique’s robustness for identifying ncRNA 

interactomes in P. falciparum. Inducible displacement of nuclear Pf-DDX5 resulted in significant 

down-regulation of the active var gene. Our work identifies a RUF6 ncRNA protein complex that 

interacts with RNA Pol II to sustain var gene expression, including a helicase that may resolve G-
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quadruplex secondary structures in var genes to facilitate transcriptional activation and 

progression. 

 

Introduction: 

 
Non-coding RNAs (ncRNAs) are increasingly recognized as key players in all aspects of the 

cellular life cycle (Cech & Steitz, 2014) ncRNAs are mainly classified into two categories, 

according to their length: small RNA (<200 nucleotides (nt)) and long non-coding RNA (lncRNA) 

(>200 nt), although this is an arbitrary cutoff as mid-size ncRNAs ranging from 40 to 400 nt 

emerge as regulatory RNAs with diverse functions (Boivin et al., 2019). Mid and long ncRNAs 

can play roles in diverse functions, including transcription, RNA processing, RNA degradation, 

and translation, while being predominantly located in the nucleus (Boivin et al., 2019; Kopp & 

Mendell, 2018). They are characterized by the absence of protein-coding capabilities, and 

commonly transcribed by RNA Polymerase II (Erdmann et al., 2001; Fernandes et al., 2019). Of 

note, the B2 RNA is transcribed by RNA Pol III yet it can directly bind to RNA Pol II and regulate 

its activity (Allen et al., 2004). ncRNAs can directly interact with DNA or RNA, while RNA-

binding proteins commonly contribute in regulatory functions. RNA-binding proteins (RBPs) can 

stabilize ncRNA and assist in their transport to promoter regions of genes. RBPs have also been 

shown to facilitate the formation of chromatin loops between distant enhancers and promoters 

(Arnold et al., 2020; Cajigas et al., 2018; Postepska-Igielska et al., 2015; Tan-Wong et al., 2019; 

Zhu et al., 2020). 

 

The human malaria protozoan parasite P. falciparum remains a global health burden that claims 

hundreds of thousands of lives each year (W.H.O., 2021). This pathogen lacks the canonical RNAi 

machinery, including the key enzyme Dicer that processes transcribed shRNAs into siRNAs 

(Baum et al., 2009). Developmentally regulated long ncRNAs have been first described, 

originating from the promotor located in the intron of a virulence gene encoded by the var gene 

family (Calderwood et al., 2003; Su et al., 1995). Transcription of lncRNA originating from the 

var gene intron was observed to correlate with var gene activation (Amit-Avraham et al., 2015; 

Jiang et al., 2013; Jing et al., 2018). However, Bryant et al showed that deletion of the endogenous 

var gene intron using genome editing did not block transcriptional silencing or activation of the 

targeted var gene but did lead to higher rates of var gene switching (Bryant et al., 2017). 



2.1 Discovery of RUF6 ncRNA interacting proteins  
 

 71 

Subtelomeric non-coding regions, producing long ncRNAs from repetitive DNA regions, were 

also reported (Broadbent et al., 2011, 2015; Raabe et al., 2012; Siegel et al., 2014; Sierra-Miranda 

et al., 2012). Although the biological role for most ncRNA is missing, only a few functional studies 

connect ncRNA mechanistically to sexual commitment and antigenic variation of malaria 

parasites. The activation of the Ap2G Master regulator of sexual commitment, is controlled by an 

antisense RNA of the GDV1 gene (Filarsky et al., 2018). P. falciparum relies on the mutually 

exclusive expression of virulence gene families to survive within its host (reviewed in (Guizetti & 

Scherf, 2013; Wahlgren et al., 2017). In particular, the 60-member var multigene family codes for 

PfEMP1, an important variant surface adhesion molecule central to the development of the 

pathogenesis of the disease (Miller et al., 2002). All var genes are composed of a 5′ upstream 

promoter followed by exon I, a relatively conserved intron, and exon II at subtelomeric and central 

locations in each chromosome. Transcription of this gene family is tightly regulated by multiple 

epigenetic layers to ensure mutually exclusive expression at a specific expression site. 

Remarkably, G4 quadruplex motifs are enriched in var gene promotor and coding regions (Gage 

& Merrick, 2020; Gazanion et al., 2020; Smargiasso et al., 2009) Stabilized coding-strand G4 can 

inhibit transcription of reporter genes in transfected P. falciparum (Harris et al., 2018), raising the 

possibility that specific helicases may be involved in var gene activation (Smargiasso et al., 2009). 

 

The active var gene is enriched in histone marks H3K4me3 and H3K9ac as well as the histone 

variant H2A.Z, and localizes to a distinct perinuclear expression site (Lopez-Rubio et al., 2007, 

2009; Petter et al., 2011; Ralph et al., 2005). All other var genes remain transcriptionally silenced, 

tethered in repressive clusters enriched in histone modifications H3K9me3,  H3K36me3 and 

heterochromatin protein 1 (Pf-HP1) and at the nuclear periphery (Flueck et al., 2009; Jiang et al., 

2013; Lopez-Rubio et al., 2009; Pérez-Toledo et al., 2009). While the histone mark signatures for 

active, poised and silent var genes have been described (Guizetti & Scherf, 2013), it is unclear 

how the RNA Pol II transcriptional machinery is recruited to the var gene expression site.  

 

The RUF6 ncRNA gene family (15 members) has recently been proposed to be linked to mutually 

exclusive transcription of the var multigene family (Barcons-Simon et al., 2020; Guizetti et al., 

2016; Wu et al., 2019). RUF6 ncRNA was shown to colocalize in trans to the var gene expression 

site by fluorescence in situ hybridization (FISH), and the episomal overexpression of RUF6 
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resulted in the upregulation of previously silenced var genes, thus disrupting monoallelic 

expression (Guizetti et al., 2016). Downregulating the entire RUF6 gene family, using CRISPR 

interference (CRISPRi), led to a concurrent down-regulation in all var genes, (Barcons-Simon et 

al., 2020). RUF6 genes are 135 nucleotides long and have a GC-content higher than 50%, which 

is striking when compared to ~20% GC content genome-wide (Chakrabarti et al., 2007; Gardner 

et al., 2002). Interestingly, this ncRNA gene family is conserved only in Plasmodium species from 

the Laverania subgenus that encode a var gene family (Otto et al., 2018). Unlike other ncRNAs, 

RUF6 members contain canonical A- and B-box required for RNA polymerase III (Pol III) 

transcription. Although RUF6-mediated var gene activation has been genetically validated, an 

understanding of how nuclear RUF6 ncRNA interacting proteins mechanistically connect to their 

downstream effectors are missing. 

 

In this study, we shed light on the mode of action of the RUF6 ncRNA by exploring its interaction 

partners. To identify specific RUF6 ncRNA-binding proteins in their native cellular context, we 

used a recently reported method termed Chromatin Isolation by RNA Purification followed by 

liquid chromatography-mass spectrometry (ChIRP-MS) (Chu et al., 2015; Chu & Chang, 2018). 

Chu and colleagues first used the technique to newly identify novel protein partners of the lncRNA 

Xist, essential for X chromosome inactivation in mammals. We adapted ChIRP-MS to P. 

falciparum for the first time, which allowed for the systematic discovery of RUF6 ncRNA binding 

proteins. The identified interactome indicates that RUF6 ncRNA interacts directly with RNA Pol 

II transcription at the var expression site. Using RNA immunoprecipitation, proteomics, and an 

inducible knock sideways approach, we identify the Deadbox RNA helicase, Pf-DDX5 as being a 

regulator of transcription of virulence genes. 

 
Results: 

Identification of RUF6 ncRNA-interacting proteins by ChIRP-MS 

Given the lack of sequence homology between var gene loci and RUF6 ncRNA we hypothesize 

that RUF6 ncRNA associates with the active var loci via RNA-binding proteins (Fig. 1A). To test 

this hypothesis, we conducted electrophoretic mobility shift assays (EMSAs) using a biotinylated 

probe of a ncRNA RUF6 member (PF3D7_1241000). We observed a specific gel shift when 

incubating the probe with a nuclear extract of asynchronous parasites that was reproducible among 
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four independent experiments. An excess of an identical unlabeled probe competed for the binding 

factor, resulting in lack of a shift in the labeled probe. The same result was not obtained if a 

nonspecific competitor probe was used (Fig. 1B). These data suggest the presence of a specific 

RUF6 ncRNA binding factor. 

 

To identify potential RUF6 ncRNA binding proteins in vivo, we adapted the Chromatin Isolation 

by RNA Purification (ChIRP) method developed by Chu et al (Chu et al., 2012, 2015; Chu & 

Chang, 2018) to P. falciparum (Fig. 1C). This technique cross-links cells in their native context 

using formaldehyde before hybridization of the target RNA with biotinylated oligonucleotides. 

Biotin-associated proteins are digested on-beads and identified after peptides desalting by liquid 

chromatography-tandem mass spectrometry (LC-MS/MS). Negative controls like non-interacting 

probes and RNase A treatment of lysate prior to ChIRP are included.  

 

To investigate the interactome of RUF6, we preformed ChIRP-MS on a 3D7 clone which expresses 

the RUF6 gene PF3D7_0412800 and the adjacent var gene PF3D7_0412700 (Barcons-Simon et 

al., 2020). We designed two sets of antisense biotinylated (3’-TEG Biotin) DNA oligo probes (odd 

and even) that hybridize to the active ncRNA and target the regions less prone to be located within 

a loop according to the predicted secondary structure (Fig. 1D, Table S1). As a control, we used a 

pool of two different scrambled probes that had similar GC-content to the target probes but were 

not predicted to bind anywhere in the genome. To eliminate non-RNA-specific protein interaction 

partners, one additional experimental group was performed in which cells were first treated with 

RNAase A, then incubated with RUF6-targeted probes. Quantitative reverse transcription PCR 

(RT-qPCR) on RNA isolated from each ChIRP replicate showed that RUF6 ncRNA was 

specifically enriched with both odd and even targeted probes, but not with the scrambled probes 

or the samples treated with RNase A (Fig. 1E). 

 

Having demonstrated the specificity of the ChIRP technique with RUF6 ncRNA, we performed 

ChIRP and on-bead digestion followed by LC-MS/MS at 18 hpi, when both the active var and 

RUF6 ncRNA are transcribed, to identify proteins that interact with RUF6 ncRNA in vivo. We 

used four biological replicates, grown and harvested at separate times, and performed a label-free 

mass spectrometry quantification to identify enriched proteins in the targeted even probe samples 
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compared to the control samples. This led to the quantification of 571 total P. falciparum proteins 

(false discovery rate [FDR] of 1%, number of proteotypic peptides used ≥ 3, Fig. 2A, Table EV1). 

Target probes were compared to each of the two controls separately to determine a list of candidate 

proteins. We selected proteins that were significantly enriched or unique in the target sample 

compared to one or both controls (ratio ≥ 2.0, adjusted p-value ≤ 0.05 or unique proteins). The 

targeted RUF6 probes for all four replicates yielded a total of 386 significantly enriched or unique 

proteins (Fig. 2A, Tables EV2-3). Unique proteins in the target samples included three ApiAP2 

transcription factors, two subunits of RNA Pol II, chromodomain-helicase-DNA-binding protein 

(Pf3D7_1023900.1), DNA topoisomerase 2 (Pf3D7_1433500.1), transformer-2 

(Pf3D7_1002400.1), ATP-dependent RNA helicase DDX5 (Pf3D7_1445900.1), and multiple 

RNA-binding proteins and proteins with unknown functions. An RNA-binding protein 

(Pf3D7_1330800) was significantly enriched in target samples compared to both control groups 

(ratio = 4.92 adj. p-value = 9.44E-03 vs scrambled probes and ratio = 3.73 adj p-value = 1.49E-05 

vs RNase treated comparisons). Significantly enriched proteins in target samples compared to 

control scrambled probe samples included: a DNA/RNA-binding protein Alba2 (Pf3D7_1346300; 

ratio = 12.13, p = 0.05), proteins of unknown function (Pf3D7_0813300; ratio= 5.71, p= 6.81E-04 

and Pf3D7_0821400; ratio = 3.74, p = 0.02). Proteins significantly enriched or uniquely found 

with targeted probes gave gene ontology terms related to mRNA- (p = 9.96E-20), RNA- (p = of 

1.14E-18), and nucleic acid- (p = 1.87E-15) binding (Fig. 2C, Table EV4). Such terms are 

consistent with transcription and gene regulation.  

 

Analysis of ChIRP-MS interacting proteins 

For downstream analysis, we selected candidate proteins if they met one or more of the following 

selection criteria: 1) have predicted RNA-binding potential, 2) have a function in gene activation, 

and/or 3) are conserved specifically in the var gene-containing Laverania species but not in 

malaria species that do not encode var genes (Plasmodium species). This selection left a list of 15 

candidates: 11 unique proteins in the target sample compared to both controls and 4 unique proteins 

in the target sample compared to the scrambled probe control (Fig. 2B, D, Tables EV5-6). The top 

six candidates were selected to begin with further validation due to their predicted RNA-binding 

properties and involvement in gene regulation (Fig 2D). We were successful in C-terminal tagging 

two of the six candidates for further validation. We used the Selection Linked Integration (SLI) 
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strategy (Birnbaum et al., 2017) to generate strains in which the candidate proteins 

Pf3D7_1445900 Pf-DDX5 and Pf3D7_1423700 unknown function was tagged with a GFP 

epitope. To confirm that the candidate proteins bind to RUF6 ncRNA, we performed RNA 

immunoprecipitation (RIP) followed by RT-qPCR with three biological replicates, grown and 

harvested at separate times, for wild-type 3D7 parasites and the GFP-tagged proteins of interest in 

nuclear extracts of ring stage parasites. A significant enrichment (p = 0.0078) was observed for 

RUF6 in Pf-DDX5-GFP parasites, but not in Pf3D7_1423700-GFP parasites (Fig. 3A).  No 

enrichment was observed for controls mRNA fructose-bisphosphate aldolase (FBA, 

Pf3D7_1444800) or tRNA Alanine (Pf3D7_0411500) (Fig 3C). These data suggest that the Pf-

DDX5, but not the other candidate protein (Pf3D7_1423700), binds to RUF6 ncRNA. Western 

blot (Fig. 3B) and Immunofluorescence (Fig. 3C) analyses showed that Pf-DDX5 was present in 

the nucleus in ring and trophozoite stages, during which var gene and RUF6 transcription peaks. 

Having demonstrated the association of Pf-DDX5 and RUF6 ncRNA, we set out to gain insight 

into the protein interactome of Pf-DDX5. We performed immunoprecipitation followed by 

quantitative mass spectrometry of Pf-DDX5-GFP and GFP-tagged Pf3D7_1423700, which served 

as a control since it was found to not bind RUF6 by RIP (Fig. 3A). A total of five biological 

replicates, with the parasites grown and harvested at separate times, was done. Analysis of the 

quantitative mass spectrometry data revealed significant enrichment of the control protein (ratio = 

3.00, p = 1.13E-14) and Pf-DDX5 (ratio = 4.88, p = 3.92E-28) in their respective samples (Fig. 

4A, Table E7).  

 

A comparison of the proteins that were significantly enriched in the Pf-DDX5 IP-MS with those 

in the RUF6 ChIRP-MS revealed key similarities and differences. 110 proteins were significantly 

enriched only in the Pf-DDX5 IP-MS, but not in the RUF6 ChIRP-MS, suggesting that DDX5 

could be part of multiple protein complexes with various cellular functions not limited to RUF6 

mediated var gene regulation. In fact, while GO analysis for all significantly enriched proteins in 

the Pf-DDX5 sample showed the top results were translation (p = 1.90) and  structural component 

of the ribosome (p = 1.36, Tables EV8-9), these changed greatly when only looking at shared 

proteins in the Pf-DDX5 sample that were also found in the targeted RUF6 ChIRP-MS. Twenty 

three proteins that were unique or significantly enriched in the RUF6 ChIRP-MS were also 

significantly enriched in the DDX5 IP-MS (Fig. 4B, Table EV10).  
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These shared proteins have functions mainly related to regulation of DNA-templated transcription 

initiation by RNA Pol II  (p = 1.27E-04, Fig. 4C Table EV11). GO analysis of these shared proteins 

revealed that three of the topmost significantly enriched molecular functions were protein binding 

(p = 4.49E-06), RNA binding (p = 0.006), and single-stranded DNA exodeoxyribonuclease activity 

(p = 0.009, Table EV12). Biological process GO analysis showed chromatin assembly (p = 2.16E-

03) and two out of the four proteins having to do with ‘regulation of transcription initiation from 

RNA polymerase II promoter’, ‘positive regulation of RNA polymerase II transcription 

preinitiation complex assembly’ were found in the shared proteins between RUF6 and Pf-DDX5 

samples (p = 1.27E-04, Table EV11).  

 

Importantly, seven proteins from our original shortlisted candidate proteins from the RUF6 ChIRP-

MS (Fig. 2D) were found to be significantly enriched in the Pf-DDX5 IP-MS : proteins of unknown 

function (Pf3D7_1455300.1, ratio = 2.34, p = 1.99E-04, Pf3D7_0721100.1, ratio = 1.99, p = 

2.51E-06, and Pf3D7_0819600.1, ratio = 2.05, p = 6.44E-04), polyadenylate-binding protein 

(Pf3D7_1107300.1, ratio = 3.14 , p = 3.95E-05), chromatin remodeling protein (Pf3D7_1104200.1 

ratio = 6.39, p = 2.59E-05), pre-mRNA-processing factor (Pf3D7_1110200.1, ratio = 2.39 , p = 

3.39E-02), and nucleosome assembly protein (Pf3D7_0919000, ratio = 2.03, p = 1.72E-03). 

Finding shared proteins between the two techniques further strengthens the evidence that Pf-DDX5 

is part of a larger protein complex associated with RUF6 ncRNA. Shared proteins have GO 

analysis results for nucleosome positioning, chromatin organization, and protein-DNA complex 

subunit organization (p = 1.23E-03, 1.84E-02, 0.04).  

  

Nuclear DDX5 is involved in var gene regulation 

We hypothesized that RUF6 ncRNA-associated Pf-DDX5 may have a direct role in the immune 

evasion mechanism. We used a knock sideways approach (described in Birnbaum, J., et al. 2017) 

to study the function of Pf-DDX5. Knock sideways is based on the ligand-induced dimerization of 

FK506-binding protein (FKBP), which is fused to the endogenous Pf-DDX5, and FKBP-

rapamycin binding protein (FRB), that is separately expressed and fused to a mislocalizer, 

anchored to the parasite plasma membrane (PPM). Upon addition of rapamycin, Pf-DDX5 levels 

decreased substantially in the nucleus (60-hour treatment) (Fig. 5B), and colocalization with the 
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FRB mislocalizer increased in the PPM (Fig. 5A). Parasite growth appeared to be unaffected after 

two growth cycles, but lower parasitemia was observed after 5 days of treatment (p = 0.031) (Fig. 

5C), indicating a fitness cost for Pf-DDX5 displacement. This observation supports the phenotype 

observed for piggyBac transposon mutagenesis for this gene (M. Zhang et al., 2018). To determine 

the effects of Pf-DDX5 knock sideways on transcription, we treated synchronized parasites with 

rapamycin for 60 hours, which is within a window of time when growth should not yet be affected, 

and harvested ring stage parasites when var gene transcription reaches its peak. Giemsa staining 

of the harvested parasites confirm that both control and rapamycin-treated parasites were at ring 

stage (Fig. S2). Additionally, the age of the parasites was estimated to be ring stage (Fig. S3), 

shown in a heatmap of Pearson r correlation coefficients. Three biological replicates were used 

with the parasites grown and harvested at separate times. Rapamycin induced mislocalization of 

Pf-DDX5 resulted in significantly down-regulated (568) and up-regulated genes (301); 

Benjamini–Hochberg-adjusted p-value (i.e., q) ≤ 0.05) (Table EV13).  

 

RUF6 transcript levels were not affected indicating that Pf-DDX5 does not interfere with the 

stability of this ncRNA (Fig. 6A). Importantly, the single active var gene in this clone was one of 

the topmost significantly down-regulated genes (q = 2.59E-06) (Fig. 6B, C, D). 

 

GO enrichment analysis revealed that down-regulated genes were enriched in the biological 

processes of translation (p = 9.47E-34) and RNA processing (p = 9.69E-22, Table EV14). Genes 

included in these categories encode splicing factors, a subunit of RNA Pol III, and proteins with 

unknown functions). GO enrichment analysis revealed that up-regulated genes were enriched in 

the biological processes: movement in host environment (p = 2.41E-21) and entry into host (p = 

4.75E-21, Table EV15). Together, these data indicated that the recruitment of Pf-DDX5 by RUF6 

ncRNA to the active var gene promotes transcription, possibly by resolving secondary structures 

that are highly enriched in this gene family (Gazanion et al., 2020). 

 

Discussion 

Despite the association of ncRNAs as regulators of malaria parasite pathogenesis and transmission, 

the underlying molecular mechanisms remain elusive. To overcome technical challenges and 

explore key open-ended questions, we developed a new tool for malaria parasites aimed to identify 
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ncRNA-protein interactions in their native cellular context. We established a robust ChIRP-MS 

protocol using biotinylated tiling oligo probes for RUF6 (see Fig. 1D). After validating our probes 

in pull down assays, this new tool was used to identify RUF6 associated proteins. Importantly, 

ChIRP-MS method allowed us to isolate and identify specific RUF6 RNA-associated proteins that 

were not detected using nuclear extracts in RUF6 ncRNA affinity purification assays (unpublished 

data). This result highlights that the “native” ChIRP-MS method detects interactions that cannot 

be reconstituted once the nucleus is disrupted. This method may find broad applications in the 

malaria field to identify specific RNA-binding proteins. 

 

The rationale of this study was to gain biological insight into the RUF6 ncRNA-mediated 

activation of the var gene family, which encodes a major virulence factor and contributes to 

immune evasion from the host immune response. The RUF6 gene family is strictly linked to a 

small subset of malaria species that encode the var virulence gene family (Otto et al., 2018.). This 

evidence has motivated previous studies to explore its role in the monoallelic expression of the var 

gene family (Barcons-Simon et al., 2020; Guizetti et al., 2016; Wei et al., 2015). It remains 

unknown how the ncRNA RUF6 is targeted in trans to an active var gene expression site and 

which proteins RUF6 recruits and interacts with to promote efficient singular var gene 

transcription. Here we established a comprehensive RUF6 ncRNA protein interactome and 

validated the helicase DDX5 as a regulator of var gene transcription. Two controls were used 

(scrambled probes and RNase A-treated samples) to raise the prospect of identifying protein 

candidates that either bind directly or are associated with RUF6 ncRNA. We pulled out binding 

proteins that were detected with label free quantitative proteomics (LC-MS/MS) (Fig. 2A). One 

challenging aspect of proteomic analysis is the amount of input material needed to overcome non-

specific background hits. To overcome this obstacle, we used 4.0E10 parasites in ChIRP-MS (n=4) 

(and later 1.5E09 parasites in Co-IP MS, n=5). Quantitative analysis showed more proteins that 

were uniquely found in our RUF6 target samples rather than proteins more statistically enriched 

in our target samples compared to controls (p< 0.05).  Therefore, our candidate proteins were 

uniquely identified in our target samples and absent in one or both control groups. Among those 

candidates were genes that encode proteins implicated in gene transcription and candidates with 

unknown function. We hypothesized that some proteins bind specifically to the ncRNA and others 

form complexes via protein-protein interactions. 
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 Candidates involved in transcription are homologous to two subunits of RNA Pol II, to DNA 

topoisomerase 2, DDX5 RNA helicase, to nucleosome assembly proteins and CHD1, a chromatin 

remodeling protein. These data point to an interaction of the RUF6 complex with the var gene 

RNA Pol II transcription machinery. It is noteworthy in this context that RNA Pol II transcribes 

var genes but RUF6 is transcribed by RNA Pol III.  In fact, a ncRNA transcribed by RNA Pol III 

(called B2 RNA) has been shown to act in trans to bind directly to RNA Pol II to regulate 

transcription in mice (Espinoza et al., 2004). Notably, two candidate proteins have been previously 

reported to bind to or near var gene promoters, Alba DNA/RNA-binding proteins (Archeal 

chromatin protein family) and a member of the ApiAp2 transcription factor family (Chêne et al., 

2012; Goyal et al., 2012; Martins et al., 2017). Additionally, candidate protein transformer-2, not 

yet characterized in Plasmodium, is known to act in insects as an upstream regulatory element in 

sexual regulation (Nguyen et al., 2021). Furthermore, polyadenylate-binding protein was among 

the candidate proteins and has been found in Drosophila to interact with RNA Pol II at the 

promoter during transcription (Kachaev et al., 2019). These findings corroborate our previously 

proposed mode of function, namely the co-localization of RUF6 ncRNA with actively transcribed 

var genes (Guizetti et al, 2016) and that RUF6 transcription is linked to var gene activation  

(Barcons-Simon et al., 2020; Guizetti et al., 2016). We performed functional validation of one of 

the identified interactome proteins, which is predicted to bind to RNA. It is a homolog of human 

DEAD box protein DDX5, an RNA helicase, that can also unwind secondary structures of DNA 

(Wu et al., 2019). Pf-DDX5 was selected for further validation not only because of its canonical 

role in unwinding RNA/DNA (Wu et al., 2019), but also for its role in transcriptional regulation 

and elongation and its interaction directly with RNA Pol II (Clark et al., 2013). Typically, helicases 

function in the separation of double-stranded RNA, DNA and RNA/DNA hybrid structures and 

contribute to the process of gene regulation (Bourgeois et al., 2016). The P. falciparum genome 

has a predicted set of 63 helicases (Reddy et al., 2015), but only very few have been functionally 

characterized in malaria parasites (Tuteja, 2017). The RNA helicase DOZI has an important role 

in translational repression of mRNA during sexual development (Mair et al., 2006) and the DNA 

RecQ helicase is an important chromatin factor associated with multiple roles including DNA 

replication, genome stability and heterochromatin organization of clonally variant genes 

(Claessens et al., 2018; Z. Li et al., 2019). 
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We obtained genetically modified Pf-DDX5 GFP-tagged transfectants for functional analysis 

using the knock sideways system (Birnbaum et al., 2017). IFA localization studies and Western 

blot analysis confirmed the nuclear presence of Pf-DDX5 during ring stage and RIP RT-qPCR 

confirmed its association with RUF6 ncRNA (Fig. 3). We used GFP-tagged Pf-DDX5 parasites to 

perform Co-IP assays to explore the interactome of Pf-DDX5. Mass spectrometry (LC-MS/MS) 

revealed many proteins found in the Pf-DDX5 sample that were also found in the original RUF6 

ChIRP-MS. This result validates the ChIRP-MS technique as a method to identify ncRNA 

interactomes in P. falciparum (Fig. 4D). Shared proteins had functions related to RNA binding 

and involved in processes related to initiation and regulation of transcription from RNA Pol II, 

strengthening the notion that Pf-DDX5 is associated with RUF6 ncRNA at the var gene RNA Pol 

II promoter. Of note is that histone variant H2A.Z was significant in the Pf-DDX5 IP with a p 

value of 1.10E-03 and a ratio of 2.73. In the RUF6 ChIRP-MS however the p value was not 

significant (p= 0.89). H2A.Z was previously shown to be enriched at active var gene promoters 

(Petter et al., 2011, 2013). The combination of two methods CHIRP-MS and Pf-DDX5 Co-IP-MS 

provides the first comprehensive catalogue of proteins that interacts with RUF6 ncRNA. It 

contains numerous proteins of unknown function.  

 

Since the functional role in gene regulation of Pf-DDX5 in malaria parasites has not been reported, 

we used the Pf-DDX5 knock sideway strategy to displace the majority of nuclear Pf-DDX5 (Fig. 

5A). The nuclear depletion results in a significant decrease in the active var gene transcription 

without disrupting monoallelic expression (Fig. 6). This result identifies Pf-DDX5 as a novel 

regulator of transcriptional activation of var genes.  

 

What is the possible mechanism of Pf-DDX5 at the var promotor? Human DDX5 has recently 

been reported to be involved in transcriptional regulation resolving secondary structures near RNA 

Pol II promoters (Wu et al., 2019). One of these structures are G-quadruplexes (G4s). G4s have 

been found to play a role in various cellular processes including gene transcription (Siddiqui-Jain 

et al., 2002). A recent report demonstrated that DDX5 can bind not only to RNA G-quadruplexes, 

but also to DNA G-quadruplexes (G. Wu et al., 2019). In this context it is important to note that a 

recent study predicted DNA G4s in P. falciparum, using the tool G4Hunter algorithm (Gazanion 
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et al., 2020). The authors showed that the var multi-gene family, specifically, showed a significant 

enrichment in DNA G4s found in the promoter and first exon (Gazanion et al., 2020). We therefore 

predict that plasmodial DDX5, helps unwind these structures to allow for proper transcription by 

RNA Pol II throughout the var locus. Notably, an RNA G4 quadruplex is predicted in RUF6. This 

raises the possibility that this structure recruits Pf-DDX5 to this ncRNA.  

 

Two ribonucleases have been reported to regulate clonally variant RUF6 ncRNA in steady state 

RNA levels by degrading nascent RNA; an exosome-independent PfRNase II (Zhang et al., 2014) 

and an RNA exosome-associated Rrp6 (Fan et al., 2020). Inactivation of those ribonucleases 

disrupt heterochromatin-dependent silencing of clonally variant gene families. General activation 

of RUF6 gene family in Rrp6 mutant parasites indicated that this ncRNA family is enriched in 

heterochromatin regions. This observation does support our findings, that RUF6 is involved in the 

activation process of silent var genes in heterochromatin islands. 

 

A recent report developed a catalytically inactive Cas9 system to investigate the chromatin 

associated with var gene loci (promoter and intron) (Bryant et al., 2020). We did find thirty-six 

shared proteins between the two studies including CHD1, chromatin remodeling protein, AP2 

domain transcription factor, and ISWI, which was validated in their study to be associated with 

the active var promoter. Three proteins were shared between our RUF6 ChIRP-MS and Pf-DDX5 

IP with the proteins found significantly in the var promoter: protein of unknown function 

Pf3D7_0704300, Phax domain-containing protein Pf3D7_1021900, and chromatin remodeling 

protein Pf3D7_1104200. Pf-DDX5 was not significantly found in the study by Bryant and 

colleagues, and this may be explained by the fact that the isolated chromatin primarily is from 

silent var gene promotors. 

 

In conclusion, here we developed a robust ChIRP-MS technique to identify the first ncRNA-

protein interactome that sustains the P. falciparum immune evasion strategy. This work opens up 

new avenues to identify unprecedented regulatory chromatin factors that will shed light on the 

mechanisms of RUF6 ncRNA recruitment to the var gene expression site and singular virulence 

gene expression in this deadly pathogen. This insight may provide new strategies to target 

pathogenesis of malaria parasites. 
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Materials and Methods: 

  
Parasite culture and synchronization 

Asexual blood stage 3D7 P. falciparum parasites were cultured as previously described in (Lopez-

Rubio et al., 2009; W.H.O., 2021). Parasites were cultured in human RBCs (obtained from the 

Etablissement Français du Sang with approval number HS 2016-24803) in RPMI-1640 culture 

medium (Thermo Fisher 11875) supplemented with 10% v/v Albumax I (Thermo Fisher 11020), 

hypoxanthine (0.1 mM final concentration, C.C.Pro Z-41-M) and 10 mg gentamicin (Sigma 

G1397) at 4% hematocrit and under 5% O2, 3% CO2 at 37 °C. Parasite development was monitored 

by Giemsa staining. Parasites were synchronized by sorbitol (5%, Sigma S6021) lysis at ring stage, 

plasmagel (Plasmion, Fresenius Kabi) enrichment of late stages 24 h later, and an additional 

sorbitol lysis 6 h after plasmagel enrichment. Parasites were cultured under static conditions with 

the exception of shaking during late schizont until early ring stage. Parasites were harvested at 1–

5% parasitemia. 

  

RNA electrophoretic mobility shift assay 

Probe sequences for RUF6 (PF3D7_1241000) and its antisense were amplified with primers 

containing the SP6 promoter sequence. In vitro transcription was performed on 0.2 ug of the PCR 

products with the MAXIscript T7/SP6 Kit (Ambion) using the SP6 enzyme mix. RNAs were 

checked for size on a denaturing urea polyacrylamide gel and biotin was incorporated on the 3’ 

end of the RNA fragments using the Pierce RNA 3’ End Biotinylation Kit (Thermo Fisher 

Scientific). Alternatively, synthesized 5’ biotinylated RNA probes were also used. RNA 

electrophoretic mobility shift assays (RNA EMSA) were performed based on LightShift 

Chemiluminiscent RNA EMSA Instructions (Thermo Fisher Scientific). RNAs were relaxed and 

refolded by incubation to 64°C and gradual cooling to 4°C prior to binding. 20 uL of binding 

reaction containing 5 g of nuclear extract, 2 g of tRNA, 10, 20 or 40 fmol of biotinylated probe 

and when indicated 8 pmol of unlabeled probe were incubated in REMSA buffer (10mM HEPES, 

20mM KCl, 1mM MgCl2, 1 mM DTT) with RNAsin Ribonuclease Inhibitor (Promega) at room 

temperature for 25min. After electrophoresis on a native polyacrylamide TBE gel, transferred 

RNA was cross-linked to the nylon membrane at 120mJ/cm2. Detection of biotin-labelled RNA 

was performed using the Chemiluminiscent Nucleic Acid Detection Module (Thermo Fisher 

Scientific) and imaged with the ChemiDoc XRS+ system (Bio-Rad). 
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 Chromatin isolation by RNA purification and proteomics mass spectrometry analysis 

(ChIRP-MS) 

 ChIRP was performed as previously described (Chu & Chang, 2018) with the following 

modifications. 4x1010 parasites per sample were harvested and lysed with saponin prior to 3% 

formaldehyde crosslinking. After final wash buffer washes, five additional washes with 500 mM 

NaCl followed by another five washes with 25 mM NH4HCO3 buffer (ABC) were performed. 

Bound proteins were analyzed by proteomics mass spectrometry. A total of 4 biological replicates, 

cultured separately and grown at different times, for each of the four samples, scrambled probes, 

RNase A treated, even probes and odd probes, were performed. 

 

For proteomics mass spectrometry, bound proteins were first on-beads digested for one hour with 

0.6 µg of trypsine/LysC (Promega), then loaded onto a homemade C18 StageTips for desalting. 

Peptides were eluted using 40/60 MeCN/H2O + 0.1% formic acid and vacuum concentrated to 

dryness. Online liquid chromatography (LC) was performed with an RSLCnano system (Ultimate 

3000, Thermo Scientific) coupled to a Q Exactive HF-X with a Nanospay Flex ion source (Thermo 

Scientific). Peptides were first trapped on a C18 column (75 µm inner diameter × 2 cm; nanoViper 

Acclaim PepMapTM 100, Thermo Scientific) with buffer A (2/98 MeCN/H2O in 0.1% formic acid) 

at a flow rate of 2.5 µL/min over 4 min. Separation was then performed on a 50 cm x 75 µm C18 

column (nanoViper Acclaim PepMapTM RSLC, 2 µm, 100Å, Thermo Scientific) regulated to a 

temperature of 50°C with a linear gradient of 2% to 30% buffer B (100% MeCN in 0.1% formic 

acid) at a flow rate of 300 nL/min over 91 min. 

 MS full scans were performed in the ultrahigh-field Orbitrap mass analyzer in ranges m/z 375–

1500 with a resolution of 120 000 at m/z 200. The top 20 intense ions were subjected to Orbitrap 

for further fragmentation via high energy collision dissociation (HCD) activation and a resolution 

of 15 000 with the intensity threshold kept at 1.3 × 105. We selected ions with charge state from 

2+ to 6+ for screening. Normalized collision energy (NCE) was set at 27 and the dynamic 

exclusion of 40s. 

 

For identification, the data were searched against the Plasmodium falciparum FASTA database 

(PlasmoDB-36 Pfaciparum3D7 AnnotatedProtein containing cas9 and the common contaminants) 
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using SequestHT through proteome discoverer (version 2.2 or 2.4). Enzyme specificity was set to 

trypsin and a maximum of two-missed cleavage sites were allowed. Oxidized methionine, 

carbamidomethyl cysteine and N-terminal acetylation were set as variable modifications. 

Maximum allowed mass deviation was set to 10 ppm for monoisotopic precursor ions and 0.02 Da 

for MS/MS peaks. The resulting files were further processed using myProMS (Poullet et al., 2007) 

v3.9.3 (https://github.com/bioinfo-pf-curie/myproms ). False-discovery rate (FDR) calculation 

used Percolator [The et al, 2016] and was set to 1% at the peptide level for the whole study. The 

label free quantification was performed by peptide Extracted Ion Chromatograms (XICs) 

computed with MassChroQ version 2.2.1 (Valot et al., 2011). For protein quantification, XICs 

from proteotypic peptides shared between compared conditions (TopN matching) with two-missed 

cleavages were used. Median and scale normalization was applied on the total signal to correct the 

XICs for each biological replicate (n=4). To estimate the significance of the change in protein 

abundance, a linear model (adjusted on peptides and biological replicates) was performed and p-

values were adjusted with a Benjamini–Hochberg FDR procedure. Proteins with at least 2-fold 

increase between probe and control condition, an adjusted p-value under 0.05, and at least three 

total peptides in all replicates were considered significantly enriched in sample comparisons. 

Candidate proteins that display at least 3 total peptides in all replicates were chosen if they were 

unique in the target sample, even probes compared to at least one of the controls. 

  

RNA isolation and reverse transcription-quantitative PCR (RT-qPCR) 

RNA was harvested from synchronized parasite cultures after saponin lysis in 0.075% saponin in 

PBS, followed by one wash in PBS and resuspension in the QIAzol reagent. Total RNA was 

extracted using an miRNeasy minikit and performing on-column DNase treatment (Qiagen 

217004). Reverse transcription from ChIRP eluted RNA was achieved using SuperScript VILO 

(Thermo Fisher Scientific) and random hexamer primers. cDNA levels were quantified by 

quantitative PCR in the CFX384 real time PCR detection system (BioRad) using Power SYBR 

Green PCR Master Mix (Applied Biosystems) and primers from a previous study (Guizetti et al., 

2016). Starting quantity means of three replicates were extrapolated from a standard curve of serial 

dilutions of genomic DNA. RUF6 and housekeeping fructose-bisphosphate aldolase 

(PF3D7_1444800) transcript levels were compared in ChIRP and input samples. The starting 
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quantity means from three replicates were extrapolated from a standard curve of serial dilutions of 

genomic DNA. 

  

Generation of genetically modified P. falciparum strains 

All cloning of episomal constructs was performed using KAPA HiFi DNA Polymerase (Roche 

07958846001), In-Fusion HD Cloning Kit (Clontech 639649), and XL10-Gold Ultracompetent E. 

coli (Agilent Technologies 200315). Transgenic GFP-tagged parasites were generated as 

previously described in (Birnbaum et al., 2017). For localization and knock sideways, the last 500-

1000 bp of each candidate protein target gene was cloned into pSLI-2xFKBP-GFP. Each sequence 

started with an in-frame stop codon but the stop codon at the end of the gene was removed. 50 µg 

of plasmid DNA was transfected into ring stage 3D7 P. falciparum parasites using the protocol 

described elsewhere (Hasenkamp et al., 2013). Transfected parasites were selected with constant 

drug selection pressure of 4 nM WR99210 (Jacobus Pharmaceuticals) to obtain a cell line 

containing the episomal plasmid. A second drug selection using 400 µg/ml of G418 was done to 

select for integrants. Once parasites emerged, gDNA of each integration cell line was collected 

using a commercial kit (DNeasy Blood & Tissue Kit) and checked by PCR to show that integration 

occurred at the correct locus. Both genome and vector specific primers for the 5’ and 3’ region 

were used so that the PCR product would cover the plasmid/genome junction. Vector primers used 

were the same as described (Birnbaum et al., 2017). Once proper size gel bands from PCR were 

seen, localization of the GFP tagged protein was checked with a fluorescence microscope (Delta 

Vision Elite microscope (GE Healthcare)). Image overlays were generated using Fiji (Schindelin 

et al., 2012). 

  

Procedure for knock-sideways 

pSLI-2xFKBP-GFP tagged parasites were further transfected with 50 µg of mislocalizer plasmid 

DNA. The PPM (parasite plasma membrane) mislocalizer (pLyn-FRB-mCherry) for nuclear 

targets was used. Parasites were selected with 2 µg/ml Blasticidin S. Once transfectants were 

obtained, mislocalizer mCherry expression was assessed using a fluorescence microscope. For 

knock sideways experiments, 20 µL rapalog working solution (resulting in 250nM final) was added 

to cause mislocalization of pSLI-2xFKBP-GFP tagged parasites to the PPM. Parasites were cloned 
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by limiting dilution, and the targeted genomic locus was sequenced to confirm tag and FKBP 

integration as well as epitope mislocalizer BSD. 

 

Western blot analysis 

 iRBCs were washed once with Dulbecco's phosphate-buffered saline (DPBS, Thermo Fisher 

14190) at 37°C and lysed with 0.075% saponin (Sigma S7900) in DPBS at 37°C. Parasites were 

washed once with DPBS, resuspended in 1 ml cytoplasmic lysis buffer (25 mM Tris–HCl pH 7.5, 

10 mM NaCl, 1.5 mM MgCl2, 1% IGEPAL CA-630, and 1× protease inhibitor cocktail [“PI”, 

Roche 11836170001]) at 4°C, and incubated on ice for 30 min. Cells were further homogenized 

with a chilled glass douncer, and the cytoplasmic lysate was cleared with centrifugation (13,500 

g, 10 min, 4°C). The pellet (containing the nuclei) was resuspended in 100 µl nuclear extraction 

buffer (25 mM Tris–HCl pH 7.5, 600 mM NaCl, 1.5 mM MgCl2, 1% IGEPAL CA-630, PI) at 4°C 

and sonicated for 10 cycles with 30 s (on/off) intervals (5 min total sonication time) in a Diagenode 

Pico Bioruptor at 4°C. This nuclear lysate was cleared with centrifugation (13,500 g, 10 min, 4°C). 

Protein samples were supplemented with NuPage Sample Buffer (Thermo Fisher NP0008) and 

NuPage Reducing Agent (Thermo Fisher NP0004) and denatured for 5 min at 95°C. Proteins were 

separated on a 4-15% TGX (Tris-Glycine eXtended) (Bio-Rad) and transferred to a PVDF 

membrane. The membrane was blocked for 1 h with 5% milk in PBST (PBS, 0.1% Tween 20) at 

25°C. GFP-tagged proteins and histone H3 were detected with anti-GFP (Chromotek, 1:1,000 in 

5% milk-PBST) and anti-H3 (Abcam ab1791, 1:1,000 in 5% milk-PBST) primary antibodies, 

respectively, followed by donkey anti-rabbit secondary antibody conjugated to horseradish 

peroxidase (“HRP”, Sigma GENA934, 1:5,000 in 5% milk-PBST). Aldolase was detected with 

anti-aldolase-HRP (Abcam ab38905, 1:5,000 in 5% milk-PBST). HRP signal was developed with 

SuperSignal West Pico chemiluminescent substrate (Thermo Fisher 34080) and imaged with a 

ChemiDoc XRS+ (Bio-Rad). 

 

Immunofluorescence assay 

For live cell fluorescent microscopy, 500 µl of parasite cultures (3-5% parasitemia, 3-4% 

hematocrit) was spun down for 45 sec at 2.4 rpm. iRBC pellet was resuspended in PBS-DAPI for 

20 min before spinning down for 45 sec at 2.4 and removing supernatant. iRBC pellet was then 

washed with PBS before mounting. Unattached cells were washed out with PBS and finally 
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covered with culture medium prepared with phenol red free RPMI 1640. Images were captured 

using a Delta Vision Elite microscope (GE Healthcare). Image overlays were generated using 

Fiji (Schindelin et al., 2012). 

 

SLI transfected cultures were used with GFP-booster antibodies, anti-GFP VHH/ Nanobody 

conjugated to a fluorescent dye (Chromotek) and Chromotek RFP antibody (6G6) to visualize 

mCherry mislocalizer. 10 µl of iRBCs were washed with PBS and fixed with for 30 min in 

0.0075% Glutaraldehyde/4% PFA/PBS. After PBS washing, parasites were permeabilized with 

0.1% TritonX100/PBS for 10-15 min before quenching free aldehyde groups with NaBH4 

solution for 10 min. Next, parasites were blocked with 3% BSA–PBS for 30 min. Primary 

antibody incubation lasted for 1 h before three washes with PBS, and secondary antibody 

incubation for 30-60 min, Alexa Fluor 488-conjugated anti-mouse IgG (Invitrogen) diluted 

1:2,000 in 4% BSA–PBS. After three final washes in PBS, cells were mounted in Vectashield 

containing DAPI for nuclear staining. Images were captured using as described before. 

  

RNA Immunoprecipitation 

Wild type 3D7, pSLI-2xFKBP-GFP-DDX5 (Pf3D7_1445900) tagged parasites and pSLI-

2xFKBP-GFP-protein of unknown function (Pf3D7_1423700) tagged parasites were synchronized 

and harvested at 18hpi (n=3 biological replicates). Each culture (109 parasites) was centrifuged, 

and RBCs were lysed with six volumes of 0.15% saponin in DPBS for 5 min at 4°C. Parasites 

were centrifuged at 4,000 g for 5 min at 4°C, and the pellet was washed twice with DPBS at 4°C. 

Parasites were then cross-linked with 3% formaldehyde for 15 min at room temperature and 

quenched with 125mM glycine for 5 min on ice. Each sample was resuspended in 2 mL lysis buffer 

(10 mM HEPES pH 8, 10 mM KCl, 0.1 mM EDTA pH 8, 0.25% final concentration of IGEPAL 

CA-630) + CI (Roche, EDTA free) at 4°C and incubated with gentle agitation at 4°C for 30 min. 

Extracts were centrifuged in microcentrifuge tubes for 10 min at 13,500 g at 4°C. Once the 

supernatant was removed, the pellet was resuspended in 300 µL SDS lysis buffer (50 mM Tris–

HCl pH 8, 10 mM EDTA pH 8, 1% SDS + CI) at 4°C. Next, 300uL were transferred to Diagenode 

1.5 mL sonication tubes. Samples were sonicated with the Diagenode Pico sonicator for 22 cycles 

(30 sec on/30 sec off), vortexing and spinning occasionally. Lysates were centrifuged at 16000 × 

rcf for 10min at 4°C and supernatants were transferred to fresh tubes. Beads were prepared by 
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washing 25 µL per sample with 500 µL of ice-cold dilution buffer. Samples then had 2x volume 

of dilution buffer (10mM TRIS pH 7.5, 150mM NaCl, 0.5mM EDTA) + CI (Roche, EDTA free) 

added and washed beads (Chromotek gtma-10 GFP-Trap® Magnetic Agarose beads) and were 

incubated overnight at 4°C. The next morning, beads were collected and washed with 500 µL of 

wash buffer (2xSSC, 0.5% SDS, 1mM PMSF) for 5 min with rotation at 4°C. After the final wash, 

beads were resuspended in 100 uL pK buffer. Input sample volume was adjusted to 100 µL with 

pK buffer (100 mM NaCl, 10 mM Tris-HCl pH 7.0, 1 mM EDTA, 0.5% SDS, 5% pK (Proteinase 

K (New England Biolabs P8107S)). Samples were incubated at 50°C for 45 min with constant 

mixing. Next, samples were boiled at 95°C for 10 min before being resuspended in 700 µL of 

QIAzol reagent (Qiagen 79306). RNA was extracted using an miRNeasy minikit and performing 

on-column DNase treatment (Qiagen 217004). Reverse transcription from RNA-IP eluted RNA 

was achieved using SuperScript VILO (Thermo Fisher Scientific) and random hexamer primers. 

cDNA levels were quantified by quantitative PCR in the CFX384 real time PCR detection system 

(BioRad) using Power SYBR Green PCR Master Mix (Applied Biosystems) and primers from a 

previous study (Guizetti et al., 2016). Starting quantity means of three replicates were extrapolated 

from a standard curve of serial dilutions of genomic DNA. RUF6, housekeeping fructose-

bisphosphate aldolase (PF3D7_1444800), and Alanine tRNA (PF3D7_0411500) transcript levels 

were compared in RNA IP and input samples. 

 

Co-Immunoprecipitation followed by Mass spectrometry (Co-IP-MS) 

 pSLI-2xFKBP-GFP-DDX5 tagged parasites (n = 5 biological replicates) and pSLI-2xFKBP-

GFP-unknown function tagged parasites (n = 5 biological replicates) were synchronized. At 18 

hpi, each culture (1.5 × 109 parasites) was centrifuged and RBCs were lysed with six volumes of 

0.15% saponin in DPBS for 5 min at 4°C. Parasites were centrifuged at 4,000 g for 5 min at 4°C, 

and the pellet was washed twice with DPBS at 4°C. Parasites were then cross-linked with 3% 

formaldehyde for 15 min at room temperature and quenched with 125 mM glycine for 5 min on 

ice. Cross-linked parasites were washed twice with DPBS and then lysed with 5 ml of lysis buffer 

(10 mM Tris–HCl pH 7.5, 1 mM EDTA, 0.5% IGEPAL CA-630) supplemented with protease 

inhibitors (Thermo Fisher 78440) and 1 U/µl of Benzonase (Merck 71206) at 4°C and incubated 

with rotation for 30 min at 4°C. Extracts were centrifuged for 8 min at 380g at 4°C and the 

cytoplasmic supernatant was removed. The nuclear pellet was resuspended in 900 µL nuclear lysis 
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buffer (10 mM Tris–HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.1%sodium deoxycholate, 0.1% 

SDS, PI) at 4°C and transferred to 1.5 ml sonication tubes (300 µL per tube, 

DiagenodeC30010016). Samples were sonicated for 10 min (30 s on/off) in a Diagenode Pico 

Bioruptor at 4°C. Lysates were then centrifuged for 10 min at 13,500g at 4°C and supernatant was 

transferred to a fresh tube. 900 µL of the supernatant was mixed with 1.35 mL (2:3) dilution buffer 

(10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mmM EDTA). Nuclear fraction supernatants were 

incubated with 25 µl of α-GFP trap beads (Chromotek), first washed twice in dilution buffer, 

overnight with rotation at 4°C. The next day, the beads were collected on a magnet and the 

supernatant was removed. While on the magnetic stand, beads were washed twice with 500 µL 

washing buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 0.05% NP40), once with 

25 mM NH4HCO3 (Sigma 09830) buffer, and then transferred to new tube. Finally, the beads were 

resuspended in 100 µl of 25 mM NH4HCO3 (Sigma 09830) and digested by adding 0.2 µg of 

trypsin-LysC (Promega) for 1 h at 37 °C. Samples were then loaded into custom-made C18 

StageTips packed by stacking one AttractSPE® disk (#SPE-Disks-Bio-C18-100.47.20 Affinisep) 

and 2mg beads (#186004521 SepPak C18 Cartridge Waters) into a 200 µL micropipette tip for 

desalting. Peptides were eluted using a ratio of 40:60 CH3CN:H2O + 0.1% formic acid and 

vacuum concentrated to dryness with a SpeedVac apparatus. Peptides were reconstituted in 10 of 

injection buffer in 0.3% trifluoroacetic acid (TFA) before liquid chromatography-tandem mass 

spectrometry (LC-MS/MS) analysis. Online LC was performed as described previously in the 

ChIRP-MS protocol and coupled to an Orbitrap Exploris 480 mass spectrometer (Thermo Fisher 

Scientific) by modifying the peptide trapping flow to 3.0 µL/min over 4 min and the separation 

temperature to 40 °C with a linear gradient of 3% to 29% buffer B.   

  

Parasite growth assay 

Parasite growth was measured as described previously (Vembar et al., 2015). A clone of pSLI-

DDX5-GFP-FKBP with mCherry-FRB was tightly synchronized and diluted to 0.2% parasitemia 

(5% hematocrit) at ring stage using the blood of two different donors separately. Each culture was 

split, and 20 µL rapalog working solution was added (250nM final concentration of rapamycin) to 

one half. The growth curve was performed with three technical replicates per condition per blood. 

Parasitemia was measured every 24 h by counting 10 randomly selected different fields on Giemsa 

stained slides each day for a total of 5 days. 
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Stranded RNA sequencing and analysis 

Parasites were synchronized by sorbitol (5%, Sigma S6021) lysis at ring stage, plasmagel 

(Plasmion, Fresenius Kabi) enrichment of late stages 24 h later, and an additional sorbitol lysis 3 

h after plasmagel enrichment before the parasites were separated into the +/- Rapamycin groups. 

After a full cycle, another sorbitol was done (at 3hpi) prior to harvesting at 12hpi (9 hours later 

and with 60 hours of rapamycin exposure to the + Rapamycin group). +/- Rapamycin infected 

RBCs containing synchronized (12 hpi ± 3 h) parasites were lysed in 0.075% saponin (Sigma 

S7900) in DPBS at 37°C. The parasite cell pellet was washed once with DPBS and then 

resuspended in 700 µL QIAzol reagent (Qiagen 79306). Total RNA was subjected to rRNA 

depletion to ensure ncRNA and mRNA capture using the RiboCop rRNA Depletion Kit (Lexogen) 

prior to strand-specific RNA-seq library preparation using the TruSeq Stranded RNA LT Kit 

(Illumina) with the KAPA HiFi polymerase (Kapa Biosystems) for the PCR amplification. 

Multiplexed libraries were subjected to 150 bp paired-end sequencing on a NextSeq 500 platform 

(Illumina). Sequenced reads (150 bp paired end) were mapped to the P. falciparum genome 

(Gardner et al., 2002) (plasmoDB.org, version 3, release 57) using “bwa mem” (H. Li & Durbin, 

2009) allowing a read to align only once to the reference genome (option “–c 1”). Alignments were 

subsequently filtered for duplicates and a mapping quality ≥ 20 using samtools  (H. Li & Durbin, 

2009). Three biological replicates for -Rap and +Rap samples were analyzed for the knockdown 

experiment. 

 

Estimation of cell cycle progression 

To estimate the parasite age (i.e. hours post infection), we correlated transcripts levels (average 

FPKM >= 10) from all three replicates of the +rapamycin and -rapamycin samples with the 

transcript levels of a reference microarray dataset (Bozdech et al., 2003). Pearson r correlation 

coefficients were calculated and visualized in R () with options cor (R Core Team (2020)) and 

heatmap2(), respectively. 

  

Differential gene expression analysis 

 A clone of integrated pSLI-DDX5-GFP-FKBP with episomal mCherry-FRB was synchronized 

and split into two cultures. Rapamycin (250nM final concentration) was added to one culture at 0 
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hpi, and parasites were harvested 60h later during ring stage (12 hpi). RNA sequencing reads for 

three technical replicates of the rapamycin-treated and three technical replicates of the untreated 

pSLI-DDX5-GFP-FKBP with mCherry-FRB clone were mapped to the P. falciparum genome and 

quality filtered as described above for RNA-seq. Strand-specific gene counts were calculated using 

htseq-count (Anders et al., 2015). Differential gene expression analysis was performed using 

DESeq2 (Love et al., 2014) with significantly differentially expressed genes featuring a 

Benjamini–Hochberg-adjusted p-value (i.e., q) ≤ 0.05. MA plots were generated using the 

“baseMean” (mean normalized read count over all replicates and conditions) and 

“log2FoldChange” values (rapamycin-treated over control) as determined by DESeq2. RPKM 

values were calculated in R using the command rpkm() from the package edgeR (Robinson et al., 

2010). Gene Ontology enrichments were calculated using the built-in tool at PlasmoDB.org 

(Aurrecoechea et al., 2017). 

 

Statistical analysis 

All statistical analyses were performed using GraphPad Prism version 9.1.0 (216) for Mac. To test 

for a normal distribution of the data, the Shapiro-Wilk normality test was used. To test for 

significance between two groups, a two-sided independent-samples t test was used. Gene ontology 

enrichments were calculated using the build-in tool at https://plasmoDB.org. 

 

Data availability 

The data generated in this study are available in the following databases: 

  

Acknowledgements 

We would like to thank Jessica Bryant for helpful comments and critically reading the manuscript. 

This work was supported by ERC grants to Artur Scherf (ERC AdG PlasmoSilencing) and 

Sebastian Baumgarten (ERC StG PlasmoEpiRNA) and the Agence Nationale de Recherche 

(grant ANR-11 LabEx -0024-01 ParaFrap to A. Sc). 

  

Author Contributions 

GD and AS conceptualized the project and conceived experiments. AB performed the EMSA 

experiment and designed the primers for the ChIRP-MS experiments. FD carried out the mass 



2.1 Discovery of RUF6 ncRNA interacting proteins  
 

 92 

spectrometry experimental work and DL supervised mass spectrometry and data analysis. SB 

performed the bioinformatic data analysis. GD and AS wrote the manuscript. All authors discussed 

and approved the manuscript. 

  

Conflict of Interest 

The funders had no role in the study design, data collection and interpretation or decision to submit 

the work for publication. The authors declare that they have no conflict of interest. 

  

  

 

 

 

 

 
 
 
 
 
 



2.1 Discovery of RUF6 ncRNA interacting proteins  
 

 93 

 
 
Figure 1. Developing ChIRP-MS to identify RUF6 ncRNA-binding proteins (A) Schematic showing 
hypothetical model of RUF6 ncRNA associating with proteins at active var gene promoter. (B) 
Electrophoretic mobility shift assay (EMSA) using biotinylated RUF6 ncRNA probe (Pf3D7_1241000) 
gives a specific shift in presence of nuclear extract that is competed using an unlabeled probe in excess 
(200x). (C) Outline of ChIRP-MS protocol. RNP complexes are crosslinked in vivo before addition of 
biotinylated anti-sense oligos. Target ncRNA are pulled out with beads and RNA binding proteins are 
identified through LC-MS/MS. Created with BioRender.com (D) Lowest free energy secondary structure 
of the RUF6 coded by PF3D7_0412800, as predicted by RNA structure bioinformatics web server. The 
four oligonucleotide probes used for ChIRP-MS are shown along their binding regions of the ncRNA 
structure. Odd probes 1 & 3 are colored in blue and even probes 2 & 4 are colored in red. (E) Percentage 
of RNA retrieval in ChIRP-MS compared to input samples using odd, even, and scrambled sets of probes 
and RNase treated samples. Transcript levels were assessed by RT-qPCR and fructose-bisphosphate 
aldolase (FBA, PF3D7_1444800) levels were used as a negative control. 
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Figure 2. ChIRP-MS identification of RUF6 ncRNA interacting proteins (A) RUF6 ChIRP-MS 
Volcano plot of label-free quantitative proteomic analysis of 571 P. falciparum proteins present for all four 
replicates in target samples (even probes) compared to the control groups: scrambled probes and RNase 
treated samples. Blue dot color represents target (even probes) versus control (RNase treated), green dot 
color represents target (even probes) vs control (scrambled probes) quantifications. Each dot represents a 
protein, and its size corresponds to the sum of peptides from both conditions used to quantify the ratio of 
enrichment. x-axis = log2(fold-change), y-axis = −log10(p-value), horizontal red line indicates adjusted p-

value = 0.05, and vertical green lines indicate absolute fold-change = 2.0. Side panels indicate proteins 
uniquely identified in either sample (y-axis = number of peptides per 100 amino acids). All individual 
comparisons can be found in supplementary figures. Red highlighted boxes show 386 proteins significantly 
enriched or unique in target samples compared to each control. (B) Correlation plot comparing target (even 
probes) vs control (RNase treated) and target (even probes) vs control (scrambled probes) of the 386 
proteins from (A). Red highlighted boxes show proteins significantly enriched or unique in target samples 
compared to both controls. (C) Molecular function groupings displayed represent gene ontology terms 
related to molecular function of genes enriched only in RUF6 target samples but not in control samples, 
prepared for visualization using PlasmoDB (plasmodb.org) and the REViGO tool (http://revigo.irb.hr/). 
Proteins had a p-value cut-off at 0.05. (D) Protein IDs of selected candidate proteins.  

A C

B

D

PF3D7_0318200 278,7 DNA-directed RNA polymerase II subunit RPB1 

PF3D7_0605100 85,6 RNA-binding protein

PF3D7_1423700 183,6 conserved Plasmodium protein, unknown function 

PF3D7_1445900 60,0 ATP-dependent RNA helicase DDX5

PF3D7_1023900 381,3 chromodomain-helicase-DNA-binding protein 1

PF3D7_1104200 167,4 chromatin remodeling protein 

PF3D7_1002400 30,1 transformer-2 protein

PF3D7_0819600 32,2 conserved Plasmodium protein, unknown function 

PF3D7_0923900 23,0 RNA-binding protein

PF3D7_1007700 182,7 AP2 domain transcription factor AP2-I 

PF3D7_1107300 381,9 polyadenylate-binding protein-interacting protein 1

PF3D7_1110200 152,2 pre-mRNA-processing factor 6

PF3D7_1330800 68,0 RNA-binding protein

PF3D7_1455300 69,5 conserved Plasmodium protein, unknown function 

PF3D7_0919000 31,8 nucleosome assembly protein

 Proteins
MW 

(kDa)
Description
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Figure 3. Validation of ChIRP-MS candidate proteins (A) RT-qPCR results from RNA 
Immunoprecipitation analysis on wild type 3D7 nuclear extracts: protein of unknown function 
(Pf3D7_1423700) and Pf-DDX5 RNA helicase (Pf3D7_1445900). Primers used for RT-qPCR were FBA, 
Fructose-bisphosphate aldolase Pf3D7_1444800, RUF6 for entire gene family, and tRNA Alanine, 
Pf3D7_0411500. Results are displayed as % of input. Error bars are displayed from 3 biological replicates. 
(B) Western blot of Pf-DDX5 in cytoplasmic and nuclear extracts throughout the IDC (rings, trophs, and 
schizonts). (C) Representative immunofluorescence images show brightfield, Dapi, GFP, and Dapi-GFP 
merge for candidate protein Pf-DDX5.  
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Figure 4. Pf-DDX5 interactome (A) Co-IP MS volcano plot of enrichment for all 5 replicates for Pf- 
DDX5 vs control protein, protein of unknown function (Pf3D7_1423700), proteins are indicated and 
labeled. Each dot represents a protein, and its size corresponds to the sum of peptides from both conditions 
used to quantify the ratio of enrichment. x-axis = log2(fold-change), y-axis = −log10(p-value), horizontal red 
line indicates adjusted p-value = 0.05, and vertical green lines indicate absolute fold-change = 2.0. Side 
panels indicate proteins uniquely identified in either sample (y-axis = number of peptides per 100 amino 
acids) with a minimum of 3 total peptides. Adjusted p-value of 0.05 is displayed as a horizontal red line 
and fold change greater than 2 is labeled as vertical green lines. (B) Venn diagram showing total number 
of shared proteins found in RUF6 ChIRP-MS and DDX5 IP MS. (C) Biological processes groupings 
displayed represent shared significant proteins from RUF6 ChIRP-MS and DDX5 IP MS prepared for 
visualization using PlasmoDB (plasmodb.org) and the REViGO tool (http://revigo.irb.hr/). Proteins had a 
p-value cut-off at 0.05. (D) Significant proteins enriched in Pf-DDX5 sample that are common to the 
original ChIRP-MS selected candidate proteins. 
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Figure 5. Knock-sideways of Pf-DDX5 (A) IFA images of Pf-DDX5-GFP-2FKBP mislocalization with 
plasma-membrane mislocalizer, pLyn-FRB-mCherry, following addition of rapamycin (B) Western blot 
displaying Pf-DDX5 protein removal from the nucleus after addition of rapamycin. Histone H3 was used 
as a nuclear extract control. Using image analysis tools, addition of rapamycin caused a 10x decrease in 
nuclear levels (normalized to H3) Total extracts show Pf-DDX5 presence before and after addition of 
rapamycin. (C) Growth curve over 4 days of Pf-DDX5-GFP-2FKBP parasites cultured in the presence 
(250nM final concentration, +Rapamycin) or absence (-Rapamycin) of rapamycin. Error bars represent 
standard deviations from three independent experiments. 
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Figure 6. Pf-DDX5 is involved in var gene transcription (A) Transcriptional profile of RUF6 gene family 
and (B) var gene family at 12 hpi assayed by RNA sequencing for the control -Rap and treated +Rap 
samples. (C) Transcriptional levels of the active var gene and associated RUF6 member at 12hpi assayed 
by RNA sequencing for the control -Rap and treated +Rap samples. (D) MA plot of log2(rapamycin-
treated/untreated, M) plotted over the mean abundance of each gene (A) at 12 hpi. Transcripts with a 
significantly higher (above x-axis) or lower (below x-axis) abundance in the presence of rapamycin are 
highlighted in red (q ≤ 0.05). The active var gene is highlighted in green (q = 2.59 × 10−6). Three replicates 
were used for untreated and rapamycin-treated parasites. p-values were calculated with a Wald test for 
significance of coefficients in a negative binomial generalized linear model as implemented in DESeq2 
(Love et al, 2014). q = Bonferroni corrected p-value. Mean_SEM of three independent experiments is 
shown. 
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Figure S1. Identification of candidate proteins from RUF6 ChIRP-MS. Volcano plot of label-free 
quantitative proteomic analysis of P. falciparum proteins present for all four replicates in samples with: (A) 
targeted (even probes) compared to control (RNase treated), (B) targeted (even probes) compared to control 
(scrambled probes), (C) control (RNase treated) compared to control (scrambled probe). Each dot represents 
a protein, and its size corresponds to the sum of peptides from both conditions used to quantify the ratio of 
enrichment. x-axis = log2(fold-change), y axis = 210 amino acids). (D) Intensity plot for P. falciparum 
protein distribution of all four biological replicates (blue= targeted (even probes), green= control (RNase 
treated), and black= control (scrambled probes). 
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Figure S2. Giemsa stain of rings stage parasites harvested for RNA-seq analysis (12hpi). Images show 
ring stage parasites cultured without (-Rap) rapamycin (A) or with (+Rap) rapamycin (B). 
 

 
Figure S3. Heatmap of Pearson r correlation coefficient calculated between transcript levels in +/-
rapamycin samples and transcript levels of a reference transcriptome dataset (Bozdech et al., 2003) 
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Table S1. (A) Sequences used for probes and primers for EMSA, ChIRP, and PCR/qPCR 
 

 
 

Additional supplementary excel files are not shown due to their size. Below are the figure legends 

and summaries for each file.  

 

 

 

 

 

 

 

 

 

 

 

 

 

EMSA
Primer name Sequence
Primers to amplify gDNA Pf3D7_1241000 F: 5’-AAG-CTG-CCT-CAG-TAG-CCC-3’ R: 5’-TTG-CGC-CAC-CCC-CCT-C-3’

Pf3D7_1241000 probes:

                                 Sense: Biotin:AAGCUGCCUCAGUAGCCCAAUCGUUAGGUAUGUUGCCUUUCCUUGUGAGAACGUUGGUUCGACUCCGCUUGCCGACAAUUUCAUAGGAAAAGUUGCAGAUCGAGCUGUUGGGUUACCCGGAGGGGGGCGGCGCAA

                                 Antisense: Biotin:UUGCGCCGCCCCCCUCCGGGUAACCCAACAGCUCGAUCUGCAACUUUUCCUAUGAAAUUGUCGGCAAGCGGAGUCAACCAACGUUCUCACAAGGAAAGGCAACAUACCUAACGAUUGGGCUACUGAGGCAGCUU

                                 Sense: AAGCUGCCUCAGUAGCCCAAUCGUUAGGUAUGUUGCCUUUCCUUGUGAGAACGUUGGUUCGACUCCGCUUGCCGACAAUUUCAUAGGAAAAGUUGCAGAUCGAGCUGUUGGGUUACCCGGAGGGGGGCGGCGCAA:Biotin

                                 Antisense: UUGCGCCGCCCCCCUCCGGGUAACCCAACAGCUCGAUCUGCAACUUUUCCUAUGAAAUUGUCGGCAAGCGGAGUCAACCAACGUUCUCACAAGGAAAGGCAACAUACCUAACGAUUGGGCUACUGAGGCAGCUU:Biotin

ChIRP

Probe name Sequence

RUF6 1 (odd set) TACCTAACGACTGGGCTACTG

RUF6 2 (even set) TCGAACCAACGTTCTCACAAG

RUF6 3 (odd set) TGAAATTGTTGGCAAGCGGAG

RUF6 4 (even set) CTCCGGGTAACTCAGCAGCTC

Scrambled 1 GGCCTGTTATGTCGATTCGA

Scrambled 2 GGAACGACATAGTCTGAATG

qPCR/PCR

Primer name Sequence

RUF6-A Forward: 5'-AAGCTGCCTCAGTAGCCCA-3' Reverse: 5'-AAAAATTGCGCCACCCCC-3'

RUF6-B Forward: 5'-AAGCTGCCCCAGTAGCCCA-3' Reverse: 5'-AAAAATTGCGCCGCCCCC-3'

fructose-bisphosphate aldolase (FBA, Pf3D7_1444800) Forward: 5’-TGTACCACCAGCCTTACCAG-3’ Reverse: 5’-TTCCTTGCCATGTGTTCAAT-3’

SLI HB:
SLI 3 Forward primer 5’- ATGCTCACACAGCAAGATCAG-3’

SLI 3 Reverse primer 5’ ATGCTCACACAGCAAGATCAG-3’

SLI 5 Forward primer 5’-TGTTTTGTGTCGTACATTTGCAT-3’

SLI 5 Reverse primer

SLI Integration check: 5’-GTAAAATCTGTTATTTCCTCTTAGTGG-3’

SLI check reverse primer 5’-ACCTTCACCCTCTCCACTGAC-3’

SLI 3 WT locus check reverse 5'-GAGGAGCATGTAAATATATTCATTTTAC-3'

SLI 5 WT locus check reverse 5'-ATATATATATGTATATTATAATAATATTAGTAAAATCTG-3'

BSD primers for mislocalizer Forward: 5’-GAA GAC TAC AGC GTC GCC AGC GC-3’ Reverse: 5’-CTC CCA CAC ATA ACC AGA GGG CAG C-3’
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Table EV1: Total proteins detected by LC-MS/MS in ChIRP samples (all P. falciparum 

proteins detected with FDR ≤ 1%, ≥ 3 peptides in all replicates) 

Total number of P. falciparum proteins detected by LC-MS/MS. Protein molecular weight (MW) 
in kilodaltons (kDa) are provided for all proteins. Genes and their predicted products are listed. 
Only proteins with at least three peptides in all replicates are shown. Four replicates were used 
for all samples. 
 
Table EV2: Label-free quantitative LC-MS/MS analysis of ChIRP RUF6 targeted - versus 

ChIRP scrambled control probes (all P. falciparum proteins detected with FDR ≤ 1%, ≥ 3 

peptides in all replicates, ratio ≥ 2.0, p ≤ 0.05) 

Proteomics analysis of ChIRP-MS. Comparison of RUF6 targeted (even probes) to scrambled 
control probes. Label-free quantitative LC-MS/MS analysis of RUF6 targeted (even probes)- and 
scrambled control probes. Ratio, log2(ratio), peptides used (Pept. used), total peptides, and 
protein molecular weight (MW) in kilodaltons (kDa) are provided for all proteins. Adjusted p-
value and the percent coefficient of variation (CV %) are shown for proteins present in both 
samples. Genes and their predicted products are listed. Only proteins with ≥2.0 fold ratio of 
enrichment, an adjusted p-value ≤ 0.05, and at least three peptides in all replicates are shown. 
Four replicates were used for both samples. 
 
Table EV3: Label-free quantitative LC-MS/MS analysis of ChIRP RUF6 targeted - versus 

ChIRP RNase treated control (all P. falciparum proteins detected with FDR ≤ 1%, ≥ 3 

peptides in all replicates, ratio ≥ 2.0, p ≤ 0.05) 

Proteomics analysis of ChIRP-MS. Comparison of RUF6 targeted (even probes) to RNase 
treated control. Label-free quantitative LC-MS/MS analysis of RUF6 targeted (even probes)- 
and RNase treated control. Ratio, log2(ratio), peptides used (Pept. used), total peptides, and 
protein molecular weight (MW) in kilodaltons (kDa) are provided for all proteins. Adjusted p-
value and the percent coefficient of variation (CV %) are shown for proteins present in both 
samples. Genes and their predicted products are listed. Only proteins with ≥2.0 fold ratio of 
enrichment, an adjusted p-value ≤ 0.05, and at least three peptides in all replicates are shown. 
Four replicates were used for both samples. 
 
Table EV4: Gene Ontology analysis (molecular function) of proteins significantly enriched 

in the ChIRP-MS targeted samples  

Gene Ontology analysis of proteins that were significantly enriched in the ChIRP-MS RUF6 

targeted samples when compared to both control samples  (Tables EV2-EV3). Number of genes 
annotated with each “molecular function” term in the P. falciparum genome (Bgd count), 
number of significantly enriched proteins with this term (Result count), p-value (calculated using 
a Fisher’s exact test), and Benjamini corrected p-value (FDR) are shown. Analysis was 
performed using the GO enrichment tool at PlasmoDB.org (Aurrecoechea et al, 2017). 
 
Table EV5: Candidate proteins significantly enriched in the ChIRP-MS targeted samples  

Candidate proteins that were significantly enriched in the ChIRP-MS RUF6 targeted samples 
when compared to both control samples  (Tables EV2-EV3).   
 
Table EV6: Final candidate proteins significantly enriched in the ChIRP-MS targeted 

samples  
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Final candidate proteins that were significantly enriched in the ChIRP-MS RUF6 targeted 

samples when compared to both control samples  (Tables EV2-EV3).   
 
Table EV7: LC-MS/MS analysis of GFP-tagged DDX5 Pf3D7_1445900 and protein of 

unknown function Pf3D7_1423700 (control) immunoprecipitation-MS 

Proteomics analysis of GFP-tagged DDX5 Pf3D7_1445900 and protein of unknown function 
Pf3D7_1423700 (control) immunoprecipitation-MS. Comparison of DDX5 to control. Label-free 
quantitative LC-MS/MS analysis of DDX5 and control. Ratio, log2(ratio), peptides used (Pept. 
used), total peptides, and protein molecular weight (MW) in kilodaltons (kDa) are provided for 
all proteins. Adjusted p-value and the percent coefficient of variation (CV %) are shown for 
proteins present in both samples. Genes and their predicted products are listed. Only proteins 
with ≥2.0 fold ratio of enrichment, an adjusted p-value ≤ 0.05, and at least three peptides in all 
replicates are shown. Five replicates were used for both samples. 
 
Table EV8: Gene Ontology analysis (biological process) of proteins significantly enriched 

in the DDX5 IP MS samples  

Gene Ontology analysis of proteins that were significantly enriched in the DDX5 IP MS samples 
when compared to control sample (Table EV7). Number of genes annotated with each 
“biological process” term in the P. falciparum genome (Bgd count), number of significantly 
enriched proteins with this term (Result count), p-value (calculated using a Fisher’s exact test), 
and Benjamini corrected p-value (FDR) are shown. Analysis was performed using the GO 
enrichment tool at PlasmoDB.org (Aurrecoechea et al, 2017). 
 
Table EV9: Gene Ontology analysis (molecular function) of proteins significantly enriched 

in the DDX5 IP MS samples  

Gene Ontology analysis of proteins that were significantly enriched in the DDX5 IP MS samples 
when compared to control sample (Table EV7). Number of genes annotated with each 
“molecular function” term in the P. falciparum genome (Bgd count), number of significantly 
enriched proteins with this term (Result count), p-value (calculated using a Fisher’s exact test), 
and Benjamini corrected p-value (FDR) are shown. Analysis was performed using the GO 
enrichment tool at PlasmoDB.org (Aurrecoechea et al, 2017). 
 
Table EV10: Shared proteins significantly enriched in the ChIRP RUF6 MS and DDX5 IP 

MS samples  

Shared proteins significantly enriched in the ChIRP RUF6 MS and DDX5 IP MS samples. 
Results from proteomics analysis of ChIRP RUF6 targeted MS and DDX5 IP-MS.  
 
Table EV11: Gene Ontology analysis (biological process) of shared proteins significantly 

enriched in the ChIRP RUF6 MS and DDX5 IP MS samples  

Gene Ontology analysis of shared proteins significantly enriched in the ChIRP RUF6 MS and 
DDX5 IP MS samples (Table EV10). Number of genes annotated with each “biological 
function” term in the P. falciparum genome (Bgd count), number of significantly enriched 
proteins with this term (Result count), p-value (calculated using a Fisher’s exact test), and 
Benjamini corrected p-value (FDR) are shown. Analysis was performed using the GO 
enrichment tool at PlasmoDB.org (Aurrecoechea et al, 2017). 
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Table EV12: Gene Ontology analysis (molecular function) of shared proteins significantly 

enriched in the ChIRP RUF6 MS and DDX5 IP MS samples  

Gene Ontology analysis of shared proteins significantly enriched in the ChIRP RUF6 MS and 
DDX5 IP MS samples (Table EV10). Number of genes annotated with each “molecular 
function” term in the P. falciparum genome (Bgd count), number of significantly enriched 
proteins with this term (Result count), p-value (calculated using a Fisher’s exact test), and 
Benjamini corrected p-value (FDR) are shown. Analysis was performed using the GO 
enrichment tool at PlasmoDB.org (Aurrecoechea et al, 2017). 
 

Table EV13: Differential gene expression analysis at 12 hpi of rapamycin-treated over 

untreated DDX5-GFP-FKBP parasites (genes showing significant change) 

Differential gene expression analysis at 12 hpi between untreated (-Rapamycin) and treated 
(+Rapamycin) DDX5-GFP-FKBP parasites. Analysis was performed for n=5,610 genes (ID and 
chromosome locations are given) with three replicates for untreated and rapamycin-treated 
DDX5-GFP-FKBP parasites. Only significantly up- or down-regulated genes are listed, and 
active var is highlighted in grey. log2(FoldChange) = Fold change of baseMean (average of the 
normalized read counts across all samples and replicates for this gene) in rapamycin-
treated/untreated parasites (log2). p-values are calculated with a Wald test for significance of 
coefficients in a negative binomial generalized linear model as implemented in DESeq2 (Love et 
al, 2014). q = Bonferroni corrected p-value. 
 

Table EV14: Gene Ontology analysis (biological process) of significantly down-regulated 

genes in DDX5 knocksideways  

Gene Ontology analysis of genes that were significantly down-regulated upon DDX5 
knocksideways (from Table EV13). Shown are number of genes annotated with each “biological 
process” term in the P. falciparum genome (Bgd count), number of significantly differentially 
expressed genes in the ISWI knockdown with this term (Result count), p-value (calculated using 
a Fisher’s exact test), and Bonferroni corrected p-value (FDR). Analysis was performed using 
the GO enrichment tool at PlasmoDB.org (Aurrecoechea et al, 2017). 
 

Table EV15: Gene Ontology analysis (biological function) of significantly up-regulated 

genes in DDX5 knocksideways 

Gene Ontology analysis of genes that were significantly up-regulated upon DDX5 
knocksideways (from Table EV13). Shown are number of genes annotated with each “biological 
process” term in the P. falciparum genome (Bgd count), number of significantly differentially 
expressed genes in the ISWI knockdown with this term (Result count), p-value (calculated using 
a Fisher’s exact test), and Bonferroni corrected p-value (FDR). Analysis was performed using 
the GO enrichment tool at PlasmoDB.org (Aurrecoechea et al, 2017). 
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The highlights of this section are: 

- RUF6 ncRNA is downregulated upon addition of MgCl2  

- PfMaf1 is involved in RNA Pol III transcriptional regulation 

 

The following results are part of an additional project to my main PhD project. Results are 

presented in the form of an unsubmitted manuscript. My contribution to this work was 

conceptualization, experimental design, performing all experiments (with the exception of the 

RNA Pol III inhibition assays and RNA-seq experiments), analyzing the data, and writing the 

manuscript. During this time, I was responsible for supervising two separate M1 students, Marta 

Miera Maluenda and Nathan Pinatel. Each stayed for 6 months (February 2021-July 2021 and 

November 2021 to May 2022).  
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Abstract 

During the dry season, in many African regions, persistent asymptomatic malaria cases have been 

linked to downregulated virulence gene expression resulting in low adhesion and increased 

circulation time of Plasmodium falciparum-infected erythrocytes. The underlying mechanism 

responsible for lower expression of the surface adhesins encoded by the var gene family is poorly 

understood. Here we discover environmental factors that trigger downregulation of var gene 

transcription. We observe that isoleucine starvation and high MgCl2 concentrations in the medium 

inhibit RNA Polymerase III transcribed genes. Importantly, this includes a P. falciparum-specific 

regulatory ncRNA gene family (encoded by the RUF6 gene family) that is a key regulator in var 

gene activation. We identified a homologous gene to the highly conserved eukaryotic Maf1, as a 

negative effector of RUF6 ncRNA transcription. Elevated MgCl2 concentrations led to a shift of 

cytoplasmic PfMaf1 to the nuclear compartment. We used an inducible protein degradation system 

to show that external stimuli depend on PfMaf1 to trigger lower expression of RUF6 genes. Our 

results uncover a TOR-independent signaling pathway that inhibits Pol III transcription and alters 
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parasite virulence. This work provides novel molecular understanding that is highly relevant for 

malaria pathogenesis of subclinical parasite persistence in the dry season. 

 

Keywords: RNA Pol III, Maf1, var genes, RUF6 ncRNA, malaria virulence, 

 

Introduction 

The parasite Plasmodium falciparum is responsible for the deadliest form of human malaria that 

annually affects over 200 million people, with 627,000 fatal cases, majorly African children under 

the age of 5 (W.H.O., 2021). The disease is transmitted to its human host during a blood meal by 

the parasites’ vector, Anopheles mosquitoes. Disease symptoms are seen while the parasite 

multiplies asexually within the host red blood cells (RBCs). During this time, variant surface 

antigens (VSAs) are exported and displayed on the surface of the infected RBCs (iRBCs). During 

the trophozoite and schizont stage, the VSA that is linked to immune evasion and pathogenesis, 

termed P. falciparum erythrocyte membrane protein 1 (PfEMP1) (Leech et al., 1984), mediate 

adhesion to the vascular endothelium within the host, thereby preventing mature iRBCs from 

traveling to, and being cleared by, the spleen. During the ~48-hour asexual intraerythrocytic 

developmental cycle (IDC), the parasite develops through different morphological stages: ring, 

trophozoite, and schizont. During schizont stage 16-32 merozoites are formed, that, upon bursting 

of the iRBC, invade new RBCs thus enabling the cycle to restart.  

P. falciparum relies largely on mutually exclusive expression of PfEMP1 surface adhesins, that 

are encoded by the var gene family (reviewed in Scherf et al., 1998; Smith et al., 1995). This 60-

member gene family is conserved among species from the Laverania subgenus of Plasmodium, 

which includes the only species that can infect humans (Larremore et al., 2015; Otto et al., 2018). 

Most of the members of this gene family are located at subtelomeres of the 14 chromosomes and 

approximately 24 out of 60 var genes are in central regions of 5 chromosomes. The mutually 

exclusive expression of var genes, while under tight epigenetic regulation by the parasite (Guizetti 

and Scherf, 2013), is additionally controlled by a family of ncRNA, termed RUF6. P. falciparum 

3D7 encodes 15 RUF6 genes dispersed over several chromosomes with a location adjacent to 

central var genes (Gardner et al., 2002). RUF6 ncRNA have been observed to associate with the 

active var gene in trans and overexpression or transcriptional repression disrupts the monoallelic 

expression of var genes by up-regulating multiple var genes or down-regulating the entire var gene 
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family, respectively (Barcons-Simon et al., 2020; Guizetti et al., 2016). During prolonged dry 

seasons in many endemic African regions subclinical P. falciparum persistence have been linked 

to reduced var gene transcription resulting in low adhesion and increased circulation time of 

infected erythrocytes (Andrade et al., 2020). Environmental factors and pathways, triggering lower 

expression of the surface adhesins, are poorly understood in malaria parasites. 

In almost all eukaryotes, the target of rapamycin complex (TORC) pathway has been shown to 

control many cellular processes including signaling of external factors (reviewed in (Wullschleger 

et al., 2006)) Specifically, TORC participates in the regulation of the RNA Pol III activity via the 

phosphorylation of a specific inhibitor termed Maf1. When nutrients are available and mTOR 

kinase is active, Maf1 is hyperphosphorylated resulting in an inactive cytoplasmic state. Stress-

induced Maf1 dephosphorylation results in nuclear localization and inhibition of RNA polymerase 

III (Pluta et al., 2001; Rollins et al., 2007; Vannini et al., 2010).   This pathway responds to a range 

of positive and negative external stimuli, most notably the presence of amino acids, that drive or 

inhibit cellular growth.  

The majority of the TORC pathway components are lost in the apicomplexan lineage (McLean & 

Jacobs-Lorena, 2017; Serfontein et al., 2010; van Dam et al., 2011). While P. falciparum encodes 

none of the core TORC1 components, it does contain the only known RNA Pol III repressor, Maf1 

(McLean & Jacobs-Lorena, 2017). In contrast to other eukaryotes, plasmodial Maf1 seemingly 

affects asexual blood stage proliferation making classical gene KO experiments unattainable 

(McLean & Jacobs-Lorena, 2017; Zhang et al., 2018). A transposon insertion into the promoter 

region of PfMaf1 gene generates a deregulated transcription profile leading to an improved 

recovery from amino acid starvation and other stress factors (McLean & Jacobs-Lorena, 2017).  

The biology of P. falciparum Pf-Maf1 is still poorly studied and its link to RNA Pol III transcribed 

regulatory ncRNA has not been investigated. We set out to explore if external factors can trigger 

changes in the transcription of RUF6 ncRNA. Our previous bioinformatic analysis predicted that 

RUF6 may be transcribed by RNA Pol III (Guizetti et al., 2016) and in this work we further 

corroborate this idea showing that RUF6 transcription is sensitive to RNA Pol III inhibitor. We 

identify isoleucine starvation and increased MgCl2 concentrations as external factors that do inhibit 

RNA Pol III transcribed genes including RUF6. We provide experimental evidence for PfMaf1 
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being a key player in the signal pathway that inhibits RUF6 transcription leading to reduced var 

gene expression. This finding is highly relevant for exploring the underlying mechanism of 

subclinical P. falciparum persistence in malaria patients. 

 

Results: 
 
RUF6 ncRNA is transcribed by RNA Polymerase III 

Previous bioinformatical analysis highlighted conserved promoter elements, namely A- and B-

box, within the RUF6 genes, suggesting transcription via RNA Pol III (Guizetti et al., 2016). Here 

we performed RNA Pol III inhibition assays with synchronized wild type parasites to test whether 

RUF6 genes are transcribed by this polymerase (Fig. 1A) (Dieci et al., 2013; Guizetti et al., 2016). 

We observed a similar downregulation in the levels of tRNA and RUF6 transcripts after treatment 

with 50 µM of an RNA Pol III inhibitor (CAS 577784-91-9, Calbiochem) for 20 hours. No 

transcript level changes were observed for a RNA Pol II transcribed control gene, ubiquitin-

conjugating enzyme (PF3D7_0812600) (Fig. 1B). Our data provide direct experimental support 

for RNA Pol III-dependent transcription of RUF6 genes, corroborating DNA sequence predictions. 

 
 
RNA Pol III-transcribed genes are downregulated upon isoleucine deprivation and MgCl2 

addition 

To investigate external factors that may trigger changes in RNA Pol III transcription in P. 

falciparum, we chose to use Ile-deprived culture medium for nutrient deprivation, as was described 

earlier (Babbitt et al., 2012; McLean & Jacobs-Lorena, 2017). We additionally included the 

addition of magnesium chloride (MgCl2). We chose 3mM MgCl2 in our culture medium since this 

concentration does not affect growth (Fig. 3C), similar to an earlier report (Hess et al., 1995) where 

they showed that culture concentrations for P. falciparum support a wide range from 0.5 to 5.0mM 

without affecting parasitic growth after 24 hours. We evaluated the transcript levels for tRNA 

valine and RUF6 ncRNA at various time points (6, 18, and 24 hpi) using P. falciparum 3D7 

cultivated either without isoleucine or with the addition of MgCl2 (Fig. 2A, Fig. S1). We observed 

that both conditions reduced RNA Pol III dependent transcription.  3mM MgCl2 in the culture 

medium significantly decreased transcription levels at 18 hpi for RNA Pol III-transcribed genes, 

tRNA valine and RUF6 ncRNA while deprivation of isoleucine resulted in slightly less decrease 
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of RUF6 and tRNA transcription. At 18hpi, the RNA Pol II-transcribed active var gene, 

Pf3D7_1240900, was significantly decreased (70%) upon addition of MgCl2.  

 

Given the greater decrease in RUF6 ncRNA transcription at 3mM MgCl2, we used this culture 

condition for a global assessment of transcriptional changes. RNA-seq was done on control and 

3mM MgCl2 cultured parasites at 12 and 24 hpi for two consecutive cycles. At 24 hpi in the first 

cycle, 39 RNA Pol III transcribed genes were downregulated including all 15 of the RUF6 ncRNA, 

8 tRNAs, 4 spliceosomal RNAs, and 1 snoRNA (Fig. 2B). In the second cycle at 12 hpi, 53 genes 

were downregulated (logFC < 1.95, FDR < 0.05) including all 15 RUF6 ncRNA, 6 tRNAs, 1 

spliceosomal RNA, and 3 snoRNA (Fig. 2C). Most importantly, the active var gene was 

significantly downregulated. Additionally, 12 genes were up-regulated including a cAMP-

dependent protein kinase, Pf3D7_0934800. This demonstrates that 3mM MgCl2 primarily inhibits 

RNA Pol III transcribed genes, including the entire RUF6 gene family that acts as activator of the 

major virulence gene family of P. falciparum. 

 
 

Validation of an inducible protein degradation system for PfMaf1 

To assess PfMaf1 localization and perform functional studies, P. falciparum parasites were 

transfected as previously described by (Birnbaum et al., 2017) modified with the addition of a 3HA 

tag and a ligand-controlled destabilization domain (ddFKBP), pSLI-Maf1-FKBP (Fig. 3A). The 

ddFKBP domain enables rapid and reversible protein stabilization by reversible binding of a 

synthetic ligand, termed Shield-1. Upon removal of Shield-1, the ddFKBP domain is not stabilized, 

leading to degradation of the protein of interest, PfMaf1. pSLI-Maf1-FKBP transfected parasite 

clonal populations were validated for proper integration.  Confirmation that the system was 

working was shown by western blot for addition and removal of Shield-1 (Fig. 3B). We observed 

that upon removal of Shield-1, PfMaf1 levels were shown to decrease by approximately 57% in 

total extracts.  Parasite growth rate was assessed over the course of 5 days for 4 different 

conditions: in the presence or absence of PfMaf1 (+/- Shield) and magnesium chloride (-/+MgCl2, 

Fig. 3C) on two pSLI-Maf1-FKBP clones. No significant difference in growth rate was observed 

after one cycle for all of the conditions. However, after two cycles conditions where MgCl2 was 

added, where Shield was removed, and when both MgCl2 was added and Shield removed, resulted 

in a significantly lower growth rate. These results suggest that the level of decreased PfMaf1 and 
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3mM MgCl2 significantly alter growth in culture. Transposon mutagenesis of PfMaf1 reported an 

effect on parasite growth (Zhang et al., 2018), and attempts for classical gene KO studies were not 

successful (McLean & Jacobs-Lorena, 2017). Here we have generated an inducible PfMaf1 protein 

degradation system that allows to explore its role in RNA Pol III transcription under culture 

conditions and in particular the RUF6 ncRNA-dependent transcription of the var gene family. 

 
 
Nuclear PfMaf1 levels increase upon addition of MgCl2 

The localization of PfMaf1 was investigated to determine if the protein is predominantly 

cytoplasmic under regular culture conditions as has been described in other eukaryotic systems 

(Orioli et al., 2016). Parasites were tightly synchronized, split into control and addition of MgCl2, 

and harvested at 18hpi. PfMaf1 localizes to both the cytoplasm and nucleus in control culture 

conditions during asexual blood stage development. Western blot analysis indicates that the 

majority of PfMaf1 is in the cytoplasmic fraction (Fig. 4A). Importantly, upon addition of MgCl2 

(3mM final concentration), we observed 1.64 times increase in nuclear PfMaf1 levels (Fig. 4A). 

Immunofluorescence (IF) was done at 18hpi for control and addition of MgCl2 parasites (Fig. 4B). 

PfMaf1 appeared to cluster in foci near the nuclear periphery in both culture conditions.  

 

PfMaf1 is involved in regulating RNA Pol III-transcribed genes including RUF6 

We made use of the PfMaf1-FKBP transfected parasites to investigate if the downregulation of 

RNA Pol III-transcribed genes triggered by 3mM MgCl2 is dependent on PfMaf1. We used the 

parasite growth conditions described earlier for establishing the growth curve (Fig. 3C). Parasites 

were harvested at 18 hpi. and RNA was extracted and prepared for RT-qPCR (Fig. 4C). We 

observed the previously observed down-regulation of RNA Pol III-transcribed tRNA valine and 

RUF6 upon addition of MgCl2 at 18 hpi in two pSLI-Maf1-FKBP clones. Notably, when PfMaf1 

was decreased (-Shield) and MgCl2 was added, Pol III transcription did not decrease. In fact, no 

other condition, besides +Shield + MgCl2, showed a significant decrease in transcription of RUF6 

genes when compared to the control (+Shield, - MgCl2). As observed earlier in Fig. 2, the 

reduction of RUF6 ncRNA leads to lower transcription of var genes. These results suggest that 

PfMaf1 is necessary for the decrease in RNA Pol III-transcribed genes observed upon addition of 

MgCl2.  
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Discussion 

While it is now established that RUF6 ncRNA is involved in the regulation of var gene expression, 

internal and external factors that regulate this ncRNA gene family have not been explored yet. 

Here we present experimental evidence that PfMaf1, a well-known repressor of RNA Pol III in 

other organisms, is involved in regulating P. falciparum virulence gene expression. Based on DNA 

sequence elements typically found in RNA Pol III transcribed genes termed A and B box, RUF6 

was first predicted to be transcribed by RNA Pol III (Fig. 1A). Here we show that RNA Pol III 

inhibitors reduce RUF6 transcription (Fig. 1B), supporting the concept that RNA Pol III 

transcribed ncRNA regulates RNA Pol II transcribed virulence genes.   

 

Given the observed link between mTOR signaling pathway and RNA Pol III repressor Maf1 in 

yeast and other eukaryotes (Michels, 2011), we investigated if plasmodial PfMaf1 can be activated 

by external factors and modulate parasite virulence. We identified two factors in the P. falciparum 

by depleting (-Ile) or supplementing (+MgCl2) the culture medium, that influence RNA Pol III-

transcribed genes (Fig. 2). Isoleucine starvation and MgCl2 concentrations both affected RNA Pol 

III activity. MgCl2 yielded repeatedly higher levels of inhibition and was therefore chosen as the 

external stimulus to explore the pathway that regulates the ncRNA RUF6.  Importantly, the 

transcription levels of RUF6 ncRNA was downregulated upon exposure to 3mM MgCl2 levels 

when both RUF6 and var gene transcription occurs (Fig. 2B). Expectedly, because of RUF6 

downregulation, RNA Pol II transcribed var gene transcription was significantly reduced.  RNA-

seq experiments further validated that MgCl2 significantly affects RNA Pol III-transcribed genes, 

but not RNA Pol II (Fig. 2B, C), except for var genes. Downregulated ncRNA including: tRNA, 

spliceosomal RNA, and snoRNA all have the TFIIIB subunit, typical of type 2 and 3 RNA Pol III 

promoters.  

 

We further went on to investigate if PfMaf1 activity is linked to its cellular localization. While the 

activation of Maf1 is linked to dephosphorylation followed by nuclear re-localization in other 

organisms. Several phosphorylation sites of PfMaf1 have been reported (https://plasmodb.org), 

but their impact on the nuclear PfMaf1 location in P. falciparum, especially in response to external 

factors, has not been studied yet. We show that PfMaf1 localizes predominantly to the cytoplasm 
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in control conditions and increases its nuclear occupancy upon MgCl2 addition (Fig. 4A). The 

increased nuclear levels, upon MgCl2 addition, correlate with the decrease in RNA Pol III-

transcribed genes (Fig. 4B). IFA analysis revealed that Pf-Maf1 clusters in distinct foci throughout 

the IDC (data not shown) and localizes near the nuclear periphery (Fig. 4B). This might be PfMaf1 

storage bodies that enable re-localization to the nucleus upon unfavorable conditions. In contrast 

to other eukaryotic studies of Maf1, P. falciparum expresses a basic level of this repressor in the 

nucleus. This pathogen may need to dampen RNA Pol III transcription levels to maintain tRNA 

and other ncRNA at physiological levels for optimal parasite proliferation. This could explain why 

PfMaf1 gene is essential during long-term asexual blood stage development (McLean & Jacobs-

Lorena, 2017).  

 

What firstly drew our attention to PfMaf1 is the highly conserved 150 amino acid N-terminal 

domain found only within Laverania species, the only species that contain var genes and RUF6 

(Fig. S1). We hypothesize that this conserved region has evolved to target PfMaf1 to RUF6 genes 

and regulate its transcription. Removing this region by genome editing was not successful in our 

hands, possible because this may have caused changes in the expression level of Pf-Maf1 thereby 

interfering with its essential function. 

 

Transmission of malaria by mosquitos is seasonal in many African endemic regions, where malaria 

is most prevalent. The year is divided into a rainy season and a dry season. Malaria cases are 

restricted to the rainy season when its mosquito vectors are present. Because of the lack of 

transmitting mosquito vectors, the dry season poses a great challenge for P. falciparum parasites. 

Parasites thus need to survive within the infected individuals, without killing them, until 

transmission is possible with the return of mosquitoes in the rainy season. A recent remarkable 

study on clinical P. falciparum isolates taken during the dry and rainy season observed a significant 

reduction in the level of expression of var genes, which could explain the subclinical persistent 

parasites (Andrade et al., 2020). The underlying mechanism remains poorly understood.  But the 

transition between the rainy and dry season most likely comes along with changes in the food 

sources and overall nutrient levels and possibly the microbiome in the host. The effect on nutrient 

availability from the host has been demonstrated to have a profound effect on malaria parasite 

using a rodent malaria model (Mancio-Silva et al., 2017). Diet changes may activate parasite 
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intracellular pathways; for example, it has been shown that calorie restriction leads to an increase 

in intracellular magnesium ion production (Abraham et al., 2016). In this work, we have identified 

two external factors that impact RUF6 ncRNA transcript level during in vitro culture. It remains 

to be explored if Ile and MgCl2 concentration vary in the plasma of malaria patients during the 

rainy and dry season. Evidently, a systematic plasma metabolic composition analysis may identify 

other factors that could modulate var gene expression.  

 

In conclusion, this work reveals a pathway that links external plasma factors with the nuclear 

activation of a repressor of RNA Pol III transcribed genes, including a P. falciparum-specific 

ncRNA gene family that regulates var gene transcription (see schematic model in Fig. 5). 

Importantly, this work uncovers novel molecular mechanism that is highly relevant for our 

understanding of factor leading to subclinical parasite persistence in the dry season. Importantly, 

our work provides a testable hypothesis that RNA Pol III transcription inhibition via the PfMaf1 

repressor modulates malaria pathogenesis. 
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Materials and Methods: 
 

Parasite culture and synchronization: 

Asexual blood stage 3D7 P. falciparum parasites were cultured as previously described in (Lopez-

Rubio et al., 2009). Parasites were cultured in human RBCs (obtained from the Etablissement 

Français du Sang with approval number HS 2016-24803) in RPMI-1640 culture medium (Thermo 

Fisher 11875) supplemented with 10% v/v Albumax I (Thermo Fisher 11020), hypoxanthine (0.1 

mM final concentration, C.C.Pro Z-41-M) and 10 mg gentamicin (Sigma G1397) at 4% hematocrit 

and under 5% O2, 3% CO2 at 37 °C. Parasite development was monitored by Giemsa staining. 

Parasites were synchronized by sorbitol (5%, Sigma S6021) lysis at ring stage, plasmagel 

(Plasmion, Fresenius Kabi) enrichment of late stages 24 h later, and an additional sorbitol lysis 6 

h after plasmagel enrichment. The 0 h time point was considered to be 3 h after plasmagel 

enrichment. Parasites were harvested at 1–5% parasitemia. 

 
Polymerase III inhibition assay: 

Parasites were treated with 50 µM of RNA Pol III inhibitor CAS 577784-91-9 (Calbiochem, 

Merck) after sorbitol treatment at 3 ±3 hpi and RNA was harvested at 24 hpi in parallel with 

untreated and control samples. The control was treated with the same volume of DMSO added to 

the inhibitor treated flasks of stock solution. 

 

External stimuli induction (+MgCl2 & Ile-deprivation):  

Synchronized 0 ±3 hpi parasites were divided into control addition of magnesium chloride 

(MgCl2), and isoleucine-deficient and harvested at 6 hpi, 18 hpi and 24 hpi. Parasites exposed to 

an addition of MgCl2 were supplemented with 2.5 mM MgCl2, for a final concentration of [3mM] 

including [0.5mM] found in RPMI. Isoleucine-deficient medium consisted of 10.3 g/liter RPMI 

1640 isoleucine (Ile) Drop-out medium (United States BioLogicals; catalog no. R9014), 

supplemented with 2.0 g/liter NaHCO3, 6.0 g/liter HEPES, 10% v/v Albumax I (Thermo Fisher 

11020), hypoxanthine (0.1 mM final concentration, C.C.Pro Z-41-M) and 10 mg gentamicin 

(Sigma G1397). Parasites were then harvested with 0.075% Saponin lysis at ~2-5% parasitemia 

for RNA, genomic DNA, and protein extraction at 6 hpi, 18 hpi and 24 hpi. 

 

RNA isolation and reverse transcription-quantitative PCR (RT-qPCR): 
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RNA was harvested from synchronized parasite cultures after saponin lysis in 0.075% saponin in 

PBS, followed by one wash in PBS and resuspension in the QIAzol reagent. Total RNA was 

extracted using an miRNeasy minikit and performing on-column DNase treatment (Qiagen). 

Reverse transcription from total RNA was achieved using SuperScript VILO (Thermo Fisher 

Scientific) and random hexamer primers. cDNA levels were quantified by quantitative PCR in the 

CFX384 real time PCR detection system (BioRad) using Power SYBR Green PCR Master Mix 

(Applied Biosystems) and primers from a previous study (Guizetti et al., 2016). Starting quantity 

means of three replicates were extrapolated from a standard curve of serial dilutions of genomic 

DNA. Transcript levels shown by using the following primers: RUF6, valine, alanine, var 58, var 

con, and Ap2G were normalized to the reference gene, fructose-bisphosphate aldolase 

(PF3D7_1444800). The starting quantity means from three replicates were extrapolated from a 

standard curve of serial dilutions of genomic DNA. 

 

Stranded RNA sequencing and analysis: 

Infected RBCs containing synchronized (12 and 24 hpi ± 3 h) parasites were lysed in 0.075% 

saponin (Sigma S7900) in DPBS at 37°C. The parasite cell pellet was washed once with DPBS 

and then resuspended in 700 µL QIAzol reagent (Qiagen 79306). Total RNA was subjected to 

rRNA depletion to ensure ncRNA and mRNA capture using the RiboCop rRNA Depletion Kit 

(Lexogen) prior to strand-specific RNA-seq library preparation using the TruSeq Stranded RNA 

LT Kit (Illumina) with the KAPA HiFi polymerase (Kapa Biosystems) for the PCR amplification. 

Multiplexed libraries were subjected to 150 bp paired-end sequencing on a NextSeq 500 platform 

(Illumina). Sequenced reads (150 bp paired end) were mapped to the P. falciparum genome 

(Gardner et al., 2002) (plasmoDB.org, version 3, release 57) using “bwa mem” (Li & Durbin, 

2009) allowing a read to align only once to the reference genome (option “–c 1”). Alignments were 

subsequently filtered for duplicates and a mapping quality ≥ 20 using samtools (Li & Durbin, 

2009). Three biological replicates for -MgCl2 and +MgCl2 samples were analyzed for both 

timepoints. 

 
Generation of PfMaf1 strains: 

All cloning was performed using KAPA HiFi DNA Polymerase (Roche 07958846001), In-Fusion 

HD Cloning Kit (Clontech 639649), and XL10-Gold Ultracompetent E. coli (Agilent Technologies 

200315). Transgenic pSLI parasites were generated as previously described in (Birnbaum et al., 
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2017) with the following modifications: GFP was replaced with a 3HA tag and a ddFKBP domain 

was added after the protein of interest, PfMaf1. For localization and knock down studies, the last 

500-1000 bp of target gene, PfMaf1 Pf3D7_0416500, was cloned into pSLI-3HA-ddFKBP. Each 

sequence started with an in-frame stop codon but the stop codon at the end of the gene was 

removed. 50 µg of plasmid DNA was transfected into ring stage 3D7 P. falciparum parasites using 

the protocol described elsewhere (Hasenkamp et al., 2013). Transfected parasites were selected 

with constant drug selection pressure of 4 nM WR99210 (Jacobus Pharmaceuticals) to obtain a 

cell line containing the episomal plasmid. A second drug selection using 400 µg/ml of G418 was 

done to select for integrants. Once parasites emerged, gDNA of each integration cell line was 

collected using a commercial kit (DNeasy Blood & Tissue Kit) and checked by PCR to show that 

integration occurred at the correct locus. Both genome and vector specific primers for the 5’ and 

3’ region were used so that the PCR product would cover the plasmid/genome junction. Vector 

primers used were the same as described (Birnbaum et al., 2017). Once proper size gel bands from 

PCR were seen, parasites were cloned by limiting dilution, and the targeted genomic locus was 

sequenced to confirm tag and FKBP integration. 

 

Western blot analysis: 

Shield-1 was removed for one full cycle before harvesting parasites for western blot. MgCl2 was 

added at 0hpi. iRBCs were washed once with Dulbecco's phosphate-buffered saline (DPBS, 

Thermo Fisher 14190) at 37°C and lysed with 0.075% saponin (Sigma S7900) in DPBS at 37°C. 

Parasites were washed once with DPBS, resuspended in 1 ml cytoplasmic lysis buffer (25 mM 

Tris–HCl pH 7.5, 10 mM NaCl, 1.5 mM MgCl2, 1% IGEPAL CA-630, and 1× protease inhibitor 

cocktail [“PI”, Roche 11836170001]) at 4°C, and incubated on ice for 30 min. Cells were further 

homogenized with a chilled glass douncer, and the cytoplasmic lysate was cleared with 

centrifugation (13,500 g, 10 min, 4°C). The pellet (containing the nuclei) was resuspended in 100 

µl nuclear extraction buffer (25 mM Tris–HCl pH 7.5, 600 mM NaCl, 1.5 mM MgCl2, 1% IGEPAL 

CA-630, PI) at 4°C and sonicated for 10 cycles with 30 s (on/off) intervals (5 min total sonication 

time) in a Diagenode Pico Bioruptor at 4°C. This nuclear lysate was cleared with centrifugation 

(13,500 g, 10 min, 4°C). Protein samples were supplemented with NuPage Sample Buffer (Thermo 

Fisher NP0008) and NuPage Reducing Agent (Thermo Fisher NP0004) and denatured for 5 min 

at 95°C. Proteins were separated on a 4-15% TGX (Tris-Glycine eXtended) (Bio-Rad) and 
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transferred to a PVDF membrane. The membrane was blocked for 1 h with 5% milk in PBST 

(PBS, 0.1% Tween 20) at 25°C. HA-tagged proteins and histone H3 were detected with anti-HA 

(Abcam 9110, 1:1,000 in 5% milk-PBST) and anti-H3 (Abcam ab1791, 1:1,000 in 5% milk-PBST) 

primary antibodies, respectively, followed by donkey anti-rabbit secondary antibody conjugated 

to horseradish peroxidase (“HRP”, Sigma GENA934, 1:5,000 in 5% milk-PBST). Aldolase was 

detected with anti-aldolase-HRP (Abcam ab38905, 1:5,000 in 5% milk-PBST). HRP signal was 

developed with SuperSignal West Pico chemiluminescent substrate (Thermo Fisher 34080) and 

imaged with a ChemiDoc XRS+ (Bio-Rad). 

 
Immunofluorescence assay: 

pSLI-Maf1-FKBP parasites were used with rat anti-HA (Roche 3F10) antibodies. 10 µl of iRBCs 

were washed with PBS and fixed with for 30 min in 0.0075% Glutaraldehyde/4% PFA/PBS. After 

PBS washing, parasites were permeabilized with 0.1% TritonX100/PBS for 10-15 min before 

quenching free aldehyde groups with NaBH4 solution for 10 min. Next, parasites were blocked 

with 3% BSA–PBS for 30 min. Primary antibody incubation lasted for 1 h before three washes 

with PBS, and secondary antibody incubation for 30-60 min, Alexa Fluor 488-conjugated anti-

mouse IgG (Invitrogen) diluted 1:2,000 in 4% BSA–PBS. After three final washes in PBS, cells 

were mounted in Vectashield containing DAPI for nuclear staining. Images were captured using a 

Nikon Eclipse 80i microscope with a CoolSnap HQ2 camera (Photometrics). NIS elements 3.0 

software (Nikon) was used for acquisition and Fiji software (http://fiji.sc/) for analysis. 

 

Flow cytometry: 

Two different pSLI-Maf1-FKBP parasite clones were tightly synchronized and diluted to 0.2% 

parasitemia (5% hematocrit) at ring stage. One cycle before, Shield-1 was removed from half of 

the culture. Parasites were tightly synchronized and split was culture was further split for addition 

of MgCl2 (3.0 mM final concentration) to half of the culture that had Shield-1 and half that had 

Shield-1 removed. The growth curve was performed in a 96-well plate (200 µl culture per well) 

with three technical replicates per condition per clone. At 0 h, 24 h, 48 h, 72 h, and 96 h, 5 µl of 

the culture was stained in 95 µl of D-PBS (Gibco) supplemented with 2× Sybr Green I (Ozyme; 

stock = 10,000×) for 30 min at room temperature, diluted 20-fold in D-PBS (final volume = 200 

µl), and the Sybr Green fluorescence measured in a Guava easyCyte Flow Cytometer (EMD 
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Millipore). 10000 events were counted in duplicate to establish an accurate parasitemia value for 

each culture. Data were analyzed using the InCyte software (EMD Millipore). 

 

Statistical analysis: 

All statistical analyses were performed using GraphPad Prism version 9.1.0 (216) for Mac. To test 

for a normal distribution of the data, the Shapiro-Wilk normality test was used. To test for 

significance between two groups, a two-sided independent-samples t test was used. Gene ontology 

enrichments were calculated using the build-in tool at https://plasmoDB.org. 
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Figure 1. RNA polymerase III inhibition assay Transcript levels as quantified by RT-qPCR in 
synchronized wild type parasites at 24 hpi for tRNA-Asp, tRNA-Val, RUF6 and housekeeping control gene 
coding for ubiquitin-conjugating enzyme, in untreated cultures and in the presence of RNA Pol III inhibitor 
and DMSO. Expression is normalized to fructose-bisphosphate aldolase (PF3D7_1444800) transcript 
levels. Mean SEM of two independent experiments are shown. Statistical significance was determined by 
two-tailed Student’s t-test (*** p<0.001). 
 
 
 
 

B
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Figure 2. Transcriptional differences from isoleucine deprivation and MgCl2 addition (A) RT-qPCR 
results on wild type 3D7 parasites harvested at 18 hpi for control parasites and parasites in the absence of 
isoleucine (w/o Ile) or presence of MgCl2 (+MgCl2). Primers used were for all RUF6 ncRNA, tRNA valine 
(Pf3D7_0312600), and active var 58 (Pf3D7_1240900). Results are normalized to an RNA Pol II-
transcribed reference gene FBA (Fructose-bisphosphate aldolase Pf3D7_1444800) and presented as fold 
change/control. Error bars are displayed from 3 biological replicates. (B, C) Volcano plot showing log2 
(fold change, FC) against −log10 (p-value) of transcripts identified by RNA-Seq analysis of 3D7 control 
and addition of MgCl2 at 24 hpi first cycle (B) and 12 hpi second cycle (C). Expressed transcripts from 
three replicates between control and addition of MgCl2 that are significantly up-regulated are highlighted 
in red while significantly down-regulated genes are highlighted in blue (FDR corrected p-value of ≤(FDR 
corrected p-value <0.05) and a FC ≥± 1.95). Black dots indicate non-significant transcripts with a FC ≤ 2.0.  
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Figure 3. Validation of PfMaf1 knockdown system (A) Illustration of plasmid design for PfMaf1 with a 
3HA tag followed by a ddFKBP domain to allow for knockdown studies. (B) Western blot analysis for 
nuclear and cytoplasmic PfMaf1 localization in pSLI-Maf1-FKBP transfected parasites with Shield1 
(control) and without addition of Shield1 (w/o shield) harvested at 18hpi. (C) Growth curve over 5 days of 
clonal pSLI-Maf1-FKBP parasites in the presence (+S black) or absence (-S blue) of Shield. Uninfected 
red blood cells (red) serve as reference of background. Error bars indicate standard deviation of three 
technical replicates in blood from two different clones.  
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Figure 4. PfMaf1 involvement in regulating RNA Pol III-transcribed genes (A) Western blot analysis 
for PfMaf1 expression in pSLI-Maf1-FKBP transfected parasites without addition of MgCl2 (control) and 
with addition of MgCl2 (+MgCl2) harvested at 18hpi. (B) Representative immunofluorescence images show 
brightfield, Dapi, GFP, and Dapi-GFP merge for PfMaf1 control and addition of MgCl2 at 18pi (C) RT-
qPCR results for 4 conditions: in the presence (+S black) or absence (-S green) of Shield and absence of 
MgCl2 or presence (+Shield +Mg blue) or absence (-S +MgCl2 orange) of Shield, PfMaf1, and presence 
(+MgCl2) of MgCl2. Error bars are displayed from 3 biological replicates.  
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Figure 5. Illustration showing the common TORC1 pathway in other organisms compared to P. 

falciparum. In other organisms, TORC1 pathway represses Maf1 in favorable conditions. External factors, 
like nutrient depletion, lead to the activation of Maf1 by repressing TORC1 and kinases that phosphorylate 
Maf1. Unphosphorylated Maf1 re-localizes to the nucleus where it represses RNA Pol III leading to reduced 
transcription. In P. falciparum, Maf1 is one of the few conserved components of TORC1 pathway. Its 
phosphorylation state and interacting kinases remain unknown. 
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Supplementary Figure 1. Transcriptional differences from isoleucine deprivation and MgCl2 addition 

(A) RT-qPCR results on wild type 3D7 parasites harvested at 6 (A) and 24 (B) hpi for control parasites and 
parasites in the absence of isoleucine (w/o Ile) or presence of MgCl2 (+MgCl2). Primers used were for all 
RUF6 ncRNA, tRNA valine (Pf3D7_0312600), RNA Pol II-transcribed Ap2G (Pf3D7_14082000, and 
tRNA Alanine (Pf3D7_0411500). Results are normalized to an RNA Pol II-transcribed reference gene FBA 
(Fructose-bisphosphate aldolase Pf3D7_1444800) and presented as fold change/control. Error bars are 
displayed from 3 biological replicates.  
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Supplementary Figure 2. Maf1 alignment for Plasmodium Alignment sequences for N-term region, 
conserved sequences are within the Laverania species. 
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Supplementary Material: 
 

Target Forward primer Reverse primer 

Alanine 5’-GGGCAGGTGGTGTAGTGG-3’ 5’-TGCTGGACAGACGGGGAATT-3’ 

AP2-G 5’-TGGGAAGAGAGCATGCAATGA-3’ 5’-TCGCTTTCTTGTCCATGCAAC-3’ 

FBA 5’-TGTACCACCAGCCTTACCAG-3’ 5’-TTCCTTGCCATGTGTTCAAT-3’ 

RUF6 5’-AAGCTGCCCCAGTAGCCCA-3’ 5’-AAAAATTGCGCCGCCCCC-3’ 

UCE 5’-TAACAGCCCAGCGAATCAAG-3’ 5’-CGGCATCTTCTTCAGCTTTCTG-3’ 

Valine 5’-GCGGGCATGGTCTAGTGG-3’ 5’-ACTACGGGCACCGAGGATC-3’ 

var 58 5’-CAAAATGGTAGTGATGGTGGTCG-3’ 5’-CCCCCTGCTTTATTATCTTTCGTC-3’ 

Var Con 5’-GCACGAACTTTTGCA-3’ 

5’-GCACGCAGTTTTGCA-3’ 

5’-GCCCCATTCGTCGAACC-3’ 

5’-GCCCCATTCCTCGAACC-3’ 

 

Supplementary Table 1. qPCR analysis primer pairs 
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Part 3 

 
3 General discussion and outlook  

 
Contents:  

3.1 Establishing ChIRP-MS in P. falciparum  

 

3.2 Identifying a RUF6 ncRNA-binding protein 

3.3 Identification of external factors that regulate transcription of RUF6 ncRNA 

 

In Part 3 I summarize and contextualize the main results presented. I also aim to discuss the 

concepts that still remain unclear that can serve as a basis for future research perspectives.  
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3.1 Establishing ChIRP-MS in P. falciparum  

 

We initially set out to establish the ChIRP-MS protocol in P. falciparum. We chose this technique, 

specifically, because it allows for the identification of ncRNA-binding proteins in their native 

cellular context. This technique allowed us to isolate and identify specific RUF6 ncRNA-

associated proteins that were not detected using nuclear extracts in RUF6 ncRNA affinity 

purification assays. The ChIRP-MS method appears to detect interactions that cannot be 

reconstituted once the nucleus is disrupted.  

 

Using validated biotinylated tiling oligo probes for RUF6, we were able to identify RUF6-

associated proteins. We included two controls: scrambled probes and RNase A-treated samples, to 

exclude or minimize non-specific protein candidates. Binding proteins were detected with label 

free quantitative proteomics (LC-MS/MS). One challenging aspect of proteomic analysis is the 

amount of input material needed to overcome non-specific background hits. To overcome this 

obstacle, we used 4.0E10 parasites in ChIRP-MS for each of the four replicates. Quantitative 

analysis identified proteins that were uniquely enriched in our RUF6 target samples compared to 

controls (p< 0.05). Therefore, our top ranked candidate proteins were uniquely found in our target 

samples and absent in one or both control groups. After validation of one of the top ranked 

candidates as a RUF6 ncRNA-associated protein, this method should allow further studies of the 

interactome of other key regulatory ncRNA in malaria parasites; such as the antisense RNA of the 

GDV1 gene that inhibits the activation of the master regulator Ap2G of sexual commitment 

(Filarsky et al., 2018). The method could also serve to pull down mRNA specific proteins that 

bind to modified bases, an emerging area in malaria parasites termed epitranscriptome.  
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Figure 3.1 Various potential applications of the ChIRP protocol are shown to identify interactions of 

ncRNA with proteins, DNA and other RNA molecules.  

 

 

In addition to identifying protein interactions, the ChIRP protocol can also be used to identify 

RNA or DNA interactions. ChIRP-seq and ChIRP-RNA-seq are being optimized in our lab for use 

in future applications related to the biology of RNA. One example is to investigate the interaction 

of the subtelomeric repeat TARE6 lncRNA with the P. falciparum genome. So far, I have designed 

and validated probes that are specific to TARE 6 by RT-qPCR following the ChIRP protocol. 

Furthermore, purified DNA that was bound to the RUF6 ncRNA is ready to be prepared for 

sequence analysis to identify potential regions of the var gene locus that interact with the RUF6 

protein complex. Optimization of the protocol is still ongoing in the laboratory.  
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3.2 Identifying RUF6 ncRNA-binding proteins 

 

The rationale of this study was to gain biological insight into the RUF6 ncRNA-mediated 

activation of the var gene family. Previous studies have explored its role in the monoallelic 

expression of var genes (Barcons-Simon et al., 2020; Guizetti et al., 2016; Wei et al., 2015). Still, 

it remains unknown how the RUF6 ncRNA is targeted to an active var gene expression site and 

which proteins it recruits and interacts with to promote efficient singular var gene transcription.  

 

Using ChIRP-MS we were able to establish a comprehensive RUF6 ncRNA protein interactome 

including several proteins with predicted RNA-binding domains and several proteins of unknown 

function. We validated a homolog of human DEAD box protein, DDX5, as a regulator of var gene 

transcription. DDX5 has a canonical role in unwinding RNA as well as DNA (G. Wu et al., 2019), 

is involved in transcriptional regulation and elongation, and can interact directly with RNA Pol II 

(Clark et al., 2013). IFA localization studies and Western blot analysis confirmed the nuclear 

presence of Pf-DDX5 during ring stage and RIP RT-qPCR confirmed its association with RUF6 

ncRNA.  

 

Co-IP/MS of Pf-DDX5 identified several proteins originally found by our RUF6-ChIRP protocol, 

validating the ChIRP-MS technique as a method to identify ncRNA interactomes in P. falciparum. 

Shared proteins had functions related to RNA binding and involved in processes related to 

initiation and regulation of transcription from RNA Pol II. These findings corroborate our 

previously proposed mode of function, namely the co-localization of RUF6 ncRNA with actively 

transcribed var genes (Guizetti et al, 2016) and that RUF6 transcription is linked to var gene 

activation  (Barcons-Simon et al., 2020; Guizetti et al., 2016). Most importantly, our findings 

strengthen the notion that Pf-DDX5 is associated with RUF6 ncRNA at the var gene RNA Pol II 

promoter. The combination of CHIRP-MS and Pf-DDX5 Co-IP-MS provides the first 

comprehensive catalogue of proteins that interacts with RUF6 ncRNA.  
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Figure 3.2 Hypothetical model of PfDDX5 and RUF6 ncRNA function at var gene. Var genes are highly 

enriched for G-quadruplexes (Gazanion et al., 2020). The recruitment of Pf-DDX5 via RUF6 to the 

active var gene transcription complex may enhance the transcriptional RNA Pol II activity for this 

type of gene.  
 

 

Inducible displacement of nuclear Pf-DDX5 resulted in the significant down-regulation of the 

active var gene without disrupting monoallelic expression, identifying Pf-DDX5 as a novel 

regulator of transcriptional activation of var genes. We hypothesize that Pf-DDX5 helps unwind 

DNA G-quadruplexes (G. Wu et al., 2019), in the var gene promotor and exon I (Fig. A1) 

(Gazanion et al., 2020), to allow for proper transcription by RNA Pol II.  

 

Our data show that RUF6 ncRNA recruit proteins with predicted RNA-binding activities such as 

Pf-DDX5 but also a number of candidate genes with unknown function. Given that RUF6 and var 

genes are restricted to Laveranian species and no homologous genes exist in model eukaryotes, it 

is somehow expected to find RUF6-associated proteins that have evolved with RUF6/var genes. 

Exploring the function of those genes may reveal functions that are still poorly understood.   
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3.3 Identification of external factors that regulate transcription of RUF6 ncRNA 

 
While it is now established that RUF6 ncRNA is involved in the regulation of var gene expression, 

environmental factors that regulate the ncRNA have not been explored. Here we show that PfMaf1, 

a well-known repressor of RNA Pol III in other organisms, is involved in regulating transcription 

of RNA Pol III-transcribed RUF6 in response to external stimuli.  

 

What initially drew our attention to PfMaf1 specifically is the highly conserved 150AA N-terminal 

region found only within Laverania species, the only species that contain var genes and RUF6. 

We hypothesize that this conserved region has a role specific to regulating RUF6. We showed that 

P. falciparum parasites exposed to different external stimuli has an effect on RNA Pol III-

transcribed genes, importantly RUF6 ncRNA. A similar RNA Pol III down-regulation has been 

shown in other systems to be essential to cell survival by conserving energy in times of reduced 

nutrient availability (Willis and Moir, 2018). Additionally, we observed that var gene transcription 

decreased and suspect that the RUF6 downregulation is responsible, since var genes are 

transcribed by RNA Pol II. We showed that PfMaf1 is needed for the downregulation of Pol III-

transcribed genes in response to the external stimulus, [3mM] MgCl2.  
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Figure 3.3 Potential impact of the in vitro culture established pathway of PfMaf1-dependent RNA Pol 

III gene transcription on P. falciparum virulence in malaria endemic regions during rainy and dry 

season.  We hypothesize the established link between external factors and PfMaf1 and the control of RNA 

Pol III transcription of the ncRNA RUF6 could decrease parasite virulence by downregulating var genes 

(Andrade et al., 2020). This hypothesis can be tested by analyzing the RNA Pol III transcript levels and in 

particular RUF6 in malaria patients from dry and rainy seasons. 

 

In P. falciparum, particularly, lower nutrient abundancy occurs during the dry season in African 

regions, where malaria is most prevalent. We hypothesize that parasites can sense the transition 

from the rainy to the dry season through changes in nutrient availability. During the dry season, 

the parasite from asymptomatic patients show reduced expression of var genes (Andrade et al., 

2020). Changes in diet in a rodent malaria model P. berghei (which do not contain var genes) 

demonstrated the impact on changes in diet of the host on asexual blood stage development 

(Mancio-Silva et al., 2017). Overall, it is possible that PfMaf1 is activated in response to external 

stimuli, leading to its re-localization to the nucleus, where it reduces expression of RUF6 ncRNA 

and consequently, var genes, necessary for the parasites to ‘bridge’ transmission seasons. This is 

a new concept and testable hypothesis that could link RUF6 ncRNA regulation via PfMaf1 to 

reduced parasite virulence during the dry season. 
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3.5 Conclusions and future perspectives  
 

Based on the results of the work done during the course of my thesis, the previous model of the 

interaction between RUF6 ncRNA and var gene regulation (Fig. 1.26) can updated by new 

molecular details important for the transcription of var genes. We now identify a RUF6-binding 

protein interactome which suggest a direct association with RNA Pol II. Further work will be done 

in order to characterize other interacting proteins in the complex, in particular proteins of unknown 

function may reveal answers to open questions. Additionally, ChIP-seq will be completed to study 

the PfDDX5 association with var gene loci and possibly with DNA G quadruplexes.  

 

 
 

 

Figure 3.4 Illustration of nuclear organization of the active var gene at the expression site and 

interacting partners. Molecular insight into the interaction of ncRNA RUF6 with RNA Pol II; the helicase 
PfDDX5 is shown. The specific recruitment of RUF6 to the active expression site remains unknown. 
Further characterization of the interactome may reveal specific proteins that target RUF6 to the expression 
site. 
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Regarding the additional research project, the investigation of the regulation of RUF6 by PfMaf1, 

immunoprecipitation experiments will be carried out to validate the involvement of nuclear 

PfMaf1 with RNA Pol III. So far, we have developed and validated a TFIIIC antibody in our lab 

(Patty Chen). IP-MS studies will also be done in order to determine the phosphorylation state of 

cytoplasmic and nuclear PfMaf1. In parallel we are in the process of deleting the N-terminal region 

of PfMaf1, the conserved region only found amongst Laverania species. We hope to confirm that 

this region is specific for regulating RUF6.  

 

The thesis opens many new research avenues that can no address experimentally important aspects 

of virulence gene regulation and the role of environmental factors in modulating parasite 

pathogenesis. 
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Appendix A 
 

 

Additional preliminary data for results section 2.1 

 
There are 20 predicted DNA G quadruplexes in the active var gene from the clone used in RNA-

seq (Fig. A1). We set out to determine if PfDDX5 was binding to these specific DNA regions 

using ChIP-seq. We harvested rings and trophozoite stage parasites (12 and 24 hpi). We did not 

see any peaks spanning the predominantly transcribed RUF6 ncRNA (Fig. A2). However, we did 

see peaks throughout the active var gene (Fig. A2). Peak calling and further analysis are ongoing 

to determine if the observed peaks are significant as well as if they are over the predicted G4 sites.  

 

 

 
 
Figure A1. Predicted var gene DNA G quadruplexes 

20 predicted G4s in Pf3D7_0412400.  
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Figure A2. ChIP-seq for 12 and 24 hpi ChIP-seq data show enrichment of PfDDX5 in clonal parasites 
at 12 (above) and 24 (below) hpi relative to regions of chromosome 4. Genome location is indicated at the 
top of the panel. Pf3D7_0412400 is the active var gene and Pf3D7_0412500 is the predominantly 
transcribed RUF6 ncRNA. The x-axis is DNA sequence, with genes represented by blue boxes and 
labeled with white arrowheads to indicate transcription direction. The y-axis is enrichment (ChIP/Input 
/genomic DNA). One replicate was used for the PfDDX5 ChIP-seq. 
 
 

Materials and Methods: 
 

Chromatin immunoprecipitation and next generation sequencing 

 

ChIP-seq was performed as previously described (Bryant et al., 2020) with some modification 

using ring or trophozoite stage parasites (12 or 24 hpi). Sonicated chromatin chromatin (500 ng 

DNA content) was combined with 25 µL of α-GFP trap beads (Chromotek) . After overnight 

incubation, subsequent washing, cross-link reversion and DNA extraction were carried out as 

described before (Bryant et al., 2020). Sequencing libraries were produced with the 

immunoprecipitated DNA using the MicroPlex Library Preparation Kit v2 (Diagenode) with the 

KAPAHiFi polymerase (Kapa Biosystems) for the PCR amplification. For each ChIP sample a 

control DNA corresponding to the ChIP input was processed in parallel. Multiplexed libraries were 

subjected to 150 bp paired-end sequencing on a NextSeq 500 (Illumina). Fastq files were obtained 

by demultiplexing the data using bcl2fastq (Illumina) prior to downstream analysis. So far, only 

one biological replicate has been analyzed for one clone at each time point.   
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Additional supplementary figure for results section 2.2 

 
Percent parasitemia was lower than expected on day 5 of the growth curve for the ‘Environmental 

factors regulate malaria parasite virulence via the downregulation of RNA Pol III-transcribed 

ncRNA gene family’ manuscript. This can be explained by the high amount of unburst schizonts. 

There appears to be less merozoites formed in schizonts without PfMaf1. This result can be 

explained by the high energetic cost the parasite might be using without PfMaf1 to regulate RNA 

Pol III-transcription (Willis & Moir, 2018).  

 

 

 

Figure B1. Day 5 of growth curve 
Giemsa staining showing stage and 
morphology of parasites from control 
(+Shield) versus parasites with addition 
of MgCl2 (+Shield +MgCl2), degradation 
of PfMaf1 (-Shield), and combined 
addition of MgCl2 and degradation of 
PfMaf1 (-Shield +MgCl2 
 

 

 

 

 

 

 

 
 

+Shield +Shield +MgCl2 

-Shield -Shield +MgCl2 
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Appendix C 
 
 
 

Insight into the DNA cytosine epigenetic landscape in Plasmodium 

falciparum 

 
 
The highlights of this appendix are: 
 

- Pf-DNMT2 has a dual function in methylating tRNA and DNA 

 

- DNMT2 and oxygen levels are critical determinants to the DNA cytosine epigenetic 

landscape  
 

 
The results presented in this appendix are from the submitted manuscript under the title "Variable 
oxygen environments and DNMT2 determine the DNA cytosine epigenetic landscape of 
Plasmodium falciparum". My contribution to this work was setting up and harvesting the parasites 
for the three replicates in Figure 3.   
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Abstract 

 

DNA cytosine methylation and its oxidized products are important epigenetic modifications in 

mammalian cells. Although 5-methydeoxyctidine (5mdC) was detected in the human malaria parasite 

Plasmodium falciparum, the presence of oxidized 5mdC forms remain to be characterized. Here we 

establish a protocol to optimize nuclease-based DNA digestion for the extremely AT-rich genome of 

P. falciparum (>80% A+T) for quantitative LC-MS/MS analysis of 5-hydroxymethylcytosine 
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(5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine (5caC). We demonstrate the presence of 

5hmC, 5fC and 5caC cytosine modifications in a DNMT2-only organism and observe striking ratio 

changes between 5mdC and 5hmC during the 48-hour blood stage parasite development. Parasite-

infected red blood cells cultured in different physiological oxygen concentrations revealed a shift in 

the cytosine modifications distribution towards the oxidized 5hmC, 5fC and 5caC forms. In the 

absence of the canonical C5-DNA methyltransferase (DNMT1 and DNMT3A/B) in P. falciparum, 

we show that all cytosine modifications depend on the presence of DNMT2. In addition, we identified 

a hydroxylase (PF3D7_0829400) in P. falciparum that is linked to the non-canonical 5hmC 

biogenesis pathway in P. falciparum and produces 5hmC DNA cytosines when expressed in 

Saccharomyces cerevisiae. We conclude that DNMT2 and oxygen levels are critical determinants 

that shape the dynamic DNA cytosine epigenetic landscape in this human pathogen.   

 

 

Introduction  

 

Since its discovery in 1948(Hotchkiss, 1948), 5-methydeoxyctidine (5mdC) in DNA, also known as 

the 5th base of the genome, is now the best characterized epigenetic mark in higher eukaryotes, 

playing very important functions in different cellular processes such as cell differentiation and X 

chromosome inactivation(Holliday & Pugh, 1975; Riggs, 1975). DNA cytosine methylation is 

catalyzed by members of the DNA methyltransferases family (DNMT1 and DNMT3A/B)(Aapola et 

al., 2000; Bachman et al., 2001; Baubec et al., 2015) and 5mdC is mostly found in CpG rich regions 

of gene promoters (CpG islands or CGIs)(Doi et al., 2009; Jones, 2012; Sharif et al., 2007). The 

presence of 5mdC within CGIs of promoter regions is often linked with the inactivation of the 

corresponding gene(Guy et al., 2011; Meng et al., 2015). This occurs through the impairment of the 

binding of transcription factors and the recruitment of methyl CpG binding proteins (MBDs) creating 

a transcriptionally repressive environment(Bienvenu & Chelly, 2006). 

Besides 5mdC, another major DNA cytosine modification in eukaryotes is 5-hydroxymethylcytosine 

(5hmC)(Shi et al., 2017). 5hmC is generated as the first oxidative product of the TET (Ten eleven 

translocation)-dependent DNA cytosine demethylation pathway(X. Wu & Zhang, 2017). TET enzymes 

(namely TET1, TET2 and TET3 in mammalian cells(Ito et al., 2011)) progressively oxidize 5mdC into 

5hmC and further into 5fC (5-formylcyotsine) and 5caC (5-carboxylcytosine)(Ito et al., 2011). These 
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latter can be actively removed by different mechanisms including the activity of a thymine DNA 

glycosylase (TDG) coupled with the base excision repair machinery (BER) or passively lost upon DNA 

replication(X. Wu & Zhang, 2017). It is now well established that 5hmC is on its own an independent 

epigenetic mark in particular in the brain(Mellén et al., 2012; Sun et al., 2014). In addition, it has been 

suggested that 5fC and 5caC may also have regulatory functions especially when present at the 

promoters of highly expressed genes(Neri et al., 2015; Song & He, 2013). Importantly, TET proteins 

require cofactors for their activity such as alpha-ketoglutarate, iron and oxygen (O2)(Tahiliani et al., 

2009). The latter is a very important factor that modulates the activity of TET enzymes such as in 

tumours(Matuleviciute et al., 2021; Thienpont et al., 2016).  

DNA 5mdC and its oxidized form has also been reported for the extremely AT-rich genome (>80%) 

of the protozoan human malaria parasite P. falciparum(Hammam et al., 2020; Ponts et al., 2013). In 

two previous publications bisulfite sequence analysis and affinity capture of methylated cytosine 

(hmeDIP-seq) was performed on genomic DNA of P. falciparum to study 5mdC(Ponts et al., 2013) 

and 5hmC(Hammam et al., 2020) sites. Both studies reported that less then 10% of methylated 

cytosines (5mdC and 5hmC) are at CpG sites and the vast majority exist in a CHH context. 

Furthermore, the hmeDIP-seq analysis showed 5hmC enrichment in gene bodies and low levels at 5’, 

3’ and intergenic regions in 2100 genes of the sexual blood stages. This enrichment positively 

correlated with higher steady state transcript levels in P. falciparum23. Likewise, the lack of defined 

cytosine methylation patterns has been reported for Drosophila melanogaster and Schistosoma 

mansoni (Raddatz et al., 2013). 

Malaria parasites belong to a small group of eukaryotes denoted as “DNMT2-only organisms” (absence 

of DNMT1 and DNMT3A/B genes) that includes a wide range of phylogenetically diverse group of 

organisms such as D. melanogaster, S. mansoni, Schizosaccharomyces pombe and Entameoba 

histolytica(Jeltsch et al., 2017). Similarly, to what is observed in other eukaryotes, plasmodial DNMT2 

methylates tRNAAsp at position C38(Hammam et al., 2021). DNMT2-mediated tRNA methylation is 

not essential during standard in vitro culture conditions but was shown to maintain the pathogen’s 

cellular homeostasis including sexual commitment in the presence of different stressors. 

It is still debated if tRNA methylation is the only activity or could DNMT2 enzymes be promiscuous 

in their substrates(Jeltsch et al., 2017). Although, the TET enzymatic machinery needed for the 

generation of oxidative forms of 5mdC are absent in DNMT2-only model organisms, in malaria 

parasites relatively high levels of an oxidative cytosine form termed 5hmC-like (0.2-0.4%) was 
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reported but only very low levels of 5mdC (0.05%) in schizont blood stage preparations (essentially 

free of human white blood cell contamination) using ultra performance liquid chromatography-tandem 

mass spectrometry (LC/MS-MS)(Hammam et al., 2020).  

In this study we identified the enzymatic machinery in an DNMT2-only organism that catalyzes malaria 

parasite DNA cytosine methylation and its oxidative forms. Before investigating the extremely AT- 

rich genome of P. falciparum (>80% A+T) we established a nuclease-based DNA digestion protocol 

that optimizes for 5-hydroxymethylcytosine (5hmC), 5-formylcytosine (5fC) and 5-carboxylcytosine 

(5caC). LC/MS-MS was used for the identification and quantification of 5mdC and its oxidative 

derivatives under different developmental blood stages and oxygen levels (5-20%) encountered during 

the complex life cycle. We show that DNA cytosine 5mdC/5hmC ratio is dynamically regulated 

throughout the 48-hour asexual blood stage parasite progression with a sharp increase (>10-fold) of 

5mdC at the trophozoite stage. Importantly, hyperoxic culture conditions led to a dramatic shift of DNA 

cytosine modifications towards the oxidative derivatives 5hmC and 5caC in trophozoites. Deletion of 

P. falciparum DNMT2 erased all DNA cytosine modifications in mutant parasite genomic DNA. The 

identification of a non-canonical 5hmC biogenesis pathway in P. falciparum is supported by the 

identification of a hydroxylase (PF3D7_0829400) that is linked to the generation of cytosine oxidative 

products in P. falciparum and when expressed in Saccharomyces cerevisiae. This work reports dual 

specificities for DNMT2 as methyltransferase for DNA (this work) and tRNA (Hammam et al., 2021). 

In addition, we report evidence for a non-canonical pathway for 5hmC, which points to an adaptative 

evolutionary process of DNA cytosine modifications in malaria parasites. Our findings expand the 

plasmodial epigenetic marks to three cytosine 5mdC oxidative modifications and establish a direct link 

between variable oxygen environments encountered during the life cycle and the DNA cytosine 

modification pathway in malaria parasites. 

 

 

Materials and methods 

 

P. falciparum and mESC in vitro culture 

P. falciparum 3D7-wildtype and Pf-DNMT2KO clones 1 and 2 parasites were maintained in culture 

and synchronized as previously described(Trager & Jensen, 1976). Parasites were routinely cultured at 

5% normoxic O2 levels and for specific experiments at 20% hyperoxic O2 levels keeping CO2 levels 
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well controlled at 5%. For genomic DNA preparation, parasites were first lysed using 0.15% saponin 

and parasite pellets were used to extract gDNA for digestion and hydrolysis. 

mESC (mouse embryonic stem cells) were cultured in standard mouse ES medium supplemented with 

LIF (1000 U/mL, Life Technologies) to prevent differentiation, and incubated at 37 °C, 5% CO2 as 

describe earlier(Sambi et al., 2017). 

 

Genomic DNA extraction 

gDNA from parasites and mESC pellets were prepared using phenol-chloroform extraction. Briefly, 

100 µL of DNA Extraction Buffer and 15µL of Proteinase K from Thermo Fisher (# EO0491) were 

added to 100ng of gDNA. The tubes were mixed and incubated at 55°C overnight. Equal volume of 

Phenol/Chloroform (pH 8.0) was added to the digested sample. The tubes were then spun for 5 min at 

15.000 rpm separating the phases into the aqueous and the organic. For each sample, 650 µL 70% EtOH 

and 200 µL of 7.5 M ammonium acetate (AcNH4), were added to each microcentrifuge tube and 

vortexed. The tubes were then placed in a −20°C freezer overnight to precipitate DNA. Once extracted, 

gDNA was treated twice with a mixture of RNAse A/ RNAse T1 at 10 ug/µL for 1 h with phenol 

extraction and ethanol precipitation steps between the two treatments to ensure the total elimination of 

RNA. 

 

gDNA Enzymatic Digestion Protocols  

Benzonase. 100 ng of gDNA was dissolved in 100 µL of 10 mM Tris-HCl buffer pH 7.9 containing 

10 mM MgCl2, 50 mM NaCl, 5 µM BHT from Sigma (B1378-100 G), and 3 mM deferoxamine from 

Sigma (# BP987). Next, 3 U of benzonase (in 20 mM Tris-HCl pH 8. 0.2mM MgCl2, and 20 mM 

NaCl), 4 mU phosphodiesterase I from Sigma (# P3243-1VL), 3 U DNAse I, 2 mU of 

phosphodiesterase II from Sigma (# P9041-10 UN) and 2 U of alkaline phosphatase from Biolabs (# 

M0290) were added and the mixture was incubated at 37◦C. Finally, the mixture was transferred in a 

microspin filter from Agilent Technologies (# 5190-5275) and recovered after spinning at 20°C for 10 

min at 14 000 rpm. 

Nuclease P1. We used a modified protocol from (Wang et al; 2011)(Wang et al., 2011). 100 ng of 

gDNA was dissolved in a 10 µL of buffer containing 0.3 M AcONa pH 5.6, 10 mM ZnCl2, 3m M 

deferoxamine, and 1 mM EHNA. Next, 4 U of Nuclease P1 from Sigma (# N8630-1VL) (in 30 mM 

AcONa pH 5.3, 5 mM ZnCl2 and 50 mM NaCl) and 5 mU phosphodiesterase II from Sigma (# P9041-
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10UN) were added and the mixture was incubated at 37◦C. After 4 h, 4 U of alkaline phosphatase from 

Biolabs (# M0290) and 5 mU of phosphodiesterase I from Sigma (# P3243-1VL) were added and the 

mixture was incubated for additionally 2h. Finally, the mixture was transferred in a microspin filter 

from Agilent Technologies (# 5190-5275) and recovered after spinning at 20°C for 10 min at 14 000 

rpm. 

NEB      Nucleoside Digestion kit. 100 ng of gDNA was digested according to the Biolabs New 

England manufacture using the Nucleoside Digestion kit (# M0649), with little modification on time 

incubation, extended to overnight at 37°C. Finally, the mixture was transferred in a microspin filter 

from Agilent Technologies (# 5190-5275) and recovered after spinning at 20°C for 10 min at 14 000 

rpm. 

DNA Degradase Plus kit. 100 ng of gDNA was digested according to the Zymo Research manufacture 

using DNA Degradase PlusTM kit (# E 2020), with little modification on time incubation, extended to 

overnight at 37°C. Finally, the mixture was transferred in a microspin filter (3 kDa) and recovered after 

spinning at 20°C for 10 min at 14 000 rpm. 

Nuclease S1. We used modified protocol from (Globisch et al., 2010)(Globisch et al., 2010). 100 ng 

of gDNA was heated to 100°C for 5 min to denature the DNA and rapidly cooled on ice. Buffer A (10 

µL, 300 mM ammonium acetate, 100 µM CaCl2, 1 mM ZnSO4, pH 5.7) and nuclease S1 from Sigma 

(# N5661-50 KU) (80 U, Aspergillus oryzae) were added to the mixture and incubated for 3 h at 37°C. 

Addition of buffer B (12 mL, 500 mM Tris-HCl, 1 mM EDTA), Antarctic      phosphatase from NEB 

(# M0289S-10 units), snake venom phosphodiesterase I (0.2 units, Crotalus adamanteus venom) from 

Sigma (# P3243-1VL) and incubation for further 3 h at 37°C completed the digestion. Finally, the 

mixture was transferred in a microspin filter from Agilent Technologies (# 5190-5275) and recovered 

after spinning at 20°C for 10 min at 14 000 rpm. 

 

Quantification of DNA cytosine modifications by LC-MS/MS 

Analysis of global levels of 5mdC, 5hmdC, 5fdC and 5cadC (herein abbreviated 5mdC, 5hmC, 

5fC and 5caC) was performed on a Q exactive mass spectrometer (Thermo Fisher Scientific). It 

was equipped with an electrospray ionisation source (H-ESI II Probe) coupled with an Ultimate 

3000 RS HPLC (Thermo Fisher Scientific). DNA digestions were injected onto a Thermo Fisher 

Hypersil Gold aQ chromatography column (100 mm * 2.1 mm, 1,9 um particle size) heated at 

30°C. The flow rate was set at 0.3 mL/min and run with an isocratic eluent of 1% acetonitrile in 
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water with 0.1% formic acid for 10 minutes. Parent ions were fragmented in positive ion mode 

with 10% normalized collision energy in parallel-reaction monitoring (PRM) mode. MS2 

resolution was 17,500 with an AGC target of 2e5, a maximum injection time of 50 ms and an 

isolation window of 1.0 m/z. The inclusion list contained the following masses: dC (228.1), 5mdC 

(242.1), 5hmdC (258.1), 5fdC (256.1) and 5cadC (272.1). Extracted ion chromatograms of base 

fragments (±5ppm) were used for detection and quantification (112.0506 Da for dC; 126.0662 Da 

for 5mdC; 142.0609 for 5hmdC; 140.0449 for 5fdC and 156.0399 for 5cadC). Calibration curves 

were previously generated using synthetic standards in the ranges of 0.2 to 50 pmoles injected for 

dC and 0.02 to 10 pmoles for 5mdC, 5hmdC, 5fdC and 5cadC. Results are expressed as a 

percentage of total dC 

 

Yeast culture and strain construction 

Standard methods were used for cultivation and manipulation of yeast strains(Sherman, 2002). 

Epitope-tagging was performed as described previously(Andresen et al., 2004). Yeast strains 

expressing P. falciparum Dnmt2pf-SNAP and/ or Tet-like-CLIP were constructed, and the coding 

sequences of the SNAP-tag and CLIP-tag amplified using respectively the primers: 

5’-GCGGGTACCATGGACAAAGACTGCGAAATG-3’ and  

5’-GCGCTCGAGTCATTAGCCCAGCCCAGGCTTGCCCAG-3’, and  

5’-GCGGGTACCGACAAAGACTGCGAAATG-3’ and 

5’-CGCCTCGAGTCATTAACCCAGCCCAGGCTTGCCCAG-3’ 

 

SNAP immunofluorescence assay and image acquisition 

For the evaluation of the staining procedure, the commercially available fluorescent ligands SNAP-

Cell TMR-Star (# S9105S) and CLIP-Cell Starter kit (# E9200) were used. For image acquisition, an 

epifluorescence microscope (Leica Microsystems, Germany) equipped with an oil immersion lens (1.4 

NA; 100 x; DM200 LED; Leica Microsystems), a N3 filter cube (excitation: 546/12 nm; emission: 

600/40 nm) and a GFP filter cube (excitation: 450/90 nm; emission:  LP 590 nm) was employed. 

 

DNA content quantification by flow cytometry 
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Parasites cultured at 5% or 20% O2 were fixed in 4% PFA + 0,0075% glutaraldehyde in 1x PBS. Fixed 

cells were then stained with 2X SYBR-Green and the mean fluorescence intensity was measured using 

a BD Fortessa FACS instrument and analyzed using FlowJo software. 

 

Statistics 

Statistical analysis was carried out a 2-way ANOVA significance test, unless otherwise specified. 

 

 

Results 

 

An optimized mass spectrometry-based protocol for the detection of DNA cytosine modifications 

in AT-rich gDNA 

In order to accurately investigate the levels of DNA cytosine epigenetic marks (5mdC and its oxidative 

forms (5hmdC, 5fdC and 5cadC) see figure 1A) in the highly AT-rich genomic DNA (gDNA) of P. 

falciparum using LC-MS/MS, we compared the gDNA digestion and hydrolysis protocol using five 

different methods: Nuclease P1, Benzonase, NEB Nucleoside Digestion kit, Degradase Plus kit and 

Nuclease S1 (Figure1B and 1C). All methods showed similar levels of 5mdC and oxidative cytosine 

forms in gDNAs from mouse Embryonic Stem Cells (mESC) (Figure1B). However, in the case of 

malaria parasites, the detected levels of 5hmC varied dramatically dependent on the method used to 

digest and hydrolyze gDNA. The levels of 5hmC in Plasmodium gDNA samples treated with Nuclease 

P1 are up to 8-fold higher compared to all other hydrolysis methods (Figure1C and Figure S1). Thus, 

our data show that Nuclease P1 (NP1) digestion is by far the most efficient enzyme to detect 5hmC in 

an extremely AT-rich organism. Therefore, the NP1 hydrolysis method was adopted to explore cytosine 

methylation marks in P. falciparum. 

 

DNA cytosine modifications are dynamically regulated during the 48-hour blood stage cycle of 

P. falciparum 

Parasites were synchronized and harvested at the ring (10-15 hours post invasion; hpi), trophozoite (24-

30hpi) and schizont stages (35-40hpi) to determine how the levels of 5mdC and its oxidative derivatives 

vary across the intraerythrocytic developmental cycle (IDC) of P. falciparum. Using the LC-MS/MS 

protocol on DNA digested with Nuclease P1, we show that the levels of DNA cytosine modifications 
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in malaria parasites dynamically change as the parasite transitions from the early ring stage to the 

mature schizonts in the infected red blood cells (iRBCs) (Figure 2A). While 5mdC levels are very low 

in the ring (0.077% ± 0.015%) and schizont stages (0.13% ± 0.064%), we observe a drastic increase 

(10-fold) from the ring stage transition to trophozoites (0.727% ± 0.265%) (Figure 2A). Surprisingly, 

5hmC levels exhibit the opposite pattern. 5hmC is by far the predominant cytosine modification in 

rings (0.533% ± 0.352%) and schizonts (0.697% ±0.072%) and decreases by 1.6-fold at the trophozoite 

stage (0.333% ± 0.162%). In addition, the levels of 5fC and 5caC are extremely low in all three stages 

of the IDC with 5caC being only detectable in the schizont stages (0.03% ± 0.01%). 

Along with LC-MS/MS, we used a validated in vitro enzymatic assay(Ceccaldi et al., 2011) in order to 

quantify DNA methylation activity (DNMT) in nuclear extracts prepared from the three stages of the 

IDC. Human recombinant DNMT3aC is used as internal positive control and the data is presented as 

relative fluorescence units (RFU) (sample)-RFU (background signal) (Figure 2B). Our results show 

that DNA methylase activity is very low in ring stages (5000 ± 200 RFU) with a sharp increase in 

activity (8-fold) in trophozoites (40000 ± 200 RFU). The high activity signal is maintained in schizonts 

(Figure 2B). The DNMT activity assay data corroborates our LC-MS/MS findings showing the sharp 

increase of DNA methylation in the trophozoite stages of P. falciparum. Altogether, our data shows 

that DNA cytosine methylation is very dynamic in malaria blood stages and suggests a tight 

developmental regulation of 5mdC and the oxidative forms throughout P. falciparum IDC. 

 

The DNA cytosine methylation epigenetic landscape is modulated by variable oxygen 

environments 

We next wanted to evaluate how different physiological oxygen environments might affect the levels 

of DNA cytosine modifications in the parasites asexual blood stages. P. falciparum is exposed to 

fluctuating oxygen levels during its complex life cycle in the human host (liver and blood) and 

Anopheles mosquito vector (midgut and salivary glands). While circulating parasite infected 

erythrocytes (IE) are exposed to different O2 levels in patients that vary between 5% in venous blood 

and 13% in arterial blood(Archer et al., 2018), these levels can reach up to 20-21% in the mosquito 

vector, where the tracheal system enables transport of gaseous oxygen from the atmosphere directly to 

the inner organs(Ha et al., 2017).  

We analyzed wild-type and DNMT2KO P. falciparum in vitro cultures grown at the hyperoxic 

(atmospheric) 20% O2 condition 12% O2 and 5% O2. Synchronous ring stage parasites were exposed 
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to different O2 levels and trophozoites, schizonts and rings were harvested for each condition during 

the next 72 hours. Giemsa-stained blood smears showed no morphological differences between 

trophozoites, schizonts and rings parasites cultured in normoxic or atmospheric O2 conditions (Figure 

S2). In addition, SYBR green-based DNA quantification showed that O2 levels do not impact parasite 

DNA content of blood stages (Figure S2) as suggested by previous studies(Archer et al., 2018).   

Importantly, LC-MS/MS-based DNA modifications quantification shows a shift of 5mdC towards its 

oxidative forms in 3D7-WT trophozoite stage parasites cultured under hyperoxic 12% and 20% O2 

levels (Figure 3).  Exposure of the parasites to 12% O2 led to a significant 2.2-fold decrease in 5mdC 

levels and 1.7-fold increase in 5hmdC levels when compared to the normoxic culture condition (5%). 

Furthermore, exposure of parasites to higher O2 levels (20%) led to a sharp 12-fold decrease in 5mdC 

levels accompanied with a significant 2.9 -old increase in the levels of 5hmdC and in the abundance of 

5caC in 3D7-WT parasites (Figure 3 and Figure S5 for rings and schizont data) indicating an increased 

oxidation of 5hmC.  

Given that P. falciparum belongs to a small group of DNMT2-only organisms(Jeltsch et al., 2017; 

Raddatz et al., 2013), we investigated if the loss of Pf-DNMT2 impacts the DNA cytosine methylation 

repertoire of the parasite. To this end, we used trophozoites genomic DNA from two Pf-DNMT2KO 

that we generated previously(Hammam et al., 2021), cultured at 5%, 12% and 20% O2 levels. 

Importantly, DNMT2KO parasites show no detectable amounts of any of 5hmdC, 5fdC or 5cadC in all 

O2 culture conditions (Figure 3 and Figure S3) and 5mdC levels are also very low (below the detection 

limits of the LC-MS/MS machine) and thus not quantifiable (Figure S3).  

Altogether, the LC-MS/MS data shows that DNA cytosine methylation in P. falciparum is determined 

by DNMT2 and strongly supports a direct influence of oxygen O2 concentration on the ratio of 5mdC 

and its oxidative derivatives, which may allow the malaria parasite to adapt its epigenetic cytosine 

landscape to variable host environments. Importantly, the LC-MS/MS data also shows that the presence 

of 5hmC, 5fC and 5caC in P. falciparum is completely dependent on 5mdC as previously shown for 

other model systems(Carell et al., 2018; Ito et al., 2011; Tahiliani et al., 2009; X. Wu & Zhang, 2017).  

 

Identification of a non-canonical TET-like 5mdC hydroxylation pathway in P. falciparum 

Our results strongly infer the presence of a yet unknown TET-like pathway in P. falciparum that 

triggers the oxidation of 5mdC into 5hmC and further into 5fC and 5caC (Figure 1A). We conducted 

an in-silico analysis by using the sequence of the DNA hydroxylase called JBP1 identified in African 
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Trypanosomes(Cliffe et al., 2009, p. 1) using HHPred (https://toolkit.tuebingen.mpg.de/tools/hhpred). 

We identified one hit with a similar active domain: PF3D7_0829400. The episomal overexpression of 

the Pf-TET-like candidate gene in P. falciparum was confirmed by western blot analysis (figure 4A) 

and shows the dual cytoplasmic and nuclear localization of the protein. LC-MS/MS analysis on gDNA 

extracted from 3D7-WT parasites and parasites overexpressing the TET candidate show a clear shift 

of the DNA cytosine marks towards oxidative forms 5hmC and 5fC, which indicates that this candidate 

gene encodes a 5mdC hydroxylase (Figure 4B). To confirm the function of PF3D7-0829400 in DNA 

5mdC oxidation we carried out the expression of plasmodial DNMT2 and TET-like gene in a yeast 

species (S. cerevisiae) that has no modified DNA cytosines(Capuano et al., 2014). 5mdC was detectable 

in DNMT2+ yeast cells (up to 1.2%) however, 5hmdC, 5fdC and 5cadC were only detectable in double 

positive DNMT2+/TET+ yeast cells. In addition, non-transformed DNMT2-/TET- yeast cells showed 

no trace of detectable cytosine methylation. Taken together, our data strongly supports the 

identification of a non-canonical plasmodial TET enzyme. 

 

Discussion 

 

P. falciparum is among the most AT-rich genomes known to date with an overall A+T composition 

of 80.6%, which rises to ∼90% in introns and intergenic regions(Gardner et al., 2002b). Given this 

unusual base composition, we compared different nuclease digestion procedures into single 

nucleosides prior LC-MS/MS analysis of cytosine modifications in genomic DNA. We observed 

striking differences in the digestion efficacy of 5hmdC between the distinct nucleases. With 

Nuclease P1 (NP1) 5hmdC levels are up to 8-fold higher compared to all others digestion methods, 

highlighting an important difference between AT-rich genomes and organisms with a balanced 

nucleotide composition. AT-rich DNA sequences display features that could account for the 

observed low efficacy of digestion of the oxidized DNA cytosine modifications. For example, AT-

rich DNA stretches can form local curvature(Hagerman, 1985) that may exert an influence on the 

interaction of nucleases with DNA. Furthermore, 5hmC was shown to enhance DNA 

flexibility(Ngo et al., 2016), a feature that could change the affinity of certain type of nucleases 

for 5hmdC containing DNA.  

We thus used nuclease P1 for digestion of gDNA to investigate the plasmodial DNA cytosine 

modifications landscape during different developmental blood stages using LC-MS/MS. Our 
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results show several established DNA cytosine methylation concepts that have not been observed 

in other eukaryotes. For example, 5mdC is present at rather constant levels in of 4–5% in all mouse 

tissues whereas the levels of 5hmC are relatively low and vary widely with peak steady-state levels 

of 5hmC of up to 1.3% in brain tissues (Carell et al., 2018). In malaria parasites, the ratio between 

5mdC and the oxidized cytosine forms are inversed when compared to higher eukaryotes (Figure 

1A/B).  Furthermore, we demonstrate dynamic changes of 5mdC levels (10-fold) during the 48-

hours blood stage parasite cycle. For most of the time, we detect only very low levels of 5mdC 

(0.07-0.1%) and high levels of 5hmC (0.5-0.9%). But during the short period of parasite 

proliferation (trophozoite stage), the 5mdC/5hmC ratio is inverted (Figure 2A). While ring stages 

circulate in the blood, trophozoite stages start to be sequestered in capillaries of host organs. It is 

tempting to speculate that the change in parasite tropism during blood stage development is linked 

to increased DNA methyltransferase activity. The levels of 5fC and 5caC remain very low in all 

three stages (standard in vitro culture condition). The question arises as to whether the elevated 

5mdC levels in the trophozoite stage results from the re-location of PfDNMT2 to the nucleus. In 

our initial characterization of PfDNMT2(Hammam et al., 2021), Western blot analysis detected 

PfDNMT2 at similar levels in cytoplasmic and nuclear extracts of ring, trophozoite and schizont 

stages. Those data do not support the hypothesis that shuffling to the nucleus is the reason for 

higher 5mdC in trophozoites. More studies are needed to explore the link between the DNA 

replication that occurs during trophozoite stage and elevated 5mdC levels. 

Previous work has reported relatively low 5mdC levels in P. falciparum genomic DNA, whereas 

about 10-fold higher oxidized form was detected using highly specific anti 5hmC antibodies23. The 

same study pointed to a cytosine base modification with unknown biochemical identity based on , 

LC-MS/MS analysis (Hammam et al., 2020). The digestion protocol used in this report was based 

on the benzonase nuclease. It is important to note that the unusual base reported earlier was also 

detectable in our nuclease digestion protocols (Figure S1). We observed that this cytosine form 

was predominant in P. falciparum gDNA hydrolyzed with benzonase but present only at very low 

levels when the DNA was digested with Nuclease P1 (Figure S1). We conclude that the choice of 

nuclease for the digestion of AT-rich DNA is important to maximize the liberation of oxidative 

cytosine nucleosides.  

Experimental evidence from the cancer field demonstrated that reduction of oxygen levels in 

tumors is associated with a reduced ability to produce 5hmC(Thienpont et al., 2016). Since P. 
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falciparum is exposed to fluctuating oxygen concentrations (5-20%) during the life cycle, we 

investigated if malaria parasite cytosine modification marks respond to physiological changes in 

oxygen levels. Our results demonstrate that host-dependent oxygen concentrations result in 

important alterations in the cytosine modification landscape of P. falciparum. We observed a shift 

towards oxidative derivatives of 5mdC at higher oxygen levels (Figure 3). DNA cytosine 

modifications are now considered to function as distinct epigenetic marks with distinct profiles in 

tissues/organs in higher eukaryotes(Carell et al., 2018). A recent study used anti 5hmC antibodies 

to immunoprecipitate DNA regions enriched for this cytosine mark (hmeDIP-seq) of gDNA of P. 

falciparum. The presence of hydroxymethylated cytosine in gene bodies positively correlated with 

transcript levels in blood stages(Hammam et al., 2020). We hypothesize that the observed dynamic 

changes of cytosine modifications arose as an evolutionary adaptation to protect malaria parasites 

against changing environments encountered in the human host and the mosquito vector.  

TET enzymes, which catalyze the oxidative cytosine forms depend on oxygen as co-substrate(Ito 

et al., 2011; Matuleviciute et al., 2021), may sense changes in oxygen levels and change the basal 

cytosine modification level toward oxidative cytosine forms. For example, TET1 activity as well 

as 5hmC levels are decreased in low oxygen conditions leading to the inhibition of the 

differentiation of mouse embryonic stem cells (mESC)(Burr et al., 2018). Although TET-like 

methylcytosine hydroxylase activity was previously detected in nuclear extracts of P. falciparum 

using a TET activity kit (Abcam) no obvious ortholog of mammalian TET enzymes had been 

identified(Hammam et al., 2020). In this study we identified a P. falciparum hydroxylase gene 

(PF3D7_0829400) that strongly support the existence of a non-canonical 5mdC to 

5hmC/5fC/5caC hydroxylation pathway in P. falciparum (see Fig. 4). Two independent functional 

experiments strongly support the idea that malaria parasites have evolved a noncanonical TET 

pathway.  

An obvious question is if the identified oxidative cytosine forms (5hmC, 5fC, 5caC) depend on 

5mdC as a precursor or are formed by oxidative lesions. P. falciparum is part of a small number 

of organisms called DNMT2-only, given the absence of genes coding for the canonical DNA 

methyltransferase genes DNMT1 and DNMT3(Raddatz et al., 2013). A recent study reported a P. 

falciparum Pf-DNMT2 KO parasite line, and this work confirmed the well-established function of 

DNMT2 as tRNA aspartic acid (GTC) cytosine methyltransferase(Hammam et al., 2021). These 

KO parasites show no growth defect but are significantly more sensitive to various stressor and 
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respond to specific stress situations by 8-fold higher transmission stages or higher drug sensitivity, 

respectively. This study also observed a reduction of 5mdC in gDNA of KO parasites, however, 

given the very low level reported for 5mdC (0.06%) in the investigated schizont stage, it remained 

unclear if the observed reduction in 5mdC can be attributed to the loss of Pf-DNMT2 or variations 

in the experimental procedure(Hammam et al., 2021). DNMT2-dependent DNA methylation is 

still disputed with contradictory results from distinct DNMT2-only organisms(Jeltsch et al., 2017).  

Here we demonstrate that DNMT2 has a dual function using tRNA and DNA as substrate in 

malaria parasites. Quantitative LC-MS/MS analysis demonstrate that the levels of 5mdC and its 

oxidative derivatives are drastically decreased to background levels in the Pf-DNMT2KO clones 

when compared to the 3D7 control strain (Figure 3 and Figures S3 and S4). Furthermore, the 

identified oxidative cytosine forms are also reduced to not detectable levels, inferring that 5mdC 

is the precursor for 5hmC, 5fC and 5caC cytosine modifications. The very low background of 

5hmC detected in preparations of P. falciparum gDNA was recently reported to originate from 

minor contaminations of human white blood cells in cultured blood stage parasites(Hammam et 

al., 2021). 

In conclusion, this work demonstrates that plasmodial Pf-DNMT2 has a dual function in 

methylating tRNA and DNA. The 5mdC methylation of gDNA is developmentally regulated 

during the blood stage development and the 5mdC distribution versus oxidized forms can vary 

dramatically depending on environmental oxygen concentrations. Expanding the number of 

potential epigenetic DNA marks in this pathogen may open new avenues to understand the 

regulatory circuits that act during the life cycle stage. 
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Figure 1: Comparative cytosine modification analysis by LC-MS/MS of gDNA from P. falciparum 

and mouse embryonic stem cells (mESC) using different digestion methods. (A)Schematic 
representation summarizing the DNA methylation/demethylation pathway as established in model 
organisms (black font) compared to what is known about the DNA methylation/demethylation machinery 
in P. falciparum (blue font). Pf-DNMT2: P. falciparum DNA methyltransferase 2; TET: ten eleven 
translocation enzymes; BER: base excision repair machinery; TGD/UDG: thymine/uracil-DNA 
glycosylase. Genomic DNA from mESC cells (B) and P. falciparum (C) was digested using five different 
protocols: Nuclease P1(NP1), Benzonase, NEB Nucleoside Digestion kit (NEB kit), Degradase kit 
(Degradase) and Nuclease S. Quantitative data analysis is shown as percentage of modified deoxycytidines 
relative to the total number of deoxycytidines in the tested sample and represents the mean (± SD) of two 
independent replicates for each condition (n=2). Statistical analysis was carried out using a 2way ANOVA 
test. P Value (Benzonase/NP1)=0,0007(***) ; P Value (NEB kit/NP1)=0,0048(**) ; P Value 
(Degradase/NP1)=0,002(**) and P Value (Nuclease S/NP1)=0,0065(**). 

N
ucl

ea
se

 P

B
en

zo
nas

e

N
E
B
 K

it

D
eg

ra
das

e

N
ucl

ea
se

 S
0.0

0.4

0.8

2

3

4

%
 m

o
d

if
ie

d
 C

 r
e
la

ti
v
e
 t

o
 t

o
ta

l 
C

mESC gDNA

5hmdC

5mdC

5fdC

5cdC

N
ucl

ea
se

 P

B
en

zo
nas

e

N
E
B
 K

it

D
eg

ra
das

e

N
ucl

ea
se

 S
0.0

0.4

0.8

2

3

4

%
 m

o
d

if
ie

d
 C

 r
e
la

ti
v
e
 t

o
 t

o
ta

l 
C

P.falciparum gDNA

5hmdC

5mdC

5fdC

5cadC

***

**

**

**

A.

B.

B. C.



Appendix C  

 181 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: DNA cytosine methylation is dynamically regulated during the 48-hour P. falciparum 

asexual blood stage development. (A) LC-MS/MS-based quantification of 5mdC, 5hmdC, 5fdC and 
5cadC in gDNA of synchronized ring, trophozoite and schizont stages. Data is shown as percentage of 
modified nucleoside relative to the total number of deoxycytidines in each sample and represents the mean 
of three independent replicates for each stage (n=3). (B) DNA methyltransferase (DNMT) activity assay 
using nuclear extracts from synchronous rings, trophozoite and schizonts. Data is shown as the RFU 
(sample)-RFU (background) and represents the mean (± SD) of two independent replicates for each stage 
(n=2). Human recombinant DNMT3aC was used as internal positive control. Statistical analysis was carried 
out using a 2way ANOVA for the LC-MS/MS data and a t-test for the DNMT activity data. P Value <0.05 
= * ; P Value <0.005 =**; P Value <0.001=***. 
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Figure 3: Effect of variable oxygen concentrations on gDNA cytosine modifications in 3D7-WT and 

DNMT2KO P. falciparum. DNA was isolated from in vitro cultured parasites (trophozoite stage) 
propagated at different oxygen levels. Data is shown as percentage of modified deoxycytidines relative to 
the total number of deoxycytidines in each sample and represents the mean (± SD) of three independent 
replicates n=3. Statistical analysis was carried out using a 2-way ANOVA test. P Value <0.0001 = ****; P 
Value <0.005 =**. 
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Figure 4: Identification of a non-canonical 5mdC oxidation pathway in P. falciparum. A. Western blot 
detection of Pf-TET episomal expression in nuclear and cytoplasmic fractions from rings (R), trophozoites 
(T) and schizonts (S), using anti-HA antibodies (expected size around 57 KDa). Anti-aldolase and anti-H3 
antibodies were used as cytoplasmic and nuclear markers, respectively. B. LC-MS/MS-based quantification 
of 5mdC, 5hmdC, 5fdC and 5cadC in gDNA from 3D7-wild type (WT) parasites versus gDNA from 
parasites overexpressing Pf-TET. Data is shown as percentage of modified deoxycytidines relative to the 
total number of deoxycytidines in each sample and represents the mean (± SD) of three independent 
replicates of each strain(n=3). (C) Pf-DNMT2-SNAP and Pf-TET-CLIP expression in S. Cerevisiae cells. 
Scale bar= 10 µm. DIC: differential interference contrast; Hoechst: nuclear staining. (D) LC-MS/MS-based 
quantification of 5mdC, 5hmdC, 5fdC and 5cadC in non-transformed yeast (DNMT2-/TET-), yeast only 
expressing DNMT2 (DNMT2+/TET-) and double transformed yeast (DNMT2+/TET+). Statistical analysis 
was carried out using 2way ANOVA. P Value <0.0001 = ****; P Value <0.005 =**. 
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Supplementary figures legends 

 

Figure S1: LC-MS/MS chromatogram of modified cytosines.  A) mESC gDNA and B) P. falciparum 
gDNA according to the digestion protocol. Blue arrows show the expected 5hmdC peak while the red 
arrows indicate the shifted 5hmdC peak observed earlier (Hammam et al., 2020). deoxycytidine (dC), 5-
methyl-2’-deoxycytidine (5mdC), 5-hydroxymethyl-2'-deoxycytidine (5hmdC), 5-carboxy-2'-
deoxycytidine (5cadC), and 5’-formyl-2'-deoxycytidine (5fdC). 
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Figure S2: In vitro cultured parasite growth under normal (5% O2) and high oxygen concentrations 

(20% O2). Giemsa staining (A) and DNA quantification (B) during the 48h blood stage cycle do not reveal 
any developmental changes between parasites cultured at 5% vs 20% O2. 
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Figure S3: LC-MS/MS quantification of 5mdC, 5hmdC, 5fdC and 5cadC in gDNA of 3D7-WT and 

DNMT2KO parasite from ring (A), trophozoite (B) and schizont stages (C). Nucleoside quantification 
of 5mdC, 5hmdC, 5fdC and 5cadC in gDNA from 3D7-wild type (WT) parasites versus gDNA from the 
two Pf-DNMT2KO clones cl1 and cl2. Data is shown as percentage of modified deoxycytidines relative to 
the total number of deoxycytidine in each sample and represents the mean (+-SD) of two independent 
replicates of each strain. 
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Figure S4: LC-MS/MS chromatogram of dC, 5mdC, 5hmdC, 5cadC, and 5fdC. parasites cultured at 

5%, 12% or 20%. A) 3D7-WT and B) DNMT2-KO. This experiment was done in 3 different replicates 
(Figure 3), here one replicate experiment is shown. 

 

 

 

 

 

 

dC ion fragment 

12% O2 

20% O2

Dnmt2_KO

5% O2

5mdC ion fragment 5hmdC ion fragment 5fdC ion fragment 5cadC ion fragment 

dC ion fragment 5mdC ion fragment 5hmdC ion fragment 5fdC ion fragment 5cadC ion fragment 

12% O2 

20% O2

3D7_WT

A

5% O2

B



Appendix C  

 188 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure S5: LC-MS/MS quantification of 5mdC, 5hmdC, 5fdC and 5cadC in gDNA of 3D7-WT 

parasites from ring (A) or Schizonts stages (B). Data is shown as percentage of modified deoxycytidines 
relative to the total number of deoxycytidine in each sample and represents the mean (+-SD) of two 
independent replicates of each strain. 
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