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Summary 

The vision of a malaria-free world is threatened by antimalarial drug resistance. For malaria 

elimination to be achieved, drug combinations should have dual action: cure infection and block 

transmission of the Plasmodium parasite between the human host and mosquito vector. 

Furthermore, such dual action drugs should lower the risk of resistance development and prolong 

the therapeutic lifespan of antimalarials. New antimalarial drugs need to comply to a set guideline 

from the Medicines for Malaria Venture with regards to the types of molecules [target candidate 

profiles (TCP)] and the combination of medicines being developed. Therefore, knowing a 

compound’s activity towards a specific stage of the parasite, in other words its TCP, is important 

for drug development. However, due to the parasite’s complex life cycle, each stage of the parasite 

currently requires a different biochemical platform to assay compounds for activity against that 

particular life cycle state. This does introduce assay readout variability and complicates 

standardisation of drug assays. This study, therefore, aimed to generate a constitutive luciferase-

expressing P. falciparum line that can be used to develop a single assay platform for all life cycle 

stages of the parasite. By using gene expression profiling, we identified several constitutively 

expressed genes throughout the life cycle of P. falciparum. The promoters of these genes were 

used to generate transgenic lines in which a robust luciferase reporter is strongly expressed under 

control of these promoters. Two transgenic lines were successfully generated and allowed 

luciferase expression under control of promoters for histone H3 and nuclear assembly protein 

(NF54H3 and NF54nap). Whilst NF54H3 could be used to effectively determine antiplasmodial activity 

for compounds towards the asexual stages, this line was compromised to the extent that it was not 

able to produce gametocytes. By contrast, NF54nap produced both asexual parasites and 

gametocytes and was used to evaluate drug activity for both these stages on a single luciferase 

reporter assay platform. As a result, the line generated here enables a single platform to delineate 

the TCP of compounds and identify novel compounds that are active against multiple stages or 

that show selective activity towards a specific stage of the parasite. This data contributes to a novel 

avenue in antimalarial drug discovery, thereby supporting malaria elimination strategies. 
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1) Chapter 1: Literature review 

1.1 Malaria epidemiology 

Malaria remains a major global health problem and in 2018, affected ~228 million people 

worldwide, causing ~405 000 deaths [1]. Although the number of malaria cases and deaths have 

decreased since 2000, the rate of decline has slowed down and, in some regions, even reversed 

since 2014 [2]. Therefore, there is a need to progress faster, especially in Africa, which still 

accounts for 93 % of malaria cases and 94 % of global malaria deaths [1]. Malaria has a devastating 

impact on the health and livelihood of people worldwide. The burden of malaria is especially high 

in vulnerable populations, such as children and pregnant women, with ~67 % of malaria deaths 

occurring in children under the age of five [1]. 

The protozoan Plasmodium parasite is responsible for malaria in humans, of which Plasmodium 

falciparum causes the most deaths [1]. Four Plasmodium species almost exclusively utilise humans 

as their natural intermediate host, including Plasmodium falciparum, Plasmodium vivax, 

Plasmodium ovale and Plasmodium malariae [2]. P. falciparum and P. vivax are the most 

predominant malaria parasites [3], with P. falciparum responsible for the majority of malaria cases 

in South Africa [4]. Another malaria parasite, P. knowlesi, also causes malaria in humans but 

naturally infects macaques in Southeast Asia [2]. Malaria parasites are transmitted to human hosts 

by infected female Anopheles mosquito vectors. More than 400 species of Anopheles mosquitoes 

exist of which ~30 species are important malaria vectors [2]. The efficiency of malaria transmission 

by a vector is dependent on many factors, including robustness to change, climate, longevity, 

preference to bite humans and breeding often [3]. In South Africa, Anopheles arabiensis and 

Anopheles funestus are the most prevalent vectors for malaria transmission [5].  

Malaria can be classified as asymptomatic, uncomplicated, or severe (complicated). The severity 

of the disease depends on the Plasmodium species involved as well as human host factors. 

Asymptomatic malaria occurs when no symptoms are present even though parasites are circulating 

in the host's blood or transmissible gametocyte stages are sequestering in tissues such as the 

bone marrow [6, 7]. Asymptomatic malaria usually occurs in moderate- and high-transmission 

settings where people develop partial immunity against the parasite [6]. Unfortunately, these 

asymptomatic carriers remain undetected in a population and act as reservoirs of the parasite to 

infect mosquitoes and thereby continue the transmission cycle [6]. Uncomplicated malaria has 

nonspecific symptoms, including fever, muscle aches, shaking chills, headaches, digestive 

symptoms and anaemia [6]. The disease can progress rapidly into severe malaria if untreated, 

which is caused by microvascular obstruction due to intra-erythrocytic parasites being present in 
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capillaries [6]. Complications of severe malaria consist of severe anaemia and multi-organ damage, 

including cerebral malaria [6]. Severe malaria is predominantly caused by P. falciparum and is 

linked to increased mortality rates [6]. 

Working towards global malaria elimination, the World Health Organization (WHO) has set out a 

Global Technical Strategy (GTS) that consists of achievable targets for 2030 with progress 

milestones set for 2020 and 2025 [4]. These targets consist of reducing malaria cases and mortality 

rates by 90 % as well as eliminating malaria in at least 35 countries by 2030 [4]. Elimination of 

malaria is becoming a reality as more countries are moving towards zero indigenous cases, with 

27 countries reporting less than 100 indigenous cases in 2018 (Figure 1.1) [1]. In 2016, the WHO 

identified 21 countries, known as the “E-2020 countries”, with the potential to have zero indigenous 

cases and eliminate malaria by 2020, with South Africa being one of them [4]. Although 10 of the 

E-2020 countries remain on track with achieving elimination, several countries reported an increase 

in malaria cases between 2016 and 2018 [1, 8]. Important milestones of the GTS might be missed 

as progress to reduce malaria cases has slowed down. 

 

Figure 1.1: Geographical distribution of malaria incidence rate per 1000 population at risk. 
The 2018 malaria case incidence rate is shown by country with a scale from 0 (green), for zero 
indigenous cases, to >250 (plum), for more than 250 indigenous cases per 1000 population at risk. The 
countries coloured in white are not malaria-endemic countries and those in grey are not applicable due 
to insufficient data [1]. 
 

South Africa is part of the Elimination Eight (E8) regional initiative, which envisions a malaria-free 

southern Africa by eliminating malaria in eight African countries by 2030 [9]. South Africa has a 

high number of imported cases due to migrant workers and travellers from neighbouring countries, 

as such, a cross-border initiative was also started between Mozambique, South Africa, and 

Swaziland to achieve zero local transmission by 2020 [10]. Since the four frontline countries in the 
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E8 – South Africa, Swaziland, Botswana and Namibia – did not reach the goal of zero local 

transmission by 2020, the E8 ministers decided to develop a new strategic plan for the upcoming 

years to reach the goal of malaria elimination in southern Africa by 2030 [11]. Malaria is endemic 

to the low-altitude border regions of three provinces in South Africa with only 10 % of the country’s 

population living in malaria risk areas [10]. South Africa reported a fivefold increase in the number 

of malaria cases between 2016 and 2017, however, a 57 % reduction in cases was seen in 2018 

compared to 2017 [1]. Although South Africa has made good progress with its elimination plan, it 

is not on track with the GTS targets to reduce malaria incidence by at least 40 % by 2020 [1]. 

1.2 Malaria prevention and control 

Malaria control programs use a combined intervention approach to prevent, detect and treat 

malaria infections and this include vector control, vaccination, chemoprevention, and 

chemoprophylaxis [12]. To achieve the goal of malaria eradication, certain targets need to be met 

and strategies must be implemented. The Malaria Eradication Research Agenda addresses the 

challenges for drug development and malaria eradication by providing scientific research strategies 

and solutions [12, 13]. This has acted as driver of progress in the scientific community and let to 

the development of a potential vaccine, new nonpyrethroid insecticides, the identification of 

resistance markers, and new approaches to screen for active compounds such as drugs and 

insecticides [12].  

The most effective methods of vector control include insecticide-treated nets (ITNs) and indoor 

residual spraying (IRS) [6, 14]. ITNs not only provide a physical barrier against mosquitoes but also 

have lethal effects on mosquitoes due to insecticides, such as pyrethroids, present on the bed net 

material [15]. IRS is the application of insecticides to the inside of walls and other surfaces of 

houses, thereby killing mosquitoes that rest on the treated surfaces [15]. These vector control 

interventions rely on the repeated behaviour of a mosquito, therefore, IRS will be most effective if 

mosquitoes bite indoors and ITNs will be most effective while a person is asleep [15]. The most 

commonly used insecticides are pyrethroids as they are the only insecticide approved for treating 

bed nets [15]. Due to pyrethroid resistance, IRS programs have to rely on nonpyrethroids, such as 

organophosphates, carbamates, and the organochlorine, DDT, but resistance against these 

insecticides is also on the rise [16]. Although these methods are largely responsible for the decline 

in malaria cases, the effectiveness of mosquito nets are being challenged by misuse of nets, 

changes in the mosquito’s behaviour as it is starting to bite during the daytime, and most importantly 

insecticide resistance [6, 17]. Therefore, novel vector control tools and insecticides are needed with 

the goal of malaria elimination in mind. 
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Vaccine development forms an integral part of malaria interventions as they could interrupt parasite 

transmission as well as reduce morbidity and mortality in children [18, 19]. The ideal vaccine should 

protect against multiple Plasmodium species and not just against P. falciparum [19]. Developing a 

vaccine for malaria is challenging since all the components of the host’s immune response are 

involved and the parasite has a large genome, which makes the parasite very effective against 

immune evasion [6]. As a result, no vaccines currently exist on the market but there is a lot of 

ongoing research on malaria vaccine development and numerous vaccine candidates are in the 

pipeline [6, 14]. The most promising, leading vaccine candidate is the RTS,S/AS01 vaccine, which 

targets the circumsporozoite protein of P. falciparum that is expressed by the parasite during the 

exo-erythrocytic stage in the liver [18]. Even though the vaccine failed to provide long-term 

protection during clinical studies, it could still be used with other effective control measures in high-

transmission settings to reduce malaria cases [18] or used with chemoprevention to inhibit 

transmission in low endemic areas [6, 14]. Consequently, vaccines that show partial efficacy can 

still be used since they could aid in decreasing the reservoir of the parasite and reducing parasite 

transmission [6, 20]. The rise in resistance development threatens malaria control, therefore, an 

effective vaccine is needed to complement existing interventions for malaria elimination [19]. 

To reduce malaria prevalence, chemoprevention has been used on large populations in high 

transmission settings [2]. Chemoprevention consists of seasonal malaria chemoprevention, 

intermittent preventive treatment in infants, intermittent preventive treatment in pregnancy and 

mass drug administration [2, 20]. The WHO recommends mass drug administration to increase the 

rate of elimination as well as decrease the malaria burden in groups with a high risk for malaria 

infection [2, 21]. Mass drug administration occurs when antimalarial treatment is given to every 

person in a defined population or geographical area at approximately the same time at repeated 

intervals [2, 21].  

Chemoprophylaxis is the use of medicines to temporarily protect individuals going to malaria-

endemic areas by taking prophylaxis and also to protect populations at risk from emergent 

epidemics, especially in elimination settings [2, 20]. In South Africa, the most commonly taken 

prophylaxis include Malarone® (atovaquone-proguanil), doxycycline and mefloquine [22], which 

are also the three gold standard drugs for chemoprophylaxis [6]. Chemoprophylactics are actively 

being investigated with a great focus on medicines that only require weekly or less frequent 

administration [6].  

Chemotherapeutics are used exclusively to treat symptomatic patients and are therefore not 

currently seen as malaria control interventions. The current WHO gold-standard treatment is 

artemisinin-based combination therapies (ACT) [6] but development of resistance towards several 
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components thereof is constantly on the rise, primarily because of the unusual biology and life cycle 

of the parasite. 

1.3 The P. falciparum parasite life cycle  

The life cycle of the P. falciparum parasite (Figure 1.2) begins when an infected female Anopheles 

mosquito takes a blood meal, thereby injecting sporozoites into the human host [23]. Exo-

erythrocytic replication starts with sporozoites that infect liver cells and mature asexually to hepatic 

schizonts that rupture to release merozoites [23]. Intra-erythrocytic development then commences 

when merozoites invade erythrocytes to undergo a 48 h replicative cycle progressing through the 

ring, trophozoite and schizont stages [24, 25]. These repeated cycles consist of invasion, 

intracellular growth, asexual replication, egress, and reinvasion and these intra-erythrocytic cycles 

give rise to the symptoms associated with malaria such as fever [24, 25]. 

After merozoite invasion, the initial ring-stage parasite starts to feed on haemoglobin from the 

erythrocyte and as the parasite matures, it rounds up to become the morphologically distinct 

trophozoite stage. The latter is the most metabolically active stage of the parasite [25] where the 

majority of haemoglobin digestion occurs. The toxic product of this process is sequestered as 

haemozoin crystals in a distinct pigment vacuole [24]. After the cellular growth phase, the parasite 

enters into schizogony where nuclear division occurs to produce 16-32 merozoites [24, 25]. Once 

the erythrocyte ruptures, merozoites are released into the bloodstream to invade new erythrocytes 

and continue the intra-erythrocytic cycle. 

A small portion of asexual parasites commits to gametocytogenesis, which can be triggered by 

environmental and host factors [26-28]. The merozoites from a sexually committed schizont are 

released to develop into a homogeneous population of either male or female gametocytes [29]. 

Male and female P. falciparum gametocytes mature in approximately 10 to 12 days through five 

distinct morphological stages (stage I to stage V) [25, 30]. This prolonged and stage-stratified 

process is unique to this human malaria parasite. Stage I gametocytes are hard to differentiate 

from young trophozoites but from stage II onwards the gametocytes can be easily set apart with 

Giemsa-stained blood smears [31]. The AP2-G transcription factor (part of the apicomplexan 

apetala 2 family of transcription factors) was found to be a key regulator of Plasmodium sexual 

commitment and activates transcription of early gametocyte genes [32, 33].  
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Figure 1.2: The life cycle of the Plasmodium falciparum parasite. 
Sporozoites are transmitted to a human host when a female Anopheles mosquito takes a blood meal. 
The sporozoites develop in the liver to produce merozoites that are released into the bloodstream to 
initiate the asexual blood (intra-erythrocytic) stage, developing through the ring, trophozoite and 
schizont stages. A small portion of asexual parasites enter the sexual stage by committing to 
gametocytogenesis, which consists of gametocyte development from stage I to V. The mosquito stage 
begins once another mosquito ingests the stage V gametocytes. Male and female gametocytes 
differentiate into gametes that fuse to form a zygote, which develops into an ookinete and then oocyst 
that matures and ruptures to release sporozoites. Sporozoites migrate to the salivary glands of a 
mosquito from where transmission continues. Image created with BioRender.com [25]. 
 

Male and female gametocytes become distinguishable from one another from stage IV onwards, 

with female gametocytes having a smaller nucleus than male gametocytes [30]. Furthermore, 

female gametocytes have a more concentrated pigment pattern whereas in males the pigment is 

more spread out [31]. During the development process, gametocytes remain in the bone marrow 

and once mature, the stage V gametocytes re-enter the bloodstream [30]. These mature stage V 

gametocytes can remain dormant until ingested into the mosquito’s midgut [30] but they are the 

only form of gametocytes that can be transmitted to the next feeding mosquito. P. falciparum 

parasites show a female-biased sex ratio of approximately one male for every four female 

gametocytes [34], which is balanced out as gametes are formed, since one male gametocyte 

develops into eight male gametes in the mosquito midgut, thereby nearly equalling the ratio of male 

to female gametes [27]. Therefore, during gametogenesis exflagellation occurs, which is when the 

male gametocyte (1n) undergoes three rounds of genome replication and mitotic cell division to 

release eight flagellated male (micro) gametes (8n) [35, 36]. The female gametocyte differentiates 
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into one immobile female (macro) gamete [35]. The process of gamete activation is dependent on 

environmental stimuli in the mosquito midgut [35]. These environmental stimuli comprise a 

temperature decrease of ~10°C from the warm-blooded human host to the mosquito vector, the 

presence of a mosquito-derived molecule xanthurenic acid and an increase in the pH from 7.2 to 8 

[35, 37]. These stimuli result in molecular changes in the sexual stages of the parasite and activate 

stage-specific genes through differential gene expression to initiate reproduction (gametogenesis) 

and to prepare the gametes for the hostile mosquito midgut [27]. The flagellated male gamete 

fertilises the female gamete forming a diploid zygote in the mosquito midgut [35]. Zygotes form 

motile, elongated ookinetes that enter the mosquito’s midgut wall to develop into oocysts [30]. 

Oocysts grow and rupture to release sporozoites, which move to the mosquito's salivary glands to 

be transmitted to the next human host and continue the malaria life cycle [26].  

Throughout the intra-erythrocytic cycle, at least 60 % of the parasite’s genome is transcriptionally 

active through a unique gene regulation cascade [38]. Furthermore, gametocytes have sexual 

stage-specific promoters for gene expression at the correct time of development with a few of the 

gametocyte-specific transcripts only being translated in the gamete stages of the parasite due to a 

translation repression mechanism being present in the parasite [31, 36]. As such, the unique 

transcriptional mechanism of the parasite can be utilised for various applications and research of 

the parasite to aid in drug development. 

1.4 Treatment with antimalarial drugs 

Chemotherapeutics are antimalarial drugs used to suppress malaria infections and alleviate 

symptoms by killing the parasite [14]. For effective malaria treatment, early diagnosis is essential, 

otherwise, severe malaria could develop. Severe malaria requires effective treatment as the 

mortality rate for untreated patients without immunity is close to 100 % [21]. Quick and efficient 

treatment along with supportive care can reduce the mortality rate to 10-20 % [21]. Also, early 

malaria diagnosis provides less time for the malaria parasite to circulate in the blood, thereby 

reducing the transmission risk [2].  

For the treatment of uncomplicated malaria, oral medication is required with high efficiency and low 

side effects to clear parasites as quickly as possible to prevent the development of severe malaria 

[6, 21]. Due to P. falciparum resistance against first generation antimalarials including chloroquine 

(CQ), sulfadoxine-pyrimethamine (SP) and others, chemotherapeutics are currently wholly 

dependent on ACT. According to Verlinden et al., numerous strategies to resist resistance from 

antimicrobial and anticancer research can be applied to antimalarial drug discovery [39]. These 

strategies, such as increasing the number of drug partners and applying polypharmacology to 
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drugs, are important for developing antimalarial drugs that have a long therapeutic lifespan by 

resisting resistance [39]. 

ACT consist of an artemisinin derivative such as artesunate, which is rapid-acting and decreases 

the parasites quickly, which is combined with a partner drug with a different pharmacokinetic and 

mechanism of action [40]. These can include a quinine derivative partner drug such as mefloquine, 

which is longer-acting and removes the remaining parasites [2, 40]. Although ACT have played an 

important part in malaria control, their effectiveness is threatened by resistance emerging for 

artemisinin and the partner drugs [2]. Artemisinin resistance is characterised by parasites being 

cleared slower from the blood after ACT and treatment failure occurring more frequently [41, 42]. 

Furthermore, artemisinin resistance has contributed to the selection of partner drug resistance as 

partner drugs are exposed to a larger number of parasites after the normal 3-day ACT, thereby, 

limiting the number of ACT that can be used in certain areas [41, 42]. Therefore, until new 

antimalarial drugs are available on the market, efficient management of existing drugs is of utmost 

importance to reduce the development of resistance.  Moreover, whilst ACT are therapeutically 

essential, they are not useful tools in malaria elimination strategies. The latter relies on compounds 

that are also able to target the transmissible gametocytes stages and thereby block onwards 

transmission of the parasite [43]. 

1.5 Antimalarial drugs with transmission-blocking activity 

To disrupt transmission multiple factors need to be taken into consideration. These include 

parasites in the mosquito vector, the parasite reservoir in asymptomatic or semi-immune carriers 

[20, 44], and the parasite pool in symptomatic malaria patients [43]. The premise for transmission-

blocking antimalarials relies on the ability to target gametocytes, which are seen as population 

bottlenecks in the parasite life cycle, and the only transmissible stage between humans and 

mosquitoes. Delivery of drugs that target gametocytes should, therefore, be possible by dosing 

humans additionally, these could be highly effective as they only need to target very few circulating 

parasites [45]. For instance, asexual blood stage parasite numbers range from 1 to 106 / µL of blood 

in an uncontrolled infection, whereas less than 100 mature gametocytes are typically found per µL 

of blood [46]. The block in transmission from human to mosquito can occur by either affecting 

gametocytes in the human host or by affecting downstream mosquito vector stage parasites [47].  

Only a few druggable targets have been described in mature gametocytes since mature 

gametocytes have terminally differentiated and only require household activities, such as redox 

maintenance while awaiting ingestion by a mosquito [48]. To exclusively target gametocytes, drugs 

should aim to inhibit translational repression, sperm function, and meiosis since these functions 
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are not important for asexual stages [49]. The only clinically approved compounds currently 

effective against gametocytes are methylene blue (MB) and primaquine with contrasting evidence 

as to the efficacy of artemisinin derivatives [43, 45, 50]. Although ACT have shown to decrease 

gametocyte numbers, they are mostly active against early gametocytes and unable to completely 

remove mature stage V gametocytes, therefore, transmission is still possible [45, 51]. Primaquine 

(an 8-aminoquinoline) is the only licensed drug that has been shown to successfully kill mature 

gametocytes [13, 40, 52]. However, malaria patients with a glucose-6-phosphate dehydrogenase 

(G6PD) deficiency develop intravascular haemolysis when treated with primaquine, thereby limiting 

its use [13, 40]. Primaquine’s mechanism of action in the parasite is still poorly understood but 

studies have shown that primaquine may impair mitochondrial metabolism as well as cause 

production of reactive oxygen species [53, 54]. Another 8-aminoquinoline compound with mature 

gametocyte activity, tafenoquine, is currently in phase III clinical trials [55]. Although tafenoquine 

also causes haemolysis of G6PD-deficient patients, it has a longer half-life than primaquine making 

it possible to administer tafenoquine as a single dose [55]. Tafenoquine might be safer than 

primaquine since the patient has less exposure to the haemolysis causing drug, thereby reducing 

the risk of developing severe haemolysis. Therefore, derivatives of primaquine or drugs with similar 

modes of action that do not cause haemolysis need to be investigated as gametocytocidal drugs. 

Alternatively, completely new compounds that target gametocytes are being investigated [56].  

Male gametes have also shown to be sensitive to inhibition since they undergo rapid development 

to produce eight male gametes and thereby they provide many new drug targets [48]. However, 

the challenge with targeting the parasite stages within the mosquito vector is that drugs need to be 

designed to remain effective for the entire period that the gametocytes circulate in the blood until 

taken up by a mosquito [20, 48, 50]. Atovaquone is one such interesting example that is active 

against all stages of all Plasmodium species by interfering with the mitochondrial membrane 

potential and inhibiting the transport of numerous parasite enzymes [21, 41]. However, the 

transmission-blocking drug compendium indeed needs to be expanded. As such, there is a need 

for novel drugs, especially against the transmissible gametocyte stages. 

1.6 Drug discovery and development pipeline 

The antimalarial drug discovery pipeline has been populated with new antimalarial candidates in 

various stages of clinical development over the past decade. For a new chemotherapeutic to be 

valuable, it must either have a novel chemotype, which the parasite has not seen before, to prevent 

cross-resistance or it must be able to resist resistance formation [20, 39]. Furthermore, the 

chemotherapeutic should target essential and novel biological processes or entities, as well as be 

able to function in combination with other chemical entities [39, 47]. In addition, to enable malaria 
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elimination, chemotherapeutics should have dual action: cure infection as well as prevent parasite 

transmission [20, 39].  

The ideal antimalarial drug for eradication needs to eliminate the human reservoir, which can be 

achieved by a Single Encounter Radical Cure and Prophylaxis – SERCaP [13, 57, 58]. 

Nevertheless, it was seen that a single chemical entity would not be able to comply with these 

standards but instead, a combination of two or more compounds would be the solution [57, 58]. A 

single exposure to a drug would allow health workers to observe drug administration to reduce drug 

misuse and could decrease the risk of resistance development [58]. Furthermore, a radical cure 

implies the drug can remove all parasites as well as all Plasmodium species in a patient [13, 57]. 

Chemoprevention antimalarial drugs are also needed that are safe and effective to prevent 

infection, especially in vulnerable populations [58]. Due to resistance emerging for SP treatment 

[59], new chemoprotectants are needed that have activity against the parasite’s liver stage [58].  

Focus on eradication requires different approaches, of which transmission-blocking is the main 

intervention. Since only mature gametocytes are taken up by mosquitoes during a blood meal, 

antimalarial drugs should selectively kill the sexual stages or prevent onwards development of the 

parasite in the infected mosquito [58]. Furthermore, these antimalarial drugs should be safe enough 

to use on symptomatic as well as asymptomatic patients during mass drug administration 

campaigns [58].  

The Medicines for Malaria Venture (MMV), a not-for-profit foundation, in collaboration with its 

partners have developed an antimalarial drug discovery portfolio [6]. Three approaches were used 

to identify promising antimalarial compounds for the drug discovery portfolio, including hypothesis-

driven design, target-based screening and rational design, and phenotypic screening, which has 

been the most successful approach thus far [6]. MMV set out a guideline for the discovery and 

development of new antimalarial drugs to indicate the types of molecules [target candidate profiles 

(TCP)] and the combination of medicines [target product profiles (TPP)] needed [20, 57]. The TCP 

refers to a single candidate or molecule, whereas the TPP refers to two or more active candidates 

that produce a final product [20]. 

Two groups of TPP exist: TPP-1, medicines that can cure infected patients, and TPP-2, medicines 

that can protect patients from infection (Figure 1.3) [57]. According to TPP-1, to treat patients with 

acute uncomplicated malaria, a combination of molecules should be used that clear asexual blood-

stage parasites (TCP-1 activity), target gametocytes (TCP-5 activity) and vectors to block 

transmission (TCP-5 activity) as well as target hypnozoites, which are mainly P. vivax parasites 

(TCP-3 activity) [20]. A TCP-5 candidate should ideally have activity against all five gametocyte 
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stages as well as inhibit oocyst or sporozoite formation [20]. Furthermore, patients with severe 

malaria require compounds with TCP-1 activity. The TPP-2 profile describes chemoprotection, 

which includes treatment when epidemics occur or individuals going to endemic areas [20]. These 

individuals should be treated with molecules that have hepatic schizont activity (TCP-4 activity) in 

combination with TCP-1 molecules for emerging infections [20]. 

 
Figure 1.3: Parasite life cycle emphasising the target candidate profiles to form the target 
product profiles for developmental antimalarial drugs. 
The target product profiles (TPP) consist of TPP-1, focussed on case management to treat infected 
patients and TPP-2, focussed on chemoprotection to protect patients from infection. TPP-1 comprises 
of molecules active against asexual blood-stage parasites (TCP-1) and drugs with transmission-
blocking activity (TCP-5 and TCP-6). TPP-2 includes molecules with hepatic schizont (liver stages) 
activity  (TCP-4) together with TCP-1 activity [20]. Image created with BioRender.com [25].  
 

Four new compounds in clinical development at present have activity against multiple stages of the 

parasite’s life cycle, including KAF156, DSM265, OZ439, and KAE609 [20]. Both OZ439 and 

KAE609 have activity against the asexual blood stages and reduce transmission [20], whereas 

DSM265 shows activity against the asexual blood stages and provides chemoprotection [20]. 

Finally, KAF156 has a TPP-1 and TPP-2 profile since it has activity against the asexual blood 

stages provides chemoprotection and reduces transmission [6].  

Many of the antimalarial drugs that inhibit asexual blood-stage parasites have activity against 

immature stage I-III gametocytes [31, 43]. However, these drugs are not active against mature 

stage V gametocytes as they have a decreased metabolic activity and are biochemically different 

from asexual parasites [31, 43]. Even though the development of antimalarial drugs with 
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gametocyte-selective activity is possible [56], current compounds in the drug pipeline target both 

transmission and the asexual blood stages, albeit not at equally effective concentrations [58]. 

Compounds with such dual activity against asexual and sexual parasites [60], and where the same 

protein is targeted, have an increased risk for resistance development and transmission of the 

parasite [43]. Therefore, compounds with polypharmacology, meaning different modes of action in 

the asexual and sexual parasites, are of greater interest as they will lower the risk of developing 

resistance [43]. Furthermore, a combination of antimalarial drugs, one that has specific activity 

against transmissible gametocytes and another one with activity against asexual parasites, will also 

lower the risk of resistance development since the parasite would not be prone to select for 

resistance mutations [43]. Gametocyte-selective compounds can either be used in combination 

therapy to target residual transmission in low transmission settings or as targeted drug 

administration in high-transmission settings [43]. Therefore, there is a need to find gametocyte-

selective compounds since no chemical hits exist in clinical development that are only active 

against gametocytes, although the first reports of gametocyte-targeted compounds have been 

published recently [56, 61, 62]. In the one study, they focused on identifying compounds that 

specifically target transmission stages of the parasite and identified 11 promising novel 

compounds, thereby paving the way for future investigation into transmission-blocking antimalarials 

[56]. Based on the information above, knowing the stage-specific activity of a compound (TCP) is 

very important for drug discovery. This data can help in preventing drug resistance development 

and aid in discovery of novel transmission-blocking compounds necessary for malaria elimination.  

1.7 Variability in compound activity associated with different assay platforms 

The discovery of new antimalarials through phenotypic screening is therefore dependent on the 

ability to accurately describe the activity of compounds against different stages of the parasite. 

Compounds are therefore also prioritised for further development based on these activities and this 

relies also on comparison of activities of compounds. However, numerous literature has highlighted 

discrepancies in compound activities where the same compound, assayed on two different assay 

readouts will result in different activities. This is mostly ascribed to be due to the differences in 

assay readouts, due to different assay technologies and, when the variability is across stages, 

metabolic pathways in the parasite is being targeted [50, 63]. Every lab has adopted the use of its 

assays and parameters, thereby introducing technical variables that are related to the lab such as 

culturing method, assay setups such as the technology used, and data analysis such as hit activity 

cut-off selection [63]. These variables make it difficult to compare data from different assays and 

to identify potential antimalarial hits. The MMV malaria box (open-access compound library) is a 

useful tool for this purpose and indicated large variability when antiplasmodial activity was 

compared across a broad range of assays and laboratories [45, 64].  
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Two reports by Cui et al. [65] and Hasenkamp et al. [66] also compared different asexual stage 

assay technologies to determine its effect on antiplasmodial activity data. They compared their 

asexual-specific luciferase-expressing lines with the SYBR Green I fluorescence or the [3H]-

hypoxanthine incorporation assay and found comparable 50% inhibition concentration (IC50) results 

for known antimalarial drugs (Table 1.1) [65, 66]. Furthermore, Hasenkamp et al. showed that 

genetic modification to create the luciferase-expressing transgenic line (NF54luc) did not have an 

effect on the IC50 values for known antimalarial drugs using the luciferase and SYBR Green I 

assays (Table 1.1) [66]. Even though different promoters were used to drive luciferase reporter 

expression between the different studies, IC50 values remained similar for the compounds [65-67]. 

Since the [3H]-hypoxanthine incorporation assay is the gold standard, similar IC50 values between 

the different asexual assays (Table 1.1) indicate their suitability to replace the use of radioactive 

materials [65-68].  

Table 1.1: Comparison of antiplasmodial activity against asexual stages of P. falciparum 
parasites using different assay technologies from different studies. 
Data were obtained from previously published work. IC50 values are shown as mean (± standard error). 

Compound name 

IC50 (nM) values from different assay technologies 

pLDH 
[69] 

Luciferase 
SYBR Green I 
Fluorescence 

[66] 

ATP-
bioluminescence 

[70] 

[3H]-
hypoxanthine 
incorporation 

[68] 

Methylene blue - 30 [71] - - 10 - 

Chloroquine - 
17.3 ± 0.5 

[67] 
21.0 ± 1.3 

[66] 
13.2 ± 2.1a & 
26.7 ± 1.0b 

7 11.2 ± 2.7 

MMV390048 - - - - - 28 [72] 

Dihydroartemisinin 3 
19.58 ± 1.12 

[65] 
19.4 ± 1.8 

[66] 
14.1 ± 2.2 a & 

7.9 ± 0.7 b 
13 1.1 ± 0.1 

OZ439 18 - - - - 3.0 ± 0.5 

Artesunate - 4.1 ± 0.5 [67] 
18.42 ± 1.50 

[65] 
- 54 3.5 ± 1.7 

a NF54luc transgenic line and b NF54attB control line [66]. 
 

To determine whether the assay technology being used is the main driver for variability in assay 

outcome, three studies have directly compared gametocyte activity of compounds (including the 

malaria box) on different assay platforms by performing the experiments in parallel [45, 50, 69, 73]. 

Notable differences were seen for several compounds and varying IC50 values were obtained for 

the same compound by using the different technologies (Table 1.2) [50, 69, 73]. The report by 

D'Alessandro et al. found that the pLDH and luciferase assay showed good correlation even though 

they measure different biomarkers in the parasite [73]. By contrast, another report by Reader et al. 

showed that the ATP-bioluminescence and pLDH assay showed weaker gametocytocidal activity 

for several compounds compared to the luciferase assay [50]. Furthermore, compound activity also 

showed variable data for the same assay platform between the different laboratories. This 

highlights the need to cross-validate results from different assay technologies and different 
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laboratories to ensure potential hit compounds are identified from large compound libraries and to 

make the drug development pipeline progress faster [45]. 

Table 1.2 Comparison of antiplasmodial activity against stage IV/V gametocytes of P. falciparum 
parasites using different assay technologies from different studies. 
Data were obtained from previously published work. IC50 values are shown as mean (± standard error). 

Compound name 

IC50 (nM) values from different assay technologies 

pLDH Luciferase assay 
ATP-

bioluminescence 

Methylene blue - 
800 
[50] 

530 
[69] 

- 226.1 ± 31.2 [63] 
143 
[50] 

900 [50] 
490 
[70] 

Chloroquine - - 
1100 
[69] 

- - - - 
23450 
[70] 

MMV390048 
285 
[72] 

- - - 140 [72] - - - 

Dihydroartemisinin 
12 
[72] 

20 
[50] 

36 
[69] 

490.2 ± 
240.0 [73] 

435.3 ± 286.8 [73] 
11 

[50] 
14900 
[50] 

3560 
[70] 

OZ439 - - 
160 
[69] 

- - - - - 

Artesunate - - 
50 

[69] 
36.2 ± 11.5 

[73] 
117.8 ± 13.4 [73] - - 

10830 
[70] 

 

One of the first generation antimalarials, CQ, is known to be inactive against stage IV/V 

gametocytes but shows good activity towards early gametocytes and asexual stages [66]. CQ 

showed good correlation between the different assay platforms for asexual stages (Table 1.1) [66]. 

However, its inactivity towards stage IV/V gametocytes resulted in variable IC50 values (Table 1.2) 

[69, 70]. MMV390048 (2-aminopyridine) is a promising new chemical class currently in clinical trials 

with a new mechanism of action that inhibits Plasmodium phosphatidylinositol 4-kinase (PI4K) [72]. 

MMV390048 shows potential as a dual-active drug with low nM activity against the parasites’ 

asexual and sexual stages (Table 1.1 and Table 1.2) [72]. Another compound currently in clinical 

development is OZ439 and from this data it can be seen that it also has low nM activity against 

asexual and sexual stages of the parasite, making it a promising transmission-blocking candidate 

as it shows gametocytocidal effects at clinically relevant concentrations [20, 69]. In contrast, 

dihydroartemisinin (DHA) and artesunate also have dual activity but the gametocytocidal activity is 

too low for current dosing regimens to have a significant impact on transmission blocking [69]. DHA 

is the active metabolite of artesunate, which explains the similarities in antiplasmodial activity 

between the two drugs [69]. Both show significantly higher activity towards the asexual stages with 

relatively similar IC50 data between the different technologies (Table 1.1) [66, 68-70]. However, the 

DHA IC50 values for stage IV/V gametocytes show a lot of discrepancies between the different 

technologies with values ranging from 11 nM to 14.9 µM (Table 1.2) [50]. 
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Another dual active compound is MB, which shows good nM activity against asexual and 

gametocyte stages by potentially perturbing redox balance in the parasite [69, 70, 74]. MB has 

significantly lower IC50 values in asexual stages compared to gametocytes [70, 71]. One report 

could not use MB for the pLDH assay since the high MB concentration interfered with the readout 

[73]. Furthermore, a high variation in MB IC50 values for gametocyte stages are seen between the 

different assay technologies (Table 1.2) [45]. More significantly, is the > 5.6-fold increase in IC50 

values for the pLDH and ATP-bioluminescence assays compared to the luciferase assay, which 

was run in parallel in the same lab [50]. Similar effects were seen for DHA in this study. Thereby, 

highlighting the variance created by different assay technologies since the same culturing methods 

and compound handling was applied. A single assay platform can remove the technical variances 

caused by different assay technologies to ensure that variation in antiplasmodial activity between 

the life cycle stages is only based on compound selectivity towards a specific stage of the parasite.  

1.8 Drug screening assays 

Phenotypic screening as a starting point in drug discovery involves screening of large numbers of 

chemical libraries with biochemical assays and has been the most successful approach to describe 

new antimalarial hits. Due to the complexity of drug effects on the parasite, these cell-based assays 

are more valuable for drug discovery than target-based assays since they imitate the in vivo 

environment better by exposing drug candidates to the whole-cell instead of only the target protein 

[63]. Phenotypic screening can identify new drug candidates with antimalarial activity as well as 

new mode of action [75]. However, since the parasite’s life cycle stages are very different from 

each other, various assay platforms, with different readouts, and different parasite lines are used 

to determine drug efficacy for each stage evaluated (Table 1.3). Therefore, a lot of variabilities is 

created in drug activity data which in turn complicates TCP determination for antiplasmodial 

compounds. 
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Table 1.3: Drug screening methods for the different Plasmodium life cycle stages. 

Life cycle stage 

Target 
Candidate 

Profile 
[20] 

In vitro culturing potential and screening  
methods for evaluation of drug efficacy 

Asexual blood-
stage parasites 

TCP-1 
Asexual blood stages are easy to maintain in vitro and highly 
amenable to HTS assays [75]. Drug efficacy is determined through 
parasite proliferation or viability, e.g. SYBR Green I assay. 

Hepatic schizonts TCP-4 

Complete P. falciparum liver-stage development is possible in vitro, 
in human hepatocytes, but the infection rate is very low [76]. To 
determine drug efficacy in hepatocytes, murine models with 
luminescent sporozoites are used for whole animal-imaging of 
parasites, or antibody-stained parasites are screened by infrared 
or high-content imaging [75]. 

Gametocytes TCP-5 

Maintenance in vitro is relatively easy but obtaining high 
gametocytaemia is a challenge. Numerous gametocytocidal 
assays exist that are amenable to HTS and measure parasite 
viability since DNA replication has stalled. Assays include 
gametocyte-specific luciferase reporter assays, metabolic 
indicators and antibody detection of stage-specific markers [75]. 

Gametes TCP-5 

Gamete formation can be achieved in microplates at room 
temperature. Drug efficacy on gametes is determined with the dual 
gamete formation assay, which uses live imaging to measure male 
exflagellation bodies and fluorescence microscopy for female 
gametes [26]. Another method is the acridine orange gamete 
assay, which uses high-content imaging to monitor the transition of 
gametocytes into gametes [75, 77].  

Ookinetes TCP-5 

The P. berghei ookinete development assay identifies compounds 
that affect early vector-stages by counting the ookinetes with 
fluorescence microscopy [26]. In vitro culturing conditions are 
possible to obtain sporulating oocysts from gametocyte cultures of 
a transgenic P. berghei line, which expresses GFP and luciferase 
at the mature ookinete, oocyst, and sporozoite stages [78]. 

Oocysts 
 

TCP-5 

The standard membrane feeding assay (SMFA) is the current gold 
standard to assess transmission reducing the activity of a drug by 
counting the number of oocysts inside mosquito midguts [75]. 
However, the SMFA is low-throughput and requires the use of 
mosquitoes [75]. 

Sporozoites TCP-5 
Bioluminescence measurements of luciferase-expressing P. 
berghei sporozoites can be used to determine drug efficacy [78]. 

 

The major difference in drug screening assays for asexual and gametocyte stages is the fact that 

proliferation can be determined in asexual parasites but not in gametocytes since gametocytes 

only mature and do not replicate anymore [79]. However, the same viability assays can be applied 

to asexual blood stage parasites and gametocytes.  

The asexual blood stage of the P. falciparum parasite is the easiest life cycle stage to maintain in 

vitro and is also highly amenable to high-throughput screening (HTS) technologies [75]. Therefore, 

HTS campaigns have focused on antimalarial activity (TCP-1) against the asexual blood stage of 

the parasite. The gold standard assay for detecting antimalarial activity against the asexual blood 
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stages is considered to be the [3H]-hypoxanthine incorporation assay, which is based on the 

incorporation of [3H]-hypoxanthine into nucleic acids of the parasite [80, 81]. However, this assay 

requires radioactive materials. Consequently, nonradioactive materials, such as nucleic acid 

intercalating dyes, are cheap and simple to use [81] and includes SYBR Green I, which only stains 

the parasite’s DNA since DNA is absent in erythrocytes, thus any fluorescent signal is an indication 

of parasite proliferation [75]. Numerous HTS assays have subsequently been performed against 

the asexual blood stage by making use of similar nucleic acid staining technologies [75]. Another 

fluorescence-based assay makes use of 4-6-diamidino-2-phenylindole (DAPI) DNA-binding dye for 

confocal imaging [80]. A drawback of these fluorescence-based assays is their low signal to 

background ratio and the interference of some chemical entities with the fluorescence output [80, 

81]. The parasite lactate dehydrogenase (pLDH) colourimetric assay is another reliable marker of 

parasite viability as it plays a role in glucose metabolism [69] and can be used on any parasite 

strain [73] with HTS capability. Unfortunately, the assay can produce high background levels when 

assaying slow acting compounds [81].  

A typical transmission-blocking screening cascade relies on identifying compounds with mature 

gametocyte activity (TCP-5) and to subsequently show that this translates into a block in gamete 

and oocyst formation. In all cases, once a compound has shown activity against gametocytes and 

gametes, the transmission-blocking activity must be confirmed through SMFA, where the inability 

of the parasite to transmit to Anopheles is assayed [43]. This assay, however, is very laborious and 

expensive, therefore, stringent prior filters of activity against gametocytes and gametes are 

required [26]. Consequently, robust HTS assays are needed as primary filters for mature stage V 

gametocyte activity as well as gamete formation inhibition. It has also been shown that mature 

male and female gametocytes respond differently to antimalarial drugs [82]. Thus, gametocyte 

screening assays that provide sex specificity of compounds would be advantageous but does not 

currently exist. 

Numerous gametocytocidal assays exist for early- and late-stage gametocytes but not all are 

amenable to HTS. Gametocyte assays use various reagents to detect parasite viability since 

gametocytes only undergo maturation [83]. Current gametocyte screening assays make use of 

fluorescent indicators to measure metabolic activity (ATP [84], AlamarBlue and pLDH [69, 73]), 

fluorescence imaging (green fluorescent protein (GFP) and MitoTracker Red [60]), or viability 

determination of transgenic parasite lines expressing stage-specific reporter genes (GFP-

luciferase reporters [71, 85-87] and dual-luciferase reporter [73, 79]). Gametocyte assays use 

various reagents to detect metabolic activity. For instance, AlamarBlue determines metabolic 

function and cellular health by monitoring the reducing environment of the parasite [88]. The 

AlamarBlue assay is easy to use, inexpensive and has a high sensitivity but it has a long incubation 
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time to produce a fluorescent signal, which increases the chance of producing artefacts [88, 89]. 

The activity of pLDH is also a reliable marker of gametocyte viability. However, the assay takes a 

long time since pLDH activity continues for 24 hours after gametocyte death and pLDH is present 

in asexual parasites as well as gametocytes, therefore, gametocyte samples must be pure to give 

accurate results [73]. Gametocyte viability can also be measured by fluorescence microscopy, 

which allows for the visual determination of parasite viability by detecting cells and cellular 

components with fluorochromes [90]. However, fluorescence microscopy has numerous limitations, 

including a loss of fluorescence ability of fluorophores after illumination and fluorochromes 

producing reactive oxygen species when illuminated [90]. MitoTracker red dye is a fluorochrome 

that determines mitochondrial function through the presence of mitochondrial membrane potential 

in viable gametocytes [91]. Another fluorescent marker is GFP, which can be visualised with 

fluorescence microscopy and can be used to produce fluorescently-tagged proteins that are driven 

by stage-specific promoters and expressed in living parasites [92]. These fluorescent proteins allow 

for visual quantification of parasite numbers in drug assays [60]. 

The ATP-bioluminescence assay measures the metabolic activity of a parasite, such as 

gametocytes, with the amount of intracellular ATP content present by making use of luciferase 

enzymes [89]. Viable parasites contain ATP but parasites that are not viable are unable to 

synthesise ATP and any remaining ATP is depleted by ATPases [89]. Luciferase catalyses the 

reaction of luciferin, a substrate added to the reaction, and ATP, a substrate found in cells, to 

produce photons of light (Figure 1.4) [89]. Therefore, parasite viability can be determined since 

nonviable parasites have less ATP and produce a smaller amount of light than viable parasites. 

The ATP-bioluminescence assay is sensitive and less likely to produce artefacts than other viability 

assays since the luminescent signal is produced in ~10 minutes [89]. However, the ATP-

bioluminescence assay only measures ATP levels of the parasite and this can be contaminated by 

ATP contributed from the erythrocyte. To provide even greater sensitivity, luciferase activity can be 

assayed, which not only measures ATP levels but also luciferase expression within the parasite 

(relying on functional transcription and protein translation of luciferase). To provide more specificity, 

luciferase is used as a reporter gene that is expressed under the control of a stage-specific 

promoter in transgenic parasite lines [79]. A luciferase reporter line is suitable for cell-based assays 

as it is non-toxic to cells and does not require post-translational modification for activity [79]. A 

luciferase reporter line also allows for specificity and accuracy in quantitatively determining the 

effects of drugs on specific stages of the parasite [73]. This led us to propose that the TCP (stage 

specificity) of compounds can be determined with this bioluminescent assay by adding a luciferase 

reporter under the control of a constitutive promoter to create one assay platform where luciferase 

activity is measured (as a function of parasite viability) in all stages of parasite development. 
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Therefore, this would eliminate the variability inherent with using different assay platforms of the 

different parasite life cycle stages. Differences in the activity of compounds would, therefore, be a 

direct result of only stage differences. 

 

Figure 1.4: Luciferase catalyses the reaction of luciferin, ATP, and oxygen to produce light. 
For light (luminescence) to be produced, a luciferase enzyme requires the presence of luciferin 
substrate, ATP, oxygen (O2) and the cofactor magnesium (Mg2+). The luminescence signal is measured 
in a bioluminescence assay to indicate parasite viability [89]. 
 

Current luciferase assays (Table 1.4) are mostly used to assess compounds against gametocytes, 

e.g. where a GFP-luciferase fusion reporter was placed under the pfs16 promoter, which is 

expressed in all five gametocyte stages [71, 73, 79, 85, 86]. Other luciferase assays exist that are 

specific for mature stage V gametocytes, with luciferase reporters being under the promoters’ 

mal8p1.16, pfs28 and pfULG8 [71, 87]. Only, two asexual stage luciferase assays have used the 

Pfhsp86 and Pfpcna promoters to drive luciferase expression [65, 66]. Different sources of 

luciferase have been explored in malaria parasites, with the Photinus pyralis firefly luciferase being 

the most common for drug assays [79]. 

A recent study created a transgenic P. falciparum line that expresses a mCherry-luciferase fusion 

under control of the Pfetramp10.3 gene promoter [93]. Although the line shows constitutive 

luciferase expression, the levels of expression between the different stages vary a lot and are not 

suitable for high reporter expression in asexual and liver stages [93]. Additionally, two other 

transgenic lines contain a GFP-luciferase fusion reporter under the control of the constitutive 

Pfhsp70 [94] or the Pfef1α promoter [67]. The constitutive Pfhsp70 promoter showed variable 

expression levels for the different life cycle stages [94]. The Pfef1α promoter showed good 

luciferase expression throughout the life cycle stages, however, luciferase activity was not 

determined for gametocytes [67]. Even though constitutive parasite lines exist we proposed to 

develop a line that has a luciferase protein that is not fused to a fluorescent protein. Since a 

luciferase reporter has lower background levels, it does not require external illumination and has 

improved signal sensitivity compared to a GFP.  

 

Luciferin 

+ ATP + O2 

Luciferase 

Mg2+ Light 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



32 

 

Table 1.4: Comparison of existing luciferase-based assays 

Assay Life cycle stage 
Promoter 

controlling 
expression 

Luciferase 
source 

Reference 

Dual-luciferase gametocyte 
Gametocyte stage II 

and IV-V 
Pfs16 

Pyrophorus 
plagiophthalamus 

Click beetle CBG99 
and CBR 

[79] 

Gametocyte-specific GFP-
luciferase 

Gametocyte stage I-V pfULG8 
P. plagiophthalamus 
Click beetle CBG99 

[87] 

Gametocyte-specific GFP-
luciferase 

Gametocyte stage I-V 
Pfs16, 

pfs48/45 and 
mal8p1.16 

Copepods LucIAV 
luciferase 

[71] 

Gametocyte-specific 
luciferase  

Gametocyte stage I-V Pfs16 
Copepods LucIAV 

luciferase 
[85] 

Gametocyte-specific 
luciferase  

Gametocyte stage I-V Pfs16 
Copepods LucIAV 

luciferase 
[86] 

Gametocyte-specific 
luciferase  

Gametocyte stage I-V Pfs16 
P. plagiophthalamus 
Click beetle CBG99 

[73] 

Asexual-specific luciferase Asexual stages Pfhsp86 
Photinus pyralis 
Firefly luciferase 

[65] 

Asexual-specific luciferase Asexual stages Pfpcna 
Photinus pyralis 
Firefly luciferase 

[66] 

mCherry-luciferase 
Asexual, Gametocyte, 
Sporozoite and Liver 

Pfetramp10.3 
Photinus pyralis 
Firefly luciferase 

[93] 

Constitutive GFP-luciferase All stages Pfef1α 
P. pyralis  

Firefly luciferase 
[67] 

Constitutive GFP-luciferase All stages Pfhsp70 
Copepods LucIAV 

luciferase 
 [94] 

 

In this study, we proposed to improve on the shortcomings of existing drug assays by using a highly 

sensitive luciferase reporter that is scalable for HTS [79, 87]. The CBG99 luciferase emits green 

light and is from the click beetle Pyrophorus plagiophthalamus [79]. Furthermore, the promoters 

used in this study to control constitutive luciferase expression were selected based on stringent 

transcriptomic analysis and its ability to upregulate consistent high levels of gene expression across 

all life cycle stages of the parasite. To create the transgenic lines we used the bacteriophage serine 

integrase–based integration system since it has a high integration efficiency to place foreign DNA 

into a specific location in the parasite’s genome [95]. Genetic integration into P. falciparum occurs 

upon transient expression of the mycobacteriophage Bxb1 site-specific integrase to mediate 

recombination between a plasmid containing the attP site and an attB site, integrated at a known 

site into the genome [95]. Although assays exist to screen drug activity on every life cycle stage of 

the parasite, different biochemical methods are used. A constitutively expressing luciferase 

reporter line will allow the determination of a drug’s TCP activity on all stages of the parasite’s life 

cycle in the human host and mosquito vector. This constitutive luciferase assay will allow for the 

direct comparison between the different stages of the parasite’s life cycle since drug activity is 

determined on the same assay platform for each cell type with the same readout, thus providing 

less variability in data.   
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Hypothesis 

A constitutive luciferase-expressing P. falciparum line can be developed to evaluate the efficacy of 

potential antiplasmodial compounds across all life cycle stages of the parasite. 

Aim 

To develop a constitutive luciferase-expressing P. falciparum line that will allow screening of drugs 

on a single assay platform for all life cycle stages.  

Objectives 

A. Identify genes constitutively expressed across all life cycle stages of P. falciparum, including 

ring, trophozoites, schizonts, gametocytes, ookinetes, oocysts, and sporozoites. 

  

B. Produce transgenic parasite lines expressing luciferase under the control of a promoter that 

activates constitutive gene expression using the Bxb1 integration system. 

 

C. Prove luciferase expression under the control of the constitutive promoters occurs in the 

asexual and gametocyte stages of the transgenic lines.  

 

D. Validate the use of the new constitutive luciferase-expressing lines for its ability to detect 

antimalarial drug efficacy. 

 

Research output associated with this dissertation 

A part of this work was presented in a poster format at the 4th annual South African Medical 

Research Council - Malaria Research Conference from 30 July to 1 August 2018, Johannesburg, 

South Africa. Title: Transmission-blocking antimalarial drug discovery. Authors: Dorè Joubert, 

Bianca Brider, Giulia Siciliano, Pietro Alano and Lyn-Marie Birkholtz. 
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2) Chapter 2: Materials and Methods 

2.1 Ethics statement 

All experiments were carried out in the Malaria Parasite Molecular Laboratory (M2PL) that is a 

certified P2 facility (registration number 39.2/University of Pretoria-19/160) in which P. falciparum 

parasites were cultivated for this study. All in vitro experiments involving human blood donors holds 

ethics approval from the University of Pretoria Research Ethics Committee, Health Sciences 

Faculty (506/2018) and the in vitro cultivation of human malaria parasites are covered by approved 

umbrella ethics (NAS ethics approval no 180000094) for the SARChI program under Prof. Birkholtz. 

2.2 In vitro cultivation of asexual P. falciparum parasites 

P. falciparum NF54 parasites were cultured for transfection and luciferase assay experiments 

based on the methods created by Trager and Jensen [96]. Asexual parasites were cultured in 

human erythrocytes (predominantly O+ or A+) at 5 % haematocrit in RPMI-1640 (Sigma-Aldrich, 

Germany) culture medium supplemented with 0.024 mg/mL gentamycin (Fresensius Kabi 

Manufacturing, South Africa), 25 mM HEPES (Sigma-Aldrich, Germany), 0.2 % (w/v) glucose 

(Merck, South Africa), 0.2 mM hypoxanthine (Sigma-Aldrich, Germany), 23.8 mM sodium 

bicarbonate (Sigma-Aldrich, Germany), and 5 g/L Albumax II (Thermo Fisher Scientific, USA) [96, 

97].  

Parasite cultures were incubated at 37°C under hypoxic conditions in a 90 % N2, 5 % O2 and 

5 % CO2 atmosphere (AFROX, South Africa) at ~60 rpm to allow single parasite invasion events 

and increase parasitaemia and survival rates [97, 98]. Parasitaemia was routinely determined by 

Giemsa staining (Merck, South Africa) of a thin blood smear and visualised under a light 

microscope (Nikon, Japan) at 1000x magnification. Parasitaemia is defined as the percentage of 

parasite-infected erythrocytes found in more than 500 erythrocytes. Cultures were maintained at 

~8 % for ring- or ~4 % for trophozoite-stage parasites by adding fresh uninfected erythrocytes and 

changing media daily. 

Parasite cultures were synchronised to obtain parasites in the same developmental stage for stage-

specific experiments. For asexual synchronisation, 5 % (w/v) D-sorbitol (Sigma-Aldrich, Germany) 

was applied to ring-stage parasites (for ~10 min) to selectively kill late asexual stages by lysis due 

to the membrane structure of their erythrocytes being permeable to sorbitol [99, 100]. After 

incubation, the parasites were resuspended in fresh media and erythrocytes and cultured as 

mentioned above. 
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2.3 In vitro gametocyte induction and maintenance of P. falciparum parasites 

P. falciparum NF54 cultures (>90 % ring stage) were induced to undergo gametocytogenesis by 

nutrient starvation and a drop in the haematocrit [50]. Synchronised parasites in the ring stage were 

reduced to a 0.5 % parasitaemia in 6 % haematocrit (day -3) and transferred to glucose-deprived 

complete culture media (RPMI-1640, 0.024 mg/mL gentamycin, 25 mM HEPES, 0.2 mM 

hypoxanthine, 23.8 mM sodium bicarbonate and 5 g/L Albumax II) [50]. The cultures were 

maintained under hypoxic conditions as above at 37°C in a stationary incubator. Parasites were 

stressed even more by not changing culture media on day -2. After 72 h (day 0), the haematocrit 

was dropped from 6 % to 4 % to induce gametocyte production [101]. Gametocytogenesis was 

monitored daily with Giemsa-stained smears under a light microscope and only media was 

changed. Once gametocytes were mostly in stage II (day 3), media was changed to glucose-

enriched and asexual parasites were removed from day 5 onwards by supplementing the media 

with 50 mM N-acetyl glucosamine (Sigma-Aldrich, USA) [50, 102]. The gametocyte cultures were 

maintained until day 10 for late stage IV/V gametocytes as required for downstream assays. 

2.4 Identification of constitutively expressed genes in P. falciparum 

Candidate gene regulatory regions, containing promoter regions, that efficiently activate gene 

expression across asexual, sexual and mosquito stages of P. falciparum parasites were selected 

by examining microarray and RNA sequencing (RNAseq) expression profiles obtained from the 

PlasmoDB database [103-106]. These constitutive regulatory regions were used for downstream 

experiments to create transgenic parasite lines, constitutively expressing a luciferase gene. For the 

identification of novel constitutive promoters, extensive data analysis was performed in R [107], as 

explained below, and heatmaps were also created in R.  

Three datasets were used to obtain the constitutive gene candidates, consisting of a microarray 

dataset from van Biljon et al. [108] and two RNAseq datasets from López-Barragán et al. [103] and 

Zhangi et al. [104]. Firstly, k-means clustering for the RNAseq datasets was performed in R to 

obtain maintained or constitutive genes in each dataset (clustering was already available for the 

microarray dataset). After clustering, the overlapping genes between the selected clusters were 

determined. The genes present in all three datasets or the microarray dataset [108] and one 

RNAseq dataset were kept for further analysis [103, 104]. An essentiality analysis was performed 

to ensure that parasites undergoing drug treatment or stress will not cause downregulation of the 

promoter, which will result in less or no gene expression. Essentiality information of genes was 

obtained from PlasmoGEM to remove any slow or dispensable genes [109].  
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Next, translationally repressed genes were removed based on data from Lasonder, et al. [30] to 

ensure that a gene transcript will be translated into a gene product in the sexual stages. Genes 

were further reduced by selecting for strong expression in all the life cycle stages with a Fragments 

Per Kilobase of transcript per Million mapped reads (FPKM) threshold of 100 (log2[100+1]) for 

RNAseq data. Lastly, genes were selected that showed similar and strong expression in male and 

female mature gametocytes [30]. The upstream regulatory regions of the genes that showed the 

strongest expression across all life cycle stages were selected and used for downstream cloning 

to create the transgenic luciferase-expressing lines. 

2.5 Cloning promoter regions into expression plasmids 

A multistep cloning strategy (Figure 2.1) was followed to produce the final plasmids, as based on 

the study by Siciliano et al. [87]. The plasmids used for cloning, pEX-myc-CBG99, pASEX-5’nap-

GFP-3’nap and pCR2.1-attP-FRT-hDHFR/GFP, were kindly provided by Pietro Alano and Giulia 

Siciliano (Istituto Superiore di Sanita, Rome, Italy), and their constructs and use are defined in the 

sections below. The pASEX-5’nap-GFP-3’nap was modified to the pASEX-5’nap-myc-CBG99-

3’nap plasmid (kindly modified and provided by Elisha Mugo from our lab) to consist of a myc-

tagged CBG99 luciferase fusion gene (click beetle luciferase [79]) under control of the 5’ upstream 

and 3’ downstream regulatory regions of the nucleosome assembly protein gene (nap, 

PF3D7_0919000). The pCR2.1-attP-FRT-hDHFR/GFP plasmid was constructed with our chosen 

promoter(s) and reporter gene for transfection into the parasite. Modification of these plasmids to 

contain our chosen promoter regions are described in the sections below.  
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Figure 2.1: Cloning strategy to produce luciferase-expressing plasmids for transfection. 
The 5’ promoter regions for histone H3 (H3), histone H4 (H4), translation initiation factor eIF-1A (eIF-
1A), 60S ribosomal protein L41 (L41) and ubiquitin-60S ribosomal protein L40 (ubiq) were PCR 
amplified and cloned into plasmids for transfection into the P. falciparum parasite. Plasmid constructs 
are explained in more detail in the following sections. 
 

2.5.1 Amplification of promoter regions 

Firstly, the upstream regulatory regions containing the promoter sequence, 1400-1600 bp from the 

translation start site, of the identified constitutive genes were PCR amplified. Forward and reverse 

primers (Table 2.1) were designed with Benchling [110] and the restriction enzyme sites’ XhoI, for 

forward primers and XmaI, for reverse primers were added. Restriction sites were added to the 
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primers along with three extra nucleotides at the end of the sites to increase restriction digestion 

efficiency to allow cloning into the desired locations of the plasmids. PCR amplification was 

performed with 1.25 U TaKaRa ExTaq polymerase, 1X ExTaq buffer, 0.2 mM dNTPs (Takara Bio 

Inc., Japan), 10 pmol of each primer and 30-100 ng of gDNA (P. falciparum NF54). Optimised PCR 

conditions include denaturation at 95°C for 5 min, followed by 30 cycles of denaturation at 95°C for 

10 s and combined annealing and extension at 60°C for 4 min, and a final extension of 60°C for 

7 min. DNA bands were obtained for the amplified promoter regions on 1 % (w/v) agarose/ Tris-

Acetate-EDTA (TAE) gels that were stained with ethidium bromide for ~10 min and visualised with 

the Gel Doc EZ Imaging system (Bio-rad, USA). The NEB quick-load purple 1kb plus DNA ladder 

(New England Biolabs, UK) was used to determine DNA fragment sizes on a gel. 

Table 2.1: Primer sequences of constitutive gene promoter regions. 

nr Gene name Gene ID 
Forward/ 
Reverse 

Primer sequence (5' - 3' orientation) * 

1 Histone H3 PF3D7_0610400 
F ccgctcgagTTCTATTCATAGCTATTATATATGATGTTTC 

R ccccccgggATGATATAAAATATATTGTGTGTATTTTGTG 

2 Histone H4 PF3D7_1105000 
F ccgctcgagTTGCAATTTTGTGTTATATTACTG 

R ccccccgggAAAGTTTTTTTGAATAATTTTAAATATATATAAC 

3 Histone H2A PF3D7_0617800 

F ccgctcgagAGAATTGACAAAAAAAATGAAAGG 

R ccccccgggTTTAATTTAAATAAAATTATGTGAAAAATTGC 

4 

Translation 
initiation factor 

eIF-1A, 
putative 

PF3D7_1143400 

F ccgctcgagTTCGTAAATAAAATAATTCAACCTTAC 

R ccccccgggAAATATAAAATTTGTGAATTCTTTAAAAATG 

5 
60S ribosomal 

protein L41 
PF3D7_1144300 

F ccgctcgagATACTTAAATATTTACATAATGTGGAGAG 

R ccccccgggTTTTTAATATTTATTAATTAAACTTTGTTTTTG 

6 
Ubiquitin-60S 

ribosomal 
protein L40 

PF3D7_1365900 
F ccgctcgagTTTCTTGTTGATATAATTTAGTACATTC 

R ccccccgggTTTCTTAAAAATAATGAAATGAAAAAAAAAAATTTAG 

*Restriction sites with 3 extra nucleotides were added to primer sequences: XhoI (ctcgag) and XmaI (cccggg), as underlined 

 

The PCR-amplified promoter regions were excised and recovered from agarose gels using a 

Zymoclean Gel DNA Recovery Kit (Zymo Research, USA), following manufacturer’s instructions. 

The concentration of each sample was determined with a NanoDrop ND-1000 spectrophotometer 

(Thermo Fisher Scientific, USA) by measuring nucleic acid absorbance at 260 nm and purity 

established by evaluating contaminating proteins (A280) and salt, carbohydrate, phenol, or protein 

(peptide bonds detected) contamination at A230. Eluted DNA purity was determined by the A260/A280 

and A260/A230 ratios, with a ratio of 1.8-2.0 regarded as pure DNA. Purified DNA was stored at             

-20°C until required for experiments. 

 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



39 

 

2.5.2 Cloning promoter regions into an intermediate plasmid 

The intermediate pASEX-5’nap-myc-CBG99-3’nap plasmid (Figure 2.2) was used since this vector 

already had a myc-tagged CBG99 luciferase fusion gene inserted under control of the 5’ and 3’ 

regulatory regions of the nap gene. This allowed for the insertion of the chosen promoter regions 

upstream of the myc-tag CBG99 luciferase gene by replacing the 5’ nap promoter sequence, 

through directional cloning using XhoI and XmaI restriction sites (as outlined in the Figure 2.1 

scheme).  

 
Figure 2.2: Intermediate pASEX-5’nap-myc-CBG99-3’nap plasmid. 

The plasmid contains a myc-tag CBG99 luciferase fusion gene under control of the upstream (5’ prom, 
promoter) and downstream (3’) regulatory regions of the nucleosome assembly protein gene (nap, 
PF3D7_0919000). The XhoI and XmaI restriction enzyme sites were used to clone the selected PCR-
amplified promoter regions into the intermediate plasmid. The plasmid contains an ampicillin resistance 
gene (Amp) for selection in Dh5α E. coli cells. The other plasmid components were not used for this 
study.  
 

The PCR amplified promoter regions and pASEX-5’nap-myc-CBG99-3’nap plasmid were digested 

with 1 U/µg XhoI (New England Biolabs, UK) and 1 U/µg XmaI (New England Biolabs, UK) in 

1x CutSmart buffer for 3 h at 37°C followed by heat inactivation at 65°C  for 20 min. After digestion, 

the plasmid backbone was excised from a 1 % agarose gel. Next, the promoter regions and plasmid 

were column purified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel GmbH & 

Co.KG, Germany). The promoter regions were ligated to the digested pASEX plasmid with T4 DNA 

ligase (New England Biolabs, UK) in a 1:3 vector to insert ratio (as shown in the equation below) 

and incubated overnight at 4°C.  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



40 

 

ng of insert = 
ng of vector × kb size of insert 

kb size of vector
 × 

1 vector

3 insert 
 

Competent Dh5α E. coli cells were prepared from a saturated culture that was grown overnight in 

Luria-Bertani (LB) broth [pH 7.5, 1 % (w/v) tryptone, 0.5 % (w/v) yeast extract, 1 % (w/v) NaCl], in 

an incubator at 37°C with shaking at 180 rpm. The overnight bacterial culture was diluted 1:50 in 

LB broth and grown until the OD600 reached ~0.4 for the log-phase growth of cells. Cells were 

incubated on ice for 10 min and centrifuged at 1865 xg for 30 min at 4°C in an Avanti JE Centrifuge 

(Beckman Coulter, United States). The supernatant was decanted, and the bacterial cell pellet was 

resuspended in ice-cold 0.1 M CaCl2 and centrifuged as before. The supernatant was again 

decanted, resuspended in 0.1 M CaCl2 with 13 % (v/v) glycerol and incubated on ice for 1 h, after 

which cells were aliquoted and stored at -80°C. 

The ligation mixture was added to 100 µL of competent cells and incubated on ice for ~30 min. 

Cells were heat shocked at 42°C for 90 s (water bath) and immediately incubated on ice for 2 min, 

followed by the addition of 900 µL pre-warmed LB-glucose (LB broth, 20 mM glucose). Cells were 

incubated in a shaking incubator at 37°C for ~1 h. The transformation reactions were plated onto 

LB-agar-amp plates [LB broth, 1 % (w/v) agar, 100 μg/mL ampicillin] and incubated overnight at 

37°C in a stationary incubator. A positive control, pUC19 plasmid, and blank control, with no 

plasmid, were also included in the transformation experiments.  

Single positive colonies were picked and inoculated in LB-broth with 50 µg/mL ampicillin and grown 

overnight at 37°C in a shaking incubator at 180 rpm. Colony PCR was performed to confirm positive 

transformants with the same primers (Table 2.1) as used for amplification. A PCR reaction was set 

up as before but with 1 µL of bacterial culture (instead of DNA) along with an added initial 

denaturation step of 95°C for 5 min to lyse bacterial cells and release DNA. PCR reactions were 

visualised on a 1 % agarose gel and positive clones were determined based on bands specific to 

the PCR product of the promoter regions. After positive transformants were confirmed, plasmid 

DNA was purified using the Wizard Plus SV Minipreps DNA Purification System (Promega, USA) 

as per manufacturer’s instructions. In short, an overnight culture was centrifuged to remove culture 

media and lysed to release DNA. Next, the plasmid DNA was bound to a spin column, washed to 

remove unwanted content, and eluted from the column with nuclease-free water. Eluted plasmid 

DNA was assessed for concentration and purity with a spectrophotometer and stored at -20°C. 

Only the promoter region for the histone H3 gene, PF3D7_0610400, could be successfully cloned 

into the pASEX plasmid from its PCR product forming pASEX-5’H3-myc-CBG99-3’nap (Figure 2.1 

and Figure 2.3).  
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Figure 2.3: New intermediate pASEX-5’H3-myc-CBG99-3’nap plasmid generated. 

The plasmid contains a myc-tag CBG99 luciferase fusion gene under control of the 5’ promoter (prom) 
of histone H3 gene, PF3D7_0610400, and 3’ regulatory region of the nucleosome assembly protein 
gene (nap). The plasmid contains an ampicillin resistance gene (Amp) for selection in Dh5α E. coli cells. 
The other plasmid components were not used for this study.  
 

The other promoter regions needed an alternative strategy where they were in the first instance 

cloned into a pGEM-T Easy vector (Promega, USA) through TA-cloning before subcloning into the 

final pCR2.1-attP-5’H3-myc-CBG plasmid (see next section)(Figure 2.1). The linearised pGEM-T 

Easy vector has a single 3´-terminal thymidine at both ends and the promoter regions have an 

adenine that was added by the TaKaRa ExTaq during PCR amplification. The ligation was set up 

with 50 ng of pGEM-T Easy vector, 1x Rapid Ligation Buffer (Promega, USA), 1 Weiss unit of T4 

DNA Ligase (Promega, USA) and PCR product in a 1:3 vector to insert ratio as previously shown 

in the calculation. The ligation reactions were incubated overnight at 4°C, followed by 

transformation of competent cells as previously described. The transformation reactions were 

plated onto LB-agar-amp plates spread with IPTG and X-Gal (LB-agar-amp, 100 μL of 100 mM 

IPTG, 50 μL of 20 mg/mL X-Gal) and incubated overnight at 37°C in a stationary incubator. 

Recombinant plasmids were identified by blue/white screening since an insert interrupts the coding 

sequence of β-galactosidase in the pGEM-T Easy vector thereby producing white colonies. Positive 

white colonies were selected and screened as previously explained. All the promoter regions were 

successfully cloned into the pGEM-T Easy vector and the promoter regions were then cloned into 

the final plasmid as below (Figure 2.1 for scheme). 
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2.5.3 Cloning of promoter regions into the final Bxb1, attP plasmid 

From the above, the following cassettes were inserted into the pCR2.1-attP-FRT-hDHFR/GFP 

plasmid (Figure 2.4) by replacing the phsp86 promoter and PRET9 luciferase reporter gene that 

was initially present in the plasmid with the: 5’H3-myc-CBG99-3’nap cassette and the 5’nap-myc-

CBG99-3’nap cassette (Figure 2.1 for scheme). Please note, the nap promoter was included since 

it was already present in the intermediate plasmid. The pCR2.1 plasmid contains the required attP 

site needed for integration into the genome at the attB site, as explained in the following section. 

 

Figure 2.4: Final attP-containing plasmid used for creating transfection plasmids. 
The pCR2.1-attP-FRT-hDHFR/GFP plasmid contains a PRET9 luciferase gene under control of the 
5’ heat shock protein 86 (hsp86) promoter (prom). The plasmid contains a human dihydrofolate 
reductase (hDHFR fused to a GFP) resistance gene under control of the 5’ calmodulin promoter for 
selection in P. falciparum parasites. The attP site is used for the Bxb1 attB-attP integration system. 
 

The promoter myc-tagged CBG99 luciferase cassettes were inserted into the pCR2.1-attP-FRT-

hDHFR/GFP by digesting the intermediate plasmids (pASEX-5’nap-myc-CBG99-3’nap, pASEX-

5’H3-myc-CBG99-3’nap) with 1 U/µg each of XhoI and NotI (New England Biolabs, UK) for 3 h at 

37°C. The digested plasmids were run on a 1 % (w/v) agarose gel and the desired bands were 

excised from the gel. The pCR2.1-attP-FRT-hDHFR/GFP plasmid backbone and cassettes (5’nap-

myc-CBG99-3’nap, 5’H3-myc-CBG99-3’nap) were column purified as before and the DNA 

concentration and purity were determined. The insert regions were ligated to the pCR2.1-attP-FRT-

hDHFR/GFP plasmid and transformed into competent cells as previously described. Positive 

colonies were confirmed by PCR (primers promoter F1 and CBG R3 as shown in Table 2.2), and 

plasmids were isolated using the NucleoSpin Plasmid Isolation Kit (Macherey-Nagel GmbH & 

Co.KG, Germany) according to the manufacturer’s instructions.  

pCR2.1-attP-FRT-hDHFR/GFP 
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The final plasmids, pCR2.1-attP-FRT-hDHFR/GFP-5’nap-myc-CBG99-3’nap (hereinafter referred 

to as pCR2.1-attP-5’nap-myc-CBG, Figure 2.5A) and pCR2.1-attP-FRT-hDHFR/GFP-5’H3-myc-

CBG99-3’nap (hereinafter referred to as pCR2.1-attP-5’H3-myc-CBG, Figure 2.5B) were mapped 

with restriction enzyme digestion (XhoI/SpeI) and the 5’ promoter region and myc-tag CBG99 

luciferase gene was sequenced to confirm the correct sequences were cloned. The sequencing 

reaction (20 µL) for each primer (Table 2.2) consisted of 10 % (v/v) BigDye (2 µL) and 2x Big Dye 

buffer (4 µL) from the Big Dye Direct Sequencing kit (Life Technologies Corporation, USA), 5 pmol 

primer and 100 ng/kb plasmid template (kb refers to region being sequenced). The sequencing 

PCR comprised of an initial denaturation at 96°C for 1 min, followed by 25 cycles of denaturation 

at 96°C for 10 s, annealing at 50°C for 5 s and extension at 60°C for 4 min. 

Table 2.2: Primer sequences to sequence the promoter and myc-tag CBG99 luciferase gene 

Forward/ Reverse Primer sequence (5' - 3' orientation) 

Promoter F1 ACTCACTATAGGGCGAATTG 

CBG R1 AACTTCCCATCCATCACACTG 

CBG R2 ATATCCAAAATCACCAGAATGC 

CBG R3 TTCTCCACAGTGTCCAAGATG 

 

Sequencing reactions were cleaned by ethanol precipitation before being sent for sequencing. The 

sequencing reaction (20 µL) was mixed with 1/10th 3 M sodium acetate (pH 5.2, 2 µL) and 2.5x ice-

cold 100 % absolute ethanol (50 µL) and incubated on ice for ~15 min. The samples were 

centrifuged at 11000 xg for 30 min at 4°C, after which the supernatant was removed and 250 µL of 

ice-cold 70 % ethanol was added. The samples were centrifuged again at 11000 xg for 10 min at 

4°C and the supernatant completely removed. The tube was left open on a heating block at 50°C 

for 5 min to allow all residual ethanol to evaporate. The sequences were evaluated by Sanger 

sequencing at the UP sequencing facility (South Africa) using an ABI 3500xl genetic analyser and 

analysed with CLC Main Workbench 8 and online Benchling software. 
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Figure 2.5: Final luciferase- and attP-containing plasmids used for transfection. 
The (A) pCR2.1-attP-5’nap-myc-CBG and (B) pCR2.1-attP-5’H3-myc-CBG plasmids contain a myc-tag 
CBG99 luciferase fusion gene under control of the 5’ (A) nucleosome assembly protein (nap) promoter 
(prom) or (B) histone H3 promoter, and the 3’ regulatory region of the nap gene. The plasmid contains 
a human dihydrofolate reductase (hDHFR fused to a GFP) resistance gene under control of the 5’ 
calmodulin promoter for selection in P. falciparum parasites. The attP site is used for the Bxb1 attB-attP 
integration system. The promoter F1, CBG R1, CBG R2, and CBG R3 primers (Table 2.2) are used for 
sequencing. 

 

(A) 

(B) 

CBG R3 

CBG R2 
CBG R1 

Promoter F1 

CBG R3 

CBG R2 
CBG R1 

Promoter F1 
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Since only the H3 and nap promoters could be inserted into the pCR2.1 plasmid via the pASEX 

intermediate plasmid system, the remaining promoter elements (H4, eIF-1A, ubiq and L41) had to 

be subcloned into pGEM-T-Easy via TA-cloning first. The promoter elements were subsequently 

cut from this vector with 1 U/µg each of XhoI and XmaI (New England Biolabs, UK) for 3 h at 37°C. 

The pCR2.1-attP-5’H3-myc-CBG plasmid was used as the backbone to replace the 5’ promoter 

region with the promoter region from pGEM-T-Easy vectors. The digested plasmids were run on a 

1 % (w/v) agarose gel and the desired bands were excised and purified. The pCR2.1-attP-myc-

CBG plasmid backbone and promoter elements (5’H4, 5’eIF-1A, 5’ubiq, 5’L41) were ligated and 

cloned as previously described. However, only the promoter region for the ubiquitin-60S ribosomal 

protein L40 (PF3D7_1365900) could be successfully cloned, thereby, producing the final plasmid 

pCR2.1-attP-5’ubiq-myc-CBG. The pCR2.1-attP-5’ubiq-myc-CBG plasmid (Figure 2.6) was also 

mapped and sequenced but was not transfected into the parasite. 

 

Figure 2.6: Final pCR2.1-attP-5’ubiq-myc-CBG plasmid. 
The pCR2.1-attP-5’ubiq-myc-CBG plasmid contains a myc-tag CBG99 luciferase fusion gene under 
control of the 5’ ubiquitin-60S ribosomal protein L40 (ubiq) promoter (prom), and the 3’ regulatory region 
of the nap gene. The plasmid contains a human dihydrofolate reductase (hDHFR fused to a GFP) 
resistance gene under control of the 5’ calmodulin promoter for selection in P. falciparum parasites. 
The attP site is used for the Bxb1 attB-attP integration system. The promoter F1, CBG R1, CBG R2, 
and CBG R3 primers (Table 2.2) are used for sequencing. 
 
 
 
 
 
 

CBG R3 

CBG R2 
CBG R1 

Promoter F1 
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2.6 Plasmid integration and parasite transfection 

2.6.1 Large scale plasmid isolation 

The final plasmids were isolated using the NucleoBond® Xtra Midi purification kit (Macherey-Nagel 

GmbH & Co.KG, Germany) as per manufacturer’s instructions from separate saturated Dh5α E. 

coli cells for pCR2.1-attP-5’nap-myc-CBG, pCR2.1-attP-5’H3-myc-CBG and the pINT plasmid 

(Figure 2.7) that expresses Bxb1 mycobacteriophage integrase. The eluted plasmid DNA was 

ethanol precipitated as previously described, however, the pellet was airdried at room temperature 

inside a flow hood. The DNA was reconstituted in Cytomix (120 mM KCl, 0.15 mM CaCl2, 2 mM 

EGTA, 5 mM MgCl2, 10 mM K2PO4, 25 mM HEPES, pH 7.6) at a concentration of 500-600 ng/µL 

and stored at 4°C until transfection. 

 

Figure 2.7: pINT plasmid for expression of Bxb1 mycobacteriophage integrase. 
The pINT plasmid contains a myc tag Bxb1 mycobacteriophage integrase fusion gene under control of 
the 5’ P. chabaudi DHFR/TS (PcDT) promoter and the 3’ regulatory region of the hrp2 gene. The 
plasmid contains a neomycin resistance gene under control of the 5’ and 3’ hsp86 promoter for selection 
in P. falciparum parasites. 
 

2.6.2 Parasite transfection 

The site-specific Bxb1 attB-attP integration system (Figure 2.8) was used to efficiently integrate 

promoter and reporter gene fragments into the Plasmodium genome in the dispensable cg6 gene 

of the transgenic NF54-cg6-attB parasite line (NF54attB, a kind gift from Pietro Alano and Giulia 

Siciliano, Istituto Superiore di Sanita, Rome, Italy) [71, 95]. The system relies on the site-specific 
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integration action of the mycobacteriophage Bxb1 integrase, expressed by the pINT plasmid, which 

catalyses the homology-directed recombination between an attP-containing plasmid (pCR2.1) and 

the target, chromosomal attB site in the cg6 gene [71, 95]. This site-specific recombination event 

at the attB site integrates the expression plasmid to produce two new asymmetric sites, attL and 

attR, on both sides of the inserted region that can only recombine with an exogenous excision 

factor thereby making the integration stable [71, 95]. 

 

Figure 2.8: Bxb1 integration system to produce the NF54H3 and NF54nap reporter lines. 
The pCR2.1-attP-5’nap-myc-CBG or pCR2.1-attP-5’H3-myc-CBG and the pINT plasmid were 
transfected into ring-stage NF54attB parasites. The pINT plasmid expresses a mycobacteriophage Bxb1 
integrase to catalyse the homology-directed recombination between the attB and attP sites to produce 
asymmetric attL and attR sites around the inserted region. Recombinant parasites were selected for by 
double drug pressure with G418 (selects for neomycin resistance gene in pINT) and WR99210 (selects 
for hDHFR resistance gene in pCR2.1-attP) to produce two transgenic lines - NF54H3 and NF54nap. The 
transgenic lines consist of a myc-CBG99 luciferase fusion gene under expression control of the 5’ 
H3/nap promoter and 3’ nap regulatory region.  
 

The P. falciparum NF54attB line at 5-6 % ring-stage parasites (5 % haematocrit) was centrifuged 

(3000 xg for 2 min) to remove spent media and washed once with cytomix (1:1). The parasite-

infected erythrocyte pellet (200 µl) was resuspended in cytomix that contained either 60 µg of pINT 

(100 µL) and 60 µg of pCR2.1-attP-5’nap-myc-CBG (100 µL) or 60 µg of pINT (100 µL) and 50 µg 

pCR2.1-attP-5’H3-myc-CBG (100 µL) to produce a final volume of 400 µL. The cytomix mixture 

was added to a pre-chilled electroporation cuvette and electroporated with a BioRad Gene Pulser 

Xcell™ Electroporation System at a capacitance of 950 μF, a voltage of 310 V, and at maximum 

resistance to ensure optimal time constants of 10-15 ms. 
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After electroporation, the infected erythrocytes were combined with 5 mL of culture media (5 % 

haematocrit) and allowed to recover in the stationary incubator for 2 h at 37°C. The recovered 

parasites were centrifuged (3000 xg for 2 min) and then lysed erythrocytes were aspirated. The 

transfected erythrocytes were resuspended in pre-warmed culture media (5 mL) with 100 µL 

erythrocytes (50 % haematocrit) and transferred back to the stationary incubator at 37°C in a 

90 % N2, 5 % O2 and 5 % CO2 atmosphere. 

2.6.3 Drug selection of transgenic parasites 

Twenty-four hours after transfection, double selection for transgenic parasites started by adding 

250 µg/mL G418 (neomycin) and 2.5 nM WR99210. After 6 days of double drug treatment, 

parasites were treated with 2.5 nM WR99210 for 3 days after which parasites could recover in 

drug-free medium. The G418 drug blocks polypeptide synthesis to ensure only parasites that have 

the neomycin resistance marker in the pINT integration plasmid survive. The antifolate drug, 

WR99210, [71] was used to select for the resistance marker human dihydrofolate reductase 

(DHFR, found in the attP-containing plasmid) since the drug disables the Plasmodium DHFR 

enzyme thereby stopping nucleic acid synthesis [111]. Therefore, only the parasites that contained 

the attP-containing plasmid survived since the expression of human DHFR takes over the function 

of the malaria DHFR [111].  

The parasitaemia was calculated daily for the duration of drug selection to monitor parasite death 

and proliferation. Fresh erythrocytes (50 % haematocrit) were added once a week to replace old 

lysing erythrocytes and maintain a 5 % haematocrit. Parasites started to appear again after ~17 

days. Once parasite cultures were >1 % parasitaemia, PCR screening was performed as explained 

below (Section 2.6.4) and showed a mixed population of recombinant (integrated) and wild-type 

parasites. Therefore, parasite cultures were placed under another round of 2.5 nM WR99210 drug 

selection for 7 days and screened again. Once an increase in parasitaemia (>1 %) was seen, the 

transgenic parasite cultures (3 mL) were expanded to 10 ml cultures, returned to the shaking 

incubator, and cultured as normal. 

2.6.4 Screening of transgenic parasites 

The new transgenic parasite lines, NF54-cg6-H3-myc-CBG99 (NF54H3) and NF54-cg6-nap-myc-

CBG99 (NF54nap) were screened by PCR amplification for episomal uptake and genomic 

integration of the pCR2.1-attP-5’nap-myc-CBG or pCR2.1-attP-5’H3-myc-CBG plasmid. As soon 

as the transfected parasites were >1 % parasitaemia, samples were collected for screening. 

Genomic parasite DNA was extracted from parasite cultures using the Qiagen DNeasy® Blood & 

Tissue kit (Qiagen, USA). 
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Integration of the attP-containing plasmid was determined by amplification of template DNA from 

NF54attB (negative wild-type control) and transgenic parasite lines (NF54H3 and NF54nap) using 

primers (Table 2.3) binding at the attL and attR sites. Wild-type parasites were identified by positive 

amplification of the attB site (Table 2.3). PCR amplification and analysis with gel electrophoresis 

was performed as previously described. The 1kb or 100bp Promega DNA ladder (Promega, USA) 

was used to determine DNA fragment sizes on a gel. The transgenic lines, NF54H3 and NF54nap 

were sequenced to confirm successful integration by the creation of an attL and attR site from an 

attB site in the NF54attB (also sequenced) genome. The attL and attR sites were PCR amplified, 

cleaned and then the PCR products were sequenced with the attL forward (F1) and attR reverse 

(R1) primers, respectively. 

Table 2.3: Primer sequences for screening and sequencing of transgenic parasite lines 

Amplification area Forward/ Reverse Primer sequence (5' - 3' orientation) PCR product (bp) 

attB 

F1 CATCCTGTGAAGTTACCCAGGATCCA 
713 

R1 CATGCAATTCTTGCAACTTGTCTATG 

R2 TGATAAAACAAACCACAAGCACATA 1100 

attR 
F2 CGCAGGAAAGAACATGTGAGCA 

903 
R1 CATGCAATTCTTGCAACTTGTCTATG 

attL 
F1 CATCCTGTGAAGTTACCCAGGATCCA 

701 
R3 GATTACTTTGATTAACAAAGGCACGC 

 

2.6.5 Analysing the growth rate and morphology of the transgenic lines 

Parasite morphology of the new transgenic NF54H3 and NF54nap lines was assessed by visualising 

the asexual stage parasites across the 48-h cycle with Giemsa-stained blood smears. After 48 h, 

the parasitaemia increase of the transgenic asexual stage parasites was compared to that of 

NF54attB (wild-type control). The new lines’ ability to undergo gametocytogenesis was also 

determined and compared to that of NF54attB. The five gametocyte stages were evaluated for 

NF54nap over the 12-day development period since NF54H3 could not produce gametocytes. 

Routine culturing and gametocyte induction were performed as previously described. 

2.7 Luciferase reporter assay 

The luciferase assay was performed in white 96-well plates, to maximise bioluminescent output 

signal, which was read within 5 min after adding 1 mM D-luciferin substrate (0.1 M citric acid and 

0.1 M trisodium citrate 2-hydrate, pH 5.5) to the parasite suspensions, at a 1:1 ratio at room 

temperature [79]. Bioluminescence (in relative light units, RLU) was detected at an integration 

constant of 10 s with the GloMax® Explorer Detection System (Promega, USA). The non-lysing 
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substrate, D-luciferin, was used for detection of luciferase activity since it is more cost-effective 

than commercial luciferase kits and does not have any lysis buffer, ATP, or enhancers [79]. The 

bioluminescent signals were normalised to the background control, which was culture media 

without parasites.  

2.7.1 Proof of luciferase expression in transgenic lines 

Luciferase expression under control of the constitutive promoters was determined, as described 

above, in the asexual stages of the NF54H3 and NF54nap lines.  The CBG99 luciferase enzyme 

kinetics was analysed for a mixed population of asexual parasites (1 % haematocrit, 6 % 

parasitaemia) by monitoring the bioluminescent signal over a 1 h timeframe (reading every 10 min). 

The luciferase activity was further determined in the asexual stages (1 % haematocrit, 1 % 

parasitaemia) and stage IV/V gametocytes (only NF54nap, 1 % haematocrit and 0.8 % 

gametocytaemia). To determine the correlation between the luciferase activity and asexual 

parasitaemia, mixed populations of asexual parasite cultures were prepared at 1 % haematocrit 

and 1-3 % parasitaemia. The haematocrit was also evaluated as 1 and 2 % using a 2 % 

parasitaemia. To ensure that the CBG99 luciferase could be detected at the small volumes found 

in a 384-well plate, the parasite suspensions were plated in white 96-well plates to measure the 

luciferase activity at a volume of 200 µL and 60 µL, as described before. 

2.7.2 Luciferase reporter assay with the new transgenic lines 

The optimised luciferase assay conditions were used to validate the new constitutive luciferase-

expressing lines for its ability to detect antimalarial drug efficacy. For validation, the IC50 of MB, 

CQ, MMV390048 and DHA was determined against the NF54H3 and NF54nap parasite lines. 

Antiplasmodial activity of the compounds against the asexual stage parasites was determined with 

both lines but gametocyte activity was only determined with the NF54nap line. Compounds were 

dissolved in 1x PBS (MMV390048 and CQ) or dimethyl sulfoxide (DMSO, Sigma-Aldrich, USA) 

(MB and DHA) and diluted fresh for each assay with complete culture medium to achieve a specific 

final concentration [final DMSO at sublethal concentrations < 0.1 % (v/v)]. The antimalarial drugs 

underwent 2-fold serial dilutions for a total of 8-9 concentrations in 96-well plates. The final 

concentration ranges for asexual stage assays were as follows:  100-0.8 nM or 120-0.9 nM MB, 

160-1.25 nM or 300-1.17 nM CQ, 160-1.25 nM or 300-1.17 nM MMV390048, and 40-0.31 nM or 

100-0.4 nM DHA. The final concentration ranges for stage IV/V gametocyte assays were as follows: 

1500-11.7 nM MB, 8 µM - 62.5 nM or 10 µM - 78.1 nM CQ, 2240-17.5 nM MMV00048, and 176-

1.4 nM or 200-1.6 nM DHA. The kill control was excess (5 µM) MB and the live cell control 

contained parasites with culture media. The assays were set up in duplicate or triplicate in a volume 
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of 200 µL at 1 % haematocrit and 1.5 % parasitaemia (>90 % ring stage) or 0.6-0.8 % 

gametocytaemia (stage IV/V gametocytes for NF54nap). MB activity was also determined at a 

volume of 60 µL for asexual stage parasites. The plates were incubated for 96 h for asexual stages 

and 48 h for stage IV/V gametocytes in a gas chamber under hypoxic conditions at 37°C in a 

stationary incubator. After drug exposure, luciferase activity was determined as described above. 

Non-linear regression analysis was performed using GraphPad Prism v6.0 (GraphPad Software, 

Inc., USA) and the determined IC50 values were compared to existing data for assay validation.  

Assay quality was also evaluated in the asexual stages and stage IV/V gametocytes for signal-to-

background (S/B) and signal-to-noise (S/N) ratio, Z'-factor and inter-assay reproducibility via 

% coefficient of variation (%CV) [66, 112]. 
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3) Chapter 3: Results 

3.1 Identification of constitutively expressed genes in P. falciparum 

To create transgenic parasite lines that constitutively express luciferase as a reporter in all life cycle 

stages of P. falciparum, constitutively expressed genes first needed to be identified. DNA 

microarray and RNAseq expression profile datasets [103, 104, 108] were probed to identify 

constitutive genes based on their expression profiles for ring stages, early and late trophozoites 

and schizonts, stage I to stage V gametocytes, ookinetes, oocysts, and sporozoites of P. falciparum 

parasites.   

K-means clustering was performed on all three datasets to obtain clusters containing maintained 

or constitutively expressed genes. K-means clustering was previously performed on the microarray 

dataset by van Biljon et al. [108], therefore, these ten clusters were used for analysis (Figure 3.1). 

Three clusters containing constitutively expressed genes were previously identified by this study 

[108]. These clusters (6-8) show good expression throughout gametocyte development, 

consequently, these genes were selected for downstream analysis. Cluster 8 shows genes with an 

increase in gene expression during gametocyte development, while cluster 6 has a more 

maintained gene expression profile. Cluster 7 also has a maintained expression profile but has four 

days showing lower gene expression compared to the other days. Although clusters 1 and 2 also 

have genes that are maintained throughout development, the genes were not selected as they 

show a weak expression profile. Furthermore, clusters 3-5 and 9-10 show downregulation or weak 

expression during gametocyte induction or while gametocytes are developing from stage I to stage 

V, as such these clusters were also not included. 
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Figure 3.1: K-means clustering of gametocyte development expression profiles. 
The gene expression profiles and clustering were obtained from a microarray dataset of van Biljon et 
al. [108]. K-means clustering (10 clusters) with the gene expression profiles during gametocyte 
development of P. falciparum parasites from day -2 to 13, with day 0 being gametocyte induction day. 
Gene expression is shown as a log2(Cy5/Cy3) ratio with blue indicative of low, white indicative of 
moderate and red indicative of high expression. Clusters’ 6-8 were used for downstream filtering. 
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Next, the RNAseq dataset by Lopez et al. [103] was also clustered into ten clusters. From these, 

four clusters were identified to have strong constitutively expressed genes within them, cluster 1, 

3, 4 and 5 (Figure 3.2). Although cluster 1 contains genes with weak expression in the asexual 

stages, there are many genes within the cluster with strong expression profiles throughout the 

stages. Clusters 4 and 5 show the most promising genes with high and constitutive expression 

profiles. Although clusters 9 and 10 show genes with constitutive expression, they were not 

selected for further analysis due to the weak expression profiles of these genes with the majority 

of expression being ≤ log2(5). Furthermore, clusters 6-8 were also removed as they show weak 

expression overall, especially during the asexual stages.  

            
Figure 3.2: K-means clustering of Lopez-Barragan et al. RNAseq dataset. 
The K-means clustering (10 clusters) of the gene expression profiles for the asexual and sexual stages 
of P. falciparum parasites. Data were taken from previously published RNA sequencing datasets of 
López-Barragán et al. [103]. Gene expression is shown as log2(FPKM+1) (blue = low, grey to yellow = 
moderate and orange to red = high expression). Data analysis was performed and heatmaps created 
on R [107]. Clusters 1, 3-5 were used for downstream filtering. 
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Lastly, the RNAseq dataset by Zanghi et al. [104] was clustered into ten clusters, producing five 

clusters that potentially have constitutively expressed genes (Figure 3.3). Upon closer examination 

of the clusters, clusters 1-5 clearly showed the most promising constitutive expression profiles. 

Although clusters 2, 3 and 5 show weak expression in the sporozoite stages, closer examination 

shows genes that have strong expression in all three stages. Clusters 1 and 4 show the most 

promising genes with strong constitutive expression profiles. Clusters 6-10 were removed as they 

showed weak expression [≤ log2(5)] in all three stages, especially in the ring stage of the parasite. 

         
Figure 3.3: K-means clustering of Zanghi et al. RNAseq dataset. 
K-means clustering (10 clusters) of the gene expression profiles for the sporozoite, ring and oocyst 
stages of P. falciparum parasites. Data were taken from previously published RNA sequencing datasets 
of Zanghi et al. (2-4 replicates are shown) [104]. Gene expression is shown as log2(FPKM+1) (blue = 
low, grey to yellow = moderate and orange to red = high expression). Data analysis was performed and 
heatmaps created on R [107]. Clusters’ 1-5 were used for downstream filtering. 
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The genes within the clusters containing constitutively expressed genes from all the datasets were 

combined and resulted in the identification of 823 overlapping genes (Figure 3.4). These include 

genes that were present in the RNAseq data and also in the microarray data. Genes that were 

shared only in the two RNAseq datasets were excluded, as RNAseq is a more sensitive technique 

compared to DNA microarray and would pick up low-level RNA being expressed. Since we were 

attempting to identify constitutively expressed genes which were expressed also at high levels to 

allow subsequent luciferase detection (implying expression is correlated to strong promoters), we 

only included genes that were identified in both RNAseq and DNA microarray datasets. 

 

Figure 3.4: Overlapping genes that are maintained or constitutively expressed in three datasets. 
K-means clustering produced clusters containing maintained or constitutively expressed genes in three 
datasets. The overlapping genes that were present in the RNAseq data and also in the microarray data 
identified 823 overlapping genes that were used for downstream filtering.  
 

We subsequently interrogated the essential nature of the 823 constitutively expressed genes, to 

identify important genes for parasite survival, which could translate to their continuous expression 

in different life cycle stages similar to household genes. By using the promoters of these essential 

genes, we will then potentially have increased insurance of continuous expression of luciferase 

under these promoters. Essentiality data were obtained from PlasmoGEM [109] for P. berghei 

parasites as knockout studies for P. falciparum are limited but more data is in the process of being 

generated by PlasmoGEM. Genes from P. berghei that show homology for P. falciparum genes 

were used for analysis. Genes were classified either as causing slow parasite proliferation, or faster 

progression or genes that were essential and completely abrogated parasites, or lastly was 

dispensable. In total, 51 ‘slow’ genes and 102 dispensable genes were removed from the dataset, 

as these gene promoters might result in less or no luciferase expression while under drug pressure. 
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This resulted in 671 genes which are either known to be essential or for which essentiality data 

was not known since essentiality data are limited.  

Since P. falciparum parasites make use of several mechanisms of post-transcriptional regulation 

[113], we interrogated the 671 gene set for the presence of genes that were for instance 

translationally repressed [30] as translationally repressed motifs have been identified in upstream 

and downstream regulatory regions [113]. This removed a further 102 genes to reduce the gene 

set to 569. In a second-to-last filtering step, the remaining 569 genes from above were filtered to 

identify genes with the highest expression profiles, on the assumption that this is correlated to 

strong promoter action. An FPKM threshold of 100 (log2 FPKM+1 > 6.64) was used for RNAseq 

data [103, 104], which drastically reduced the number of genes from 569 to 70. From these 70 

genes, only 29 genes were shared between the two RNA sequencing datasets as such these were 

chosen as the top constitutive genes. A threshold was not set for the microarray dataset [108] since 

it shows a very narrow gene expression profile for gametocyte development.  

To inspect the gene expression profiles, a heatmap was created for the RNAseq datasets (Figure 

3.5). From the expression profiles for the top 29 genes, genes can be seen with very high 

expression throughout the life cycle stages. The four genes (PF3D7_0610400, PF3D7_0617800, 

PF3D7_1105000 and PF3D7_1105100) with the highest gene expression profiles all encode for 

histone proteins illustrating the need for transcriptional control throughout the parasite’s life cycle. 

These four genes also showed the highest expression in the microarray dataset. Furthermore, 

some genes show almost equal expression while others have stronger expression in certain stages 

compared to other stages, albeit being present throughout (i.e. constitutively expressed). This 

indicates the importance of specific gene products for specific stages of the parasite’s life cycle. 

Overall the asexual stages had the highest gene expression profiles, particularly associated with 

the transcriptionally active trophozoite and schizont stages, while the mosquito stages had the 

lowest gene expression profiles.   
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Figure 3.5: Expression profiles of top 29 constitutive genes throughout the parasite’s life cycle. 
The gene expression profiles for the asexual, sexual and mosquito stages of P. falciparum parasites 
for the top constitutive genes. Data was obtained from RNAseq of López-Barragán et al. [103] (ring to 
ookinete stage) and Zanghi et al. [104] (oocysts to rings). Gene expression is shown as log2(FPKM+1) 
values (cut-off was set at log2(FPKM+1) > 6.64, therefore, all genes have high expression) with cream 
indicative of moderate, light blue indicative of high and dark blue indicative of very high expression. 
Gene ID refers to the PlasmoDB gene number (www.plasmodb.org). Data analysis was performed and 
heatmaps created in R [107]. 
 

Lastly, the differences in gene expression between male and female stage IV/V gametocytes were 

assessed since genes are not expressed in the same abundance between the two sexes [30]. 

From this, 14 genes displayed almost equal expression in both sexes of which six genes were 

selected for cloning as they showed the strongest expression in stage IV/V gametocytes and had 

known gene products (Table 3.1). These six genes included 3 histone genes (H3, H2A and H4), 

and 3 genes who’s products are involved in protein translation: translation initiation factor 1A (eIF-

1A), 60s ribosomal protein L41 and ubiquitin-60s ribosomal protein L40 (ubiq) (Table 3.1). Another 

gene, the nuclear assembly protein (nap, PF3D7_091900) shows a slight bias towards male 

gametocyte expression (Table 3.1) but was included as it is one of the top constitutive gene 

Gene ID  log2(FPKM+1)  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 

http://www.plasmodb.org/


59 

 

markers. From these seven genes, all except 60s ribosomal protein L41, are essential to parasite 

survival [114]. 

Table 3.1: Essentiality phenotypes and transcript abundance of P. falciparum gametocytes. 
Transcript abundance of male and female stage IV/V gametocytes are shown as FPKM values from 
previously published RNA sequencing data of Lasonder et al. [30]. The gene phenotypes are indicative 
of their essentiality for the parasite [109, 114]. Gene ID refers to the PlasmoDB gene number 
(www.plasmodb.org) and those in bold refer to the 7 genes selected for further analysis. 

Gene ID Product Description 
Male 

gametocyte 
Female 

gametocyte 
Phenotype 

PF3D7_0617800 histone H2A 6902,59 9094,48 Essential 

PF3D7_0610400 histone H3 3324,25 4657,54 Essential 

PF3D7_1105000 histone H4 2479,6 3239,24 Essential 

PF3D7_1365900 ubiquitin-60S ribosomal protein L40 1211,86 1330,01 Essential 

PF3D7_1144300 60S ribosomal protein L41 954,79 715,32 Unknown 

PF3D7_1441100 
conserved Plasmodium protein, unknown 
function 

793,66 853,91 Essential 

PF3D7_1143400 translation initiation factor eIF-1A, putative 429,61 329,16 Essential 

PF3D7_1460700 60S ribosomal protein L27 392,38 484,23 Essential 

PF3D7_0919000 nucleosome assembly protein (nap) 384,57 72,55 Essential 

PF3D7_0320900 histone H2A.Z 352,26 291,05 Essential 

PF3D7_1242700 40S ribosomal protein S17, putative 294,91 336,86 Essential 

PF3D7_1003500 40S ribosomal protein S20e, putative 270,75 255,14 Essential 

PF3D7_1323200 V-type proton ATPase subunit G, putative 173,82 253,31 Essential 

PF3D7_0903900 60S ribosomal protein L32 169,24 244,32 Essential 

PF3D7_0923900 polyadenylate-binding protein 2, putative 157,63 175,93 Essential 

 

The RNAseq profiles of previously identified ‘constitutive genes’ were compared to the newly 

identified constitutive genes. This included Pfetramp10.3 (PF3D7_1016900) [93], Pfhsp70 

(PF3D7_0818900) [94] and Pfeef1α (PF3D7_1357000) [67], which were not part of our gene set 

as it was filtered out by the constitutive gene cluster in the microarray dataset. These genes were 

compared to the seven newly identified constitutive genes that were used in cloning of their 

promoter regions (Figure 3.6). Pfetramp10.3 and Pfeef1α have variable expression profiles 

between the different life cycle stages. Furthermore, as seen on the graph Pfetramp10.3 and 

Pfeef1α had gene expression levels below the FPKM threshold of 100 that was set for strong gene 

expression. Although Pfhsp70 had high expression, the expression profile was not confirmed as 

constitutive based on the microarray dataset. All the newly identified genes show constitutive 

expression in all life cycle stages with the three histone genes having the highest overall expression 

profile. Although nap and eIF-IA genes show lower overall expression, in both instances, these 

genes have the most consistent expression profile over all the life cycle stages, similar to ubiq.  
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Figure 3.6: Expression profiles for constitutive genes in the P. falciparum life cycle. 
The RNA expression profiles are shown for the final seven genes that were used to clone a luciferase 
gene under control of their promoter regions. The three constitutive gene expression controls: 
Pfetramp10.3, Pfhsp70 and Pfeef1α, are shown for comparison. Data for the ring to ookinete stages 
are from an RNA sequencing dataset of López-Barragán et al. [103] and oocyst to ring stages are from 
Zanghi et al. [104]. Gene expression is shown as log2(FPKM+1) and the cut-off value is an FPKM 
threshold of 100 (log2 FPKM+1 > 6.64). The average gene expression with standard deviations is shown 
for each gene across all the life cycle stages. 

 

3.2 Amplification of promoter regions 

The upstream regulatory regions of the identified constitutive gene markers were amplified for 

cloning upstream of the luciferase gene. The upstream regulatory region is known to contain a 

promoter region, 5’ untranslated region (UTR) and transcription start sites. A previous study has 

shown that transcription start sites are found within a 1000 nt upstream of the gene’s start codon 

in Plasmodia [115]. Although information on the promoter’s architecture has been studied [115], 

the exact sequences are still unknown since the AT-rich genome of the parasite makes 

identification of AT-rich promoter elements challenging. Therefore, to ensure the promoter regions 

are present in the regulatory regions amplified, we designed primers that amplify between 1400-

1600 nt upstream of the start codon of a gene (Figure 3.7).  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



61 

 

 

Figure 3.7: Gene map indicative of promoter region PCR amplified for cloning. 
The forward (F) and reverse (R) primers were designed to PCR amplify 1400-1600 nucleotides (nt) 
upstream of the constitutive gene’s start codon (ATG) (RR, regulatory region; TSS, transcription start 
site; UTR, untranslated region). 
 

The promoter regions were amplified from genomic DNA isolated from trophozoite stage NF54 P. 

falciparum parasites. PCR optimisation included changes in annealing temperature and changing 

extension time and temperature. Annealing at 50°C did result in the required product but also 

produced numerous misprimed products (Figure 3.8A). This was improved when the annealing 

temperature was increased to 60°C, with associated specificity of priming, for three of the promoter 

regions amplified (Figure 3.8A). As such, the remaining two promoter regions were also amplified 

with an annealing temperature of 60°C (Figure 3.8B). The nap promoter region did not require 

amplification as it was already present in the intermediate plasmid. 

 

Figure 3.8: PCR amplification of promoter regions for the top constitutive gene markers. 
Promoter regions were PCR amplified with genomic DNA from NF54 parasites using primers shown in 
Table 2.1. PCR conditions had an annealing temperature of (A and B) 60°C or (A) 50°C. The expected 
promoter region band sizes were obtained for five of the six constitutive markers: 1597 bp 
(PF3D7_0610400), 1463 bp (PF3D7_0617800), 1480 bp (PF3D7_1143400), 1454 bp 
(PF3D7_1144300) and 1428 bp (PF3D7_1365900). The PF3D7_1105000 promoter region could not 
be amplified. NEB quick-load purple 1 kb plus DNA ladder and DNA fragments were separated on a 
gel and visualised with ethidium bromide staining. (For complete gel picture of Figure 3.8B see 
supplementary information Figure S1). 

          (A)                                                             (B) 
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The promoter region for PF3D7_1105000 could not be amplified even after numerous optimisation 

attempts. This promoter region has an AT-content of 89 %, which could explain its refractory 

amplification, also the primer pair might have produced primer dimers as seen in the two bands at 

<100bp (Figure 3.8A), therefore, this gene was excluded. DNA bands of the correct size for each 

remaining promoter were subsequently gel extracted and purified. Purified DNA yielded 

concentrations between 138-192 ng/µL DNA with A260/A280 and A260/A230 purity ratios ranging 

between 1.8-2.1. 

3.3 Cloning H3 and nap promoter regions into plasmids 

A two-step cloning strategy was followed to obtain the promoters and luciferase gene in the correct 

arrangement in the final pCR2.1-attP-FRT-hDHFR/GFP plasmid needed to enable Bxb1 integrase 

mediated generation of the transgenic lines (Figure 2.1). As stated before, an intermediate plasmid, 

pASEX-5’nap-myc-CBG99-3’nap, was already available in the lab. This plasmid already had the 

correct click beetle luciferase (CBG99) under control of the nap promoter and was used as such to 

evaluate the nap promoter. However, in addition, the amplified H3 promoter region was exchanged 

for the nap promoter region in this plasmid as the first step in the cloning strategy (Figure 2.1), The 

pASEX-5’nap-myc-CBG99-3’nap plasmid (8570 bp) was digested with XhoI and XmaI (Figure 3.9) 

to remove the 5’ nap promoter (1048 bp), followed by gel extraction and purification of the plasmid 

backbone (7522 bp).  

 

Figure 3.9: Restriction enzyme digestion of pASEX-5’nap-myc-CBG99-3’nap plasmid. 
Restriction enzyme digestion with XhoI and XmaI of the pASEX-5’nap-myc-CBG99-3’nap plasmid with 
expected sizes for digested 7522 bp plasmid backbone and 1048 bp 5’ nap promoter region. 
NEB quick-load purple 1 kb plus DNA ladder and DNA fragments were separated on a gel and 
visualised with ethidium bromide staining.  
 

The promoter region of the H3 promoter (digested and purified PCR product) was subsequently 

ligated to the digested pASEX plasmid, and positive clones obtained after colony PCR screening 

(Supplementary information Figure S2). Subsequently, the pASEX-5’nap-myc-CBG99-3’nap and 
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pASEX-5’H3-myc-CBG99-3’nap were isolated from bacterial cells the identity confirmed with XhoI 

and NotI restriction mapping (Figure 3.10). This resulted in cutting of the promoter-CBG99-3’nap 

cassette in each instance, confirming the identity of the plasmids, but also allowing subsequent 

purification of these cassettes for cloning into the final attP transfection plasmid (pCR2.1-attP-FRT-

hDHFR/GFP). The nap cassette (5’nap-myc-CBG99-3’nap) was successfully obtained at ~3.1 kb 

and 5’H3-myc-CBG99-3’nap cassette at ~3.7 kb (Figure 3.10).  

  

Figure 3.10: Restriction enzyme digestion of pASEX-5’H3/nap-myc-CBG99-3’nap and pCR2.1-
attP-FRT-hDHFR/GFP plasmids. 
XhoI and NotI restriction enzyme digestion of the pASEX-5’H3-myc-CBG99-3’nap (9113 bp), pASEX-
5’nap-myc-CBG99-3’nap (8570 bp), and pCR2.1-attP-FRT-hDHFR/GFP (10241 bp) plasmids showed 
the expected band sizes. Undigested and digested plasmids can be seen on the gel. NEB quick-load 
purple 1 kb plus DNA ladder and DNA fragments were separated on a gel and visualised with ethidium 
bromide staining. (For complete gel picture see supplementary information Figure S3). 
 

These cassettes were gel-extracted, purified and ligated to the digested pCR2.1-attP-FRT-

hDHFR/GFP plasmid backbone (7290 bp, Figure 3.10), which was also cut with the same 

restriction sites to allow directional, sticky-end cloning. The plasmids were successfully 

transformed into competent cells as confirmed by colony PCR screening (Supplementary 

information Figure S4). This resulted in the final plasmids for the H3 and nap promoters: pCR2.1-

attP-5’nap-myc-CBG and pCR2.1-attP-5’H3-myc-CBG, which were mapped by restriction enzyme 

digestion as a first evaluation of correct assembly of the plasmids (Figure 3.11). The pCR2.1-attP-

5’H3-myc-CBG plasmid with the H3 promoter was completely digested with XhoI and SpeI and 

gave the expected band sizes on the gel. However, the pCR2.1-attP-5’nap-myc-CBG plasmid was 

completely digested with SpeI but, based on the restriction enzyme sites on the plasmid (see Figure 

2.5A for plasmid map), the XhoI enzyme did not digest completely at all the sites resulting in a 

6569 bp DNA band instead of just the expected 3855 bp and 2714 bp bands.  

 

~3.1 kb 
~3.7 kb 
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Figure 3.11: Restriction enzyme mapping of final pCR2.1-attP-FRT-hDHFR/GFP plasmid clones. 
Restriction enzyme mapping with XhoI and SpeI of (A) pCR2.1-attP-5’H3-myc-CBG showed expected 
DNA band sizes for complete digestion (3855, 3256, 2776, 1099 bp). (B) However, pCR2.1-attP-5’nap-
myc-CBG showed complete and partial digestion on the gel (6569, 3855, 2776, 2714, 1099 bp). 
NEB quick-load purple 1 kb plus DNA ladder and DNA fragments were separated on a gel and 
visualised with ethidium bromide staining. (For complete gel picture of Figure 3.11B see supplementary 
information Figure S5). 
 

As ultimate confirmation of the correct construction of the above plasmids, the promoter regions 

and the myc-CBG99 regions were sequenced to ensure the correct sequence was cloned (Figure 

3.12). The cloning sites, myc-tag and CBG99 regions, as well as the promoter regions visible, were 

sequenced correctly. These regions were also in-frame to ensure that CBG99 luciferase will be 

successfully expressed once integrated into the genome. Successful cloning and construction of 

the pCR2.1-attP-5’H3-myc-CBG and pCR2.1-attP-5’nap-myc-CBG plasmids were therefore 

achieved for transfection.  

pCR2.1-attP-
5’H3-myc-CBG 

pCR2.1-attP-
5’nap-myc-CBG 

(A)                            (B)  
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Figure 3.12: Sequencing of final pCR2.1-attP-FRT-hDHFR/GFP plasmid clones for the H3 and 
nap promoters. 
Sequencing results are shown for regions in the (A) pCR2.1-attP-5’H3-myc-CBG and (B) pCR2.1-attP-
5’nap-myc-CBG plasmids consisting of the start and end of the myc-CBG99 luciferase fusion gene. The 
two different sequencing results are from reverse primers (CBG R1 and CBG R3) as seen in Table 2.2 
aligned to the expected reference sequence. The start and stop codons are indicated on the sequences. 

 

3.4 Cloning H4, eIF-1A, ubiq and L41 promoter regions into plasmids 

The promoter regions (H4, eIF-1A, ubiq and L41) that could not be successfully cloned into the 

intermediate plasmid from their PCR products, were first cloned into pGEM-T Easy vectors via TA-

cloning and subsequently subcloned from there. All four promoters were correctly cloned into 

pGEM-T Easy as seen with colony screening PCR (Figure 3.13). Two bacterial clones were 

positively screened for each gene, except for PF3D7_0617800. 

(A)  

(B)  
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Figure 3.13: PCR screening of pGEM-T Easy vector clones. 
Screening of promoter regions cloned into pGEM-T Easy vectors by colony PCR using primers shown 
in Table 2.1. The expected promoter region band sizes were obtained 1463 bp (PF3D7_0617800), 
1480 bp (PF3D7_1143400), 1454 bp (PF3D7_1144300) and 1428 bp (PF3D7_1365900). (R indicates 
bacterial clone replicates). NEB quick-load purple 1 kb plus DNA ladder and DNA fragments were 
separated on a gel and visualised with ethidium bromide staining. (For complete gel picture see 
supplementary information Figure S6). 
 

The promoter regions were digested from pGEM-T Easy with XhoI and XmaI (Figure 3.14) for 

restriction enzyme mapping (Figure 3.14) and to subsequently replace the H3 promoter in the 

pCR2.1-attP-5’H3-myc-CBG plasmid. After multiple colony PCR screenings and restriction enzyme 

mapping of potential clones, only the ubiquitin-60S ribosomal protein (PF3D7_1365900, ubiq) 

promoter could be successfully cloned into the final plasmid. 

 

Figure 3.14: Restriction enzyme digestion of pGEM-T Easy vector clones. 
Restriction enzyme digestion with XhoI and XmaI of pGEM-T Easy vector clones showed complete 
digestion with the expected band sizes: 3015 bp for plasmid backbone and 1463 bp (PF3D7_0617800), 
1480 bp (PF3D7_1143400), 1454 bp (PF3D7_1144300) and 1428 bp (PF3D7_1365900) for promoter 
regions. NEB quick-load purple 1kb plus DNA ladder and DNA fragments were separated on a gel and 
visualised with ethidium bromide staining. 
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The pCR2.1-attP-5’ubiq-myc-CBG plasmid was mapped by restriction enzyme digestion to ensure 

that the plasmid was correctly assembled (Figure 3.15). The pCR2.1-attP-ubiq-myc-CBG clone 

was incompletely digested with XhoI and XmaI, resulting in faint DNA bands for the small amount 

of digested plasmid and dark bands for a large amount of undigested plasmid. Partial sequencing 

of the promoter region (Supplementary information Figure S7) confirmed the successful 

construction of this plasmid for use in future transfection experiments. 

  

Figure 3.15: Restriction enzyme digestion of pCR2.1-attP-5’ubiq-myc-CBG plasmid. 
Restriction enzyme mapping with XhoI and XmaI of pCR2.1-attP-5’ubiq-myc-CBG showed incomplete 
digestion as seen by digested (9401 and 1428 bp) and undigested bands in the same lane on the gel. 
First lane shows undigested plasmid (10.83 kb) in different forms. NEB quick-load purple 1kb plus DNA 
ladder and DNA fragments were separated on a gel and visualised with ethidium bromide staining. 

 

3.5 Plasmid integration and parasite transfection 

The site-specific Bxb1 attB-attP integration system (Figure 2.8) was used to produce NF54 

transgenic reporter lines expressing luciferase under control of constitutive promoters. The pINT 

plasmid expressed the mycobacteriophage Bxb1 integrase to catalyse the homology-directed 

recombination between an attP site from the promoter-containing pCR2.1 plasmids and a target 

attB site integrated into the P. falciparum genome of the NF54attB parasite line [71, 95]. Sequencing 

of the attB site (Figure 3.16) showed no mutations, therefore, transfection with this parasite line 

could occur. 
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Figure 3.16: Sequencing result of the attB site in the NF54attB line before transfection. 
The sequence within the attB site of the cg6 gene in NF54attB parasites was sequenced before 
transfection to ensure integration would be possible. The attB site was PCR amplified with forward (F1) 
and reverse (R1) primers as seen in Table 2.3 and then the PCR product was sequenced with F1. 
 

A double transfection strategy was applied by co-transfecting ring-stage NF54attB parasites with the 

pINT plasmid and either the pCR2.1-attP-5’nap-myc-CBG or pCR2.1-attP-5’H3-myc-CBG plasmid. 

Large scale plasmid isolation was done from bacterial cells to obtain enough DNA (50-60 µg) for 

transfection. Positive transfectants were double drug selected with G418 (for pINT plasmid) and 

WR99210 (for pCR2.1 plasmid) for 6 days followed by 3 days of only WR99210 selection. After 

drug pressure, parasites could recover in drug-free media and possible recombinant parasites 

started to appear ~17 days post-transfection. The recovered parasites were PCR screened by 

amplifying the attL (5’ integration) and attR (3’ integration) regions from gDNA of these parasites, 

which showed integration of the pCR2.1-attP-FRT-hDHFR/GFP plasmid for both constructs (Figure 

3.17A). The attB site was also amplified by PCR and showed that a small portion of wild-type 

NF54attB parasites was still present in the recovered culture, therefore, the parasites were placed 

under another round of WR99210 selection for 7 days. After the second round of drug selection, 

only recombinant parasites (NF54H3 and NF54nap) were present (Figure 3.17B). 

 

Figure 3.17: Screening of recovered parasites to confirm pCR2.1-attP plasmid integration. 
(A) After the first round of drug selection, the wild-type NF54attB (control) and two transgenic lines 
NF54H3 and NF54nap were PCR screened for the attB (B) sites which would denote wild-type, 
unintegrated parasites, whilst the presence of both attL (L) and attR (R) regions will indicate successful 
integration using primers shown in Table 2.3 and Figure 3.18. The expected DNA band sizes were 

(A)                                 (B) 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



69 

 

obtained on the gels (attB: 1100 bp, attL: 701 bp and attR: 903 bp). (B) After the second round of drug 
selection, the two transgenic lines NF54H3 and NF54nap were PCR screened for the attB and attL 
regions. No bands were obtained for the attB region as no wild-type parasites were present but the 
701 bp attL region showed the expected band sizes for the transgenic lines. Promega DNA ladder [(A) 
1kb and (B) 100bp] and DNA fragments were separated on a gel and visualised with ethidium bromide 
staining. 
 

Integration was further confirmed by sequencing of the asymmetric attL and attR sites in the cg6 

gene of the NF54H3 and NF54nap transgenic lines (Figure 3.18). The sequencing results are similar 

to the expected attL and attR sequences with the core sequence in both sites remaining the same 

as the attB site. Thus, two transgenic parasite lines NF54H3 and NF54nap were successfully created, 

consequently, the lines were assessed for growth rate, morphology and luciferase expression. 

 

Figure 3.18: Sequencing the integration sites for the NF54H3 and NF54nap reporter lines. 
The attB × attP homology-directed recombination produced asymmetric attL and attR sites, with the 
core remaining the same, in the (A) NF54nap and (B) NF54H3 lines. Primers used for screening and 
sequencing of transgenic lines are shown on the figure and seen in Table 2.3. The attL and attR sites 
were PCR amplified (F1 and R3 for attL, and F2 and R1 for attR), and then the PCR products were 
sequenced with the attL forward (F1) and attR reverse (R1) primers, respectively.  

 

3.6 Analysis of transgenic parasite lines 

3.6.1 Growth rate and morphology 

The NF54H3 and NF54nap transgenic lines were compared to the NF54attB untransfected line as a 

wild-type control with regards to growth rate and morphology of the parasite in the asexual and 

sexual stages. The transgenic parasites were visualised (Figure 3.19) by Giemsa-stained light 

microscopy to evaluate morphology for the intra-erythrocytic asexual stages.  

(A) 
 
 
 
 
 
(B) 
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Figure 3.19: Morphological evaluation of transgenic parasites in the asexual stages. 
Intra-erythrocytic development of (A) NF54attB (wild-type control), (B) NF54H3 and (C) NF54nap asexual-
stage parasites for the 48-h cycle were visualised by Giemsa-staining under a light microscope at 1000x 
magnification. After merozoite invasion at 0 hours post invasion (hpi), parasites are seen inside host 
erythrocytes. Parasites develop into the ring stage between 0-17 hpi as noted by the flat, circular shape. 
Parasites mature from early (18-29 hpi) to late (30-37 hpi) trophozoites as seen by an increase in the 
surface area of the cytoplasm due to the breakdown of haemoglobin to form haemozoin crystals that 
are added to the pigment vacuole. The final schizont stage (38-48 hpi) can be distinguished by a large, 
dense pigment vacuole and multiple nuclei being present that from merozoites. In early schizont 
development, (A and C) the merozoites can be seen inside a thin erythrocyte membrane and at the 
end, (B) the membrane burst open to release merozoites (48 hpi) [116].    
 

The morphology of the NF54H3 and NF54nap parasites was similar to the untransfected, wild-type 

NF54attB parasites for the intra-erythrocytic development and stayed within the 48 h timeframe. 

Parasitaemia increase was also monitored over a 72 h period by using synchronised ring-stage 

parasites (Figure 3.20). To avoid human error, only trophozoite stages were counted at 24 and 

72 h as they are easily observed under the microscope, whereas ring stages can be missed when 

counting. Results showed similar fold change increases after one asexual replication cycle 

between the untransfected and transfected transgenic parasites.  

(A) 
 
 
 
 
 
 
 
 

(B) 
 
 
 
 
 
 
 

 
(C) 
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Figure 3.20: Growth rate of NF54attB, NF54H3 and NF54nap asexual stage parasites. 
Increase in parasitaemia of NF54attB (untransfected control), NF54H3 and NF54nap intra-erythrocytic 
asexual-stage parasites. Synchronised parasites were monitored from ring-stage (0 h) and 
parasitaemia was determined at 24 and 72 h (trophozoite stages). 
 

Next, parasites were induced to undergo gametocytogenesis, however, after three independent 

biological repeats, the NF54H3 line did not produce gametocytes. Therefore, only the NF54nap 

parasite line was analysed in the sexual stages for morphology (Figure 3.21).   
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Figure 3.21: Morphological evaluation of NF54attB and NF54nap parasites in the sexual stages. 
Gametocytogenesis of (A) NF54attB (untransfected wild-type control) and (B) NF54nap parasites were 
visualised by Giemsa-staining under a light microscope at 1000x magnification. Committed asexual 
parasites undergo gametocytogenesis from day 1 to day 12 post-induction to develop into five distinct 
morphological stages. Stage I gametocytes look like trophozoites by having a large cytoplasm surface 
area. From stage II onwards gametocytes can be easily set apart with elongation of the infected 
erythrocyte. Stage II gametocytes have a D-shaped cytoplasm and elongate further to form stage III. 
Stage IV becomes round on both sides with sharp ends and shows a clear distinction between male 
and female gametocytes, with females having a smaller nucleus and more concentrated pigment 
pattern. The gametocyte further matures into the transmissible stage V as notable by the round ends 
and a slight curve.  
 

The development of gametocyte stages for NF54nap as visually inspected corresponded to the 

untransfected NF54attB parent line in morphology (Figure 3.21) and timeframe of development. 

NF54nap was further analysed for the amount of gametocytes being produced and the conversion 

factor (Table 3.2), which is the number of asexual stage parasites that commit to 

gametocytogenesis. 

(A) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(B) 
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Table 3.2: Analysis of gametocyte production in sexual stages. 
Comparison of gametocytaemia and conversion factor between untransfected (control) and transfected 
transgenic P. falciparum parasite lines. Data are representative of (n) biological replicates, ± SD. 

Parasite line Gametocytaemia a Conversion factor b 

NF54attB (Control) 1.1 % (n=1) 15 % (n=1) 

NF54nap 0.6 ± 0.1 % (n=3) 2.3 % (n=1) 

NF54H3 Not detected (n=3) - 
a Day 10 after gametocyte induction 
b Conversion factor =  

number of stage II gametocytes on day 5

number of rings on day 2
 

 

The amount NF54nap parasites that committed to sexual development were very low compared to 

the NF54attB parasites. Based on the analysis, NF54nap parasites are suitable for downstream 

application in both asexual and sexual stages but NF54H3 can only be used in asexual stages. 

3.6.2 Prove luciferase expression 

Luciferase expression under control of constitutive promoters was confirmed in the newly 

generated transgenic lines - NF54H3 and NF54nap. Firstly, the emission kinetics of the CBG99 

luciferase was analysed with a mixed population of ring and trophozoite stage parasites to ensure 

that a stable bioluminescent signal (in RLU) can be obtained within a broad time-frame (Figure 

3.22).  
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Figure 3.22: Emission kinetics of the CBG99 luciferase over a one-hour time-frame. 
The normalised bioluminescent signal in relative light units (RLU) based on CBG99 activity was 
assessed at 10 min intervals over 1 h for the NF54H3 and NF54nap transgenic lines at 6 % parasitaemia 
(mixed population of rings and trophozoites) and 1 % haematocrit. Data are from one biological 
replicate, performed in technical triplicates. The highest RLU is set at 100 %. Figure was created using 
GraphPad Prism 6.0 software. 
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As seen on the graph, the bioluminescent signal remained relatively stable after one hour, with a 

signal loss of ~33 % for NF54H3 and ~38 % for NF54nap. Notably, within the first 10 min, a time in 

which a 96-well plate is typically measured, there is a loss of only ~12 % of the initial RLU.  

The level of expression of luciferase between the H3 and nap promoters was evaluated next, for 

expression in asexual stages (Figure 3.23). From this, it is clear that in asexual stages, and as a 

reflection of the strength of the promoter, the luciferase signal under the H3 promoter was almost 

two orders of magnitude stronger compared to when expressed under the nap promoter. 
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Figure 3.23: Luciferase activity for mixed asexual stage parasites. 
The bioluminescent signal based on CBG99 luciferase activity for NF54H3 and NF54nap was measured 
at 1 % parasitaemia for mixed asexual stages consisting of rings, trophozoites and schizonts (1 % 
haematocrit). Data are from 2-3 biological replicates, performed in technical triplicates, mean ± SEM. 
(RLU, relative luminescence unit). An unpaired t-test was performed to determine statistical significance 
between the different parasite lines (*** = P<0.001). Figure was created using GraphPad Prism 6.0 
software. 
 

Subsequently, the stage-specific expression of luciferase was evaluated for the parasite stages 

during asexual development (ring and trophozoite stages) for both NF54H3 and NF54nap as well as 

for stage IV/V gametocytes for the NF54nap line (Figure 3.24).  
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Figure 3.24: Luciferase activity at different life cycle stages of the parasite. 
The bioluminescent signal based on CBG99 luciferase activity for (A) NF54H3 and (B) NF54nap was 
measured at 1 % parasitaemia for asexual stages and 0.8 % gametocytaemia for stage IV/V 
gametocytes (1 % haematocrit in 200 µL). Ring stages = 70-75 % rings and trophozoite stages = 70-
95 % trophozoites. Data are from 2-3 biological replicates, performed in technical triplicates, mean ± 
SEM. Unpaired t-tests were performed to determine statistical significance between the different 
parasite stages, where not indicated the stages are not significantly different (* = P<0.05; ** = P<0.01). 
(RLU, relative luminescence unit). Figures were created using GraphPad Prism 6.0 software. 
 

In the NF54H3 line, luciferase was detectable in both rings and trophozoite stages, albeit 

trophozoites at a significantly higher level compared to rings (n=3, P<0.01, unpaired student t-test). 

This same profile was observed for NF54nap line, with significantly higher luciferase expression 

observed in trophozoites (n=2-3, P<0.05, unpaired student t-test). However, luciferase expression 

was also present in the NF54nap line in stage IV/V gametocytes, similar to that observed in 

trophozoites. The latter provides confidence in the use of the NF54nap line to evaluate luciferase 

expression in asexual and gametocyte stages of P. falciparum.  

3.6.3 Evaluation of the lines for plate-reader signal detection of luciferase 

To use the NF54H3 and NF54nap lines in a plate-reader format to detect luciferase activity, several 

parameters were evaluated to influence luciferase readout, including parasitaemia, haematocrit 

and inoculum volume. Firstly, the correlation between luciferase activity and asexual parasitaemia 

was evaluated for both lines. Mixed ring- and trophozoite-stage parasite samples were diluted into 

(A)          (B) 

Parasite stage 
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1, 2 and 3 % parasitaemia and the bioluminescent signal was measured (Figure 3.25). Both the 

NF54H3 and NF54nap parasite lines showed a linear relationship (R2=0.98) between parasitaemia 

and bioluminescent signal, with increased parasitaemia resulting in a similar fold-increase in RLU. 
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Figure 3.25: Correlation of luciferase activity with parasitaemia. 
The bioluminescent signal based on CBG99 luciferase activity for (A) NF54H3 and (B) NF54nap was 
measured at 1, 2 and 3 % parasitaemia and 1 % haematocrit in 200 µL. Data are from three biological 
replicates, performed in technical triplicates, mean ± SEM. The linear correlation (R2) and fold change 
increases are shown on each graph. (RLU, relative luminescence unit). Figures were created using 
GraphPad Prism 6.0 software. 
 

Next, the haematocrit was evaluated at 1 and 2 % using a mixed population of parasites, at a 

constant 2 % parasitaemia (Figure 3.26). Increased haematocrit would have the advantage of 

higher numbers of parasites present (even at constant parasitaemia) but could interfere with assay 

readout. Although the 2 % haematocrit gave a higher bioluminescent signal, this increase was not 

significant (n=2, P>0.05, unpaired student t-test) for the NF54nap line, possibly due to the smaller 

margin of luciferase expression above background. Therefore, a 1 % haematocrit was used for 

subsequent experiments. 
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Figure 3.26: Bioluminescent signal using different haematocrits. 
The bioluminescent signal based on CBG99 luciferase activity for (A) NF54H3 and (B) NF54nap was 
measured at 1/2 % haematocrit and 2 % parasitaemia in 200 µL. Data are from 2 biological replicates, 
performed in technical triplicates, mean ± SEM. An unpaired t-test was performed to determine 
statistical significance between the different haematocrits (ns, not significant; ** = P<0.01). (RLU, 
relative luminescence unit). Figures were created using GraphPad Prism 6.0 software. 
 

Lastly, different volumes were also evaluated for assay setup to detect signal at 200 µL for a 

standard 96-well plate and also at 60 µL for a 384-well plate for higher throughput assays (Figure 

3.27).  
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Figure 3.27: Bioluminescent signal at different volumes for assay setup. 
The bioluminescent signal based on CBG99 luciferase activity for (A) NF54H3 and (B) NF54nap was 
measured at 2 % parasitaemia and 1 % haematocrit in 60 µL and 200 µL. Data are from three biological 
replicates, performed in technical triplicates, mean ± SEM. An unpaired t-test was performed to 
determine statistical significance between the different volumes (ns, not significant; *** = P<0.001). 
(RLU, relative luminescence unit). Figures were created using GraphPad Prism 6.0 software. 
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Both volumes for the NF54H3 line provided detectable signal, with the expected increased signal 

obtained with increased inoculum volume. However, for the NF54nap line, there was no significant 

difference between inocula (n=3, P>0.05, unpaired student t-test).  

3.7 Validate the use of the lines to determine drug efficacy through the luciferase assay  

Finally, the two new luciferase-expressing lines NF54H3 and NF54nap were used to determine their 

efficacy in detecting antimalarial drug activity. Assay performance and quality were evaluated in 

the asexual stages and stage IV/V gametocytes for detection range, Z'-factor and inter-assay 

reproducibility via %CV (Table 3.3) [66]. 

Table 3.3: Performance indicators of the luciferase assay for NF54H3 and NF54nap. 
The luciferase assay was performed after 96 h drug exposure for asexual stages and 48 h drug 
exposure for stage IV/V gametocytes (0.6-0.8 % gametocytaemia). The assay performance parameters 
were determined for data from 2-4 biological replicates performed in technical triplicates. 

Assay performance parameters 
Asexual stages (avg ± SD) 

Stage IV/V gametocyte 
(avg ± SD) 

NF54H3 NF54nap NF54nap 

Signal of live cell control (RLU) 100230 ± 31970 3354.6 ± 827.7 214.8 ± 23.7 

Background signal (RLU) 74.1 ± 10.7 74.02 ± 6.25 71.93 ± 11.15 

S/B 1367.3 ± 161.4 45.2 ± 12.2 3.00 ± 0.26 

S/N 10551.2 ± 4056.7 366.3 ± 219.2 14.4 ± 4.9 

Z’-factor 0.10 - 0.46 0.02 - 0.59 0.19 - 0.57 

%CV for no-drug control 32 % 24 % 11 % 

 

The NF54H3 line showed a wide dynamic range based on S/B and S/N values and high 

bioluminescent signal indicative of strong luciferase expression. The NF54nap line showed a smaller 

dynamic range for asexual stages but still good enough to distinguish signal from noise. The 

luciferase assay with the NF54nap line allowed quantification of 0.6-0.8 % late stage IV/V 

gametocytes showing that the luciferase expression is strong enough for signal detection and with 

further optimisation of gametocyte production and assay setup the signal could improve. However, 

both lines show poor reproducibility with low Z’-factors between different assays due to the large 

variation in bioluminescent signal for the control samples. The %CV between independent 

experiments was relatively high, with NF54H3 showing the highest variation making data slightly 

inconsistent within an assay plate thereby contributing to the poor Z’-factors. These variations in 

signal during the plate reading might be because no stabilisers or enhancers are present during 

the assay as is the case with standard luciferase kits. 
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The two lines were further evaluated for their ability to accurately determine the IC50 of four 

compounds with known activity against asexual stage parasites, including MB, CQ, MMV390048 

and DHA (Figure 3.28). 
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Figure 3.28: IC50 values for intra-erythrocytic asexual stage NF54H3 and NF54nap parasites. 
The luciferase assay was performed after 96 h of drug exposure with methylene blue (MB), chloroquine 
(CQ), MMV390048 (0048) and dihydroartemisinin (DHA). Data are from 2-4 biological replicates, 
performed in technical duplicates/triplicates, ± SEM. Figures were created using GraphPad Prism 6.0 
software. 
 

Both lines reported low nM activities for all four compounds, similar to previously published values 

[45, 60, 71, 72] indicating these lines are suitable for asexual stage drug assays. Also, NF54nap 

gave less variation in the IC50 values and smaller standard deviations compared to NF54H3. 

However, the hill slope of all the drugs on the NF54H3 line is extraordinarily steep, indicating that 

these parasites are very sensitive to changes in drug concentration. The lines were further 

evaluated to accurately determine IC50 values of MB at 200 µL for a standard 96-well plate and 

60 µL for a 384-well plate (Figure 3.29).  
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Figure 3.29: Methylene blue IC50 values at different volumes for intra-erythrocytic asexual 
stages. 
The luciferase assay was performed with NF54H3 and NF54nap after 96 h of drug exposure with 
methylene blue (MB) in 200 µL and 60 µL volumes. Data are from 4 biological replicates, performed in 
technical duplicates/triplicates, ± SEM. An unpaired t-test was performed and showed no significant 
difference (ns) between the 200 µL and 60 µL volumes for MB. Figure was created using GraphPad 
Prism 6.0 software. 
 

The IC50 values for MB showed no significant difference (n=4, P>0.05, unpaired student t-test) 

between the 200 µL and 60 µL volumes and produced accurate IC50 values indicating that the 

bioluminescent signal is detectable at small volumes required for higher-throughput formats than 

96-well plates.  

The NF54nap line was further evaluated to accurately determine the IC50 of the four compounds 

against the late stage IV/V gametocytes (Figure 3.30). CQ and DHA failed to produce sigmoidal 

curves. CQ is known not to be active against late stage gametocytes [45, 50, 69, 71], while DHA 

produce the expected nM IC50 although the curve shape is flat. By contrast, MB and MMV390048 

did produce sigmoidal curves. However, the error bars are large and the assay has poor 

reproducibility, thereby compromising the accuracy of the IC50 values.  
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Figure 3.30: IC50 values for late stage IV/V gametocytes of NF54nap parasites. 
The luciferase assay was performed after 48 h of drug exposure with methylene blue (MB), chloroquine 
(CQ), MMV390048 (0048) and dihydroartemisinin (DHA). Data are from three biological replicates, 
performed in technical triplicates, ± SEM. Figures were created using GraphPad Prism 6.0 software. 
 

The IC50 against the late stage IV/V gametocytes were further compared to previously published 

luciferase assay data (Table 3.4).  

Table 3.4: IC50 values for NF54nap in late stage IV/V gametocytes.  
The luciferase assay was performed after 48 h of drug exposure with methylene blue, chloroquine, 
MMV390048 and dihydroartemisinin. Data are from three biological replicates, performed in technical 
triplicates, ± SEM. Comparison IC50 data are from previously published luciferase assays [50, 72, 117]. 

Compounds IC50 (mean ± SEM) 
Previously published  

IC50 (mean) 

Methylene blue 52.87 ± 17.27 nM 143 nM [50] 

Chloroquine Not determined >20 µM [117] 

MMV390048 62.4 ± 23.5 nM 140 nM [72] 

Dihydroartemisinin 6.2 ± 1.7 nM 11 nM [50] 

 

CQ showed the poorest potency similar to published data. DHA, MB and MMV390048 showed 

low nM activity against the sexual stages and a stronger activity than previously published data 

[60, 71, 72]. As such NF54nap could determine IC50 values of known antimalarial compounds in 

asexual and gametocyte stages of the parasite but with poor accuracy.  
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4) Chapter 4: Discussion 

Antimalarial drug resistance elevates the need for novel compounds that not only resist resistance 

formation but also block transmission of the parasite between humans and mosquitoes. Drug 

discovery is a long process, therefore, it would be helpful to compare drug assay results of similar 

screening libraries from different laboratories. Furthermore, classifying the TCP of novel 

compounds is important to find compounds that target the disease-causing asexual stage, the 

transmissible stage V gametocytes or downstream stages of the parasite. However, TCP 

identification and standardisation of drug assays are complicated by the fact that each stage of the 

parasite requires a different assay platform due to biochemical differences in the cell types, thereby 

creating variability in IC50 data. In this study we aimed to develop a constitutive luciferase-

expressing P. falciparum line to evaluate the efficacy of potential antiplasmodial compounds on a 

single assay platform across all life cycle stages of the parasite, thereby providing less variability 

in data. To achieve our aim, we had to find constitutive promoters based on gene expression data 

that can drive the constitutive luciferase expression. These promoter regions were then cloned into 

expression plasmids for transfection into the P. falciparum NF54attB parasite line to generate our 

transgenic lines. The newly developed transgenic NF54H3 and NF54nap parasite lines were 

evaluated for their ability to detect antiplasmodial activity in the parasite. Our results show that 

NF54nap allows direct comparison between the asexual stages and stage IV/V gametocytes by 

determining drug activity on a single luciferase reporter assay platform. 

As part of our study, genes were identified that are constitutively expressed across all life cycle 

stages of the P. falciparum parasite, including asexual, sexual and mosquito stages. Previous 

studies focused on the promoters for Pfetramp10.3 [93], Pfhsp70 [94], and Pfeef1α [67] to produce 

constitutive reporter expression. However, our stringent data analysis revealed novel gene markers 

to consider for constitutive reporter expression studies. Although we used the promoter regions of 

these constitutive genes there is no assurance that luciferase expression will behave the same 

since the transcription factor binding sites within promoter regions are not accurate predictors of 

gene expression [118]. Furthermore, the regulation of gene expression in Plasmodium is still not 

clearly understood and no well-defined promoters have been identified [119]. In contrast to 

eukaryotes, transcription factor binding to gene promoters is not the only control of transcription 

implying that other mechanisms are also important for gene expression [118, 119]. Existing 

knowledge shows epigenetic and post-transcriptional regulation is important throughout the 

parasite’s life cycle [118], coinciding with our top constitutive gene markers that express proteins 

involved in chromatin structure regulation (histone H3, histone H2A, histone H4, and nap) and 

translation (translation initiation factor eIF-1A, 60S ribosomal protein L41, and ubiquitin-60S 
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ribosomal protein L40). From these top gene markers, the promoter regions for histone H3 

(PF3D7_0610400) and nap (PF3D7_0919000) were used to drive luciferase reporter expression. 

Previous research has attempted to knockout the histone H3 [109] and nap [120] gene without any 

success indicating the essentiality of these genes for parasite survival. 

The NF54nap parasite line expresses the luciferase reporter gene under control of the 5’ and 3’ UTR 

of the nap gene. An earlier study detected GFP reporter expression in the asexual, sexual and 

mosquito stages of the parasite using the same UTRs [119], agreeing with our data that showed 

luciferase expression in the asexual stages and stage IV/V gametocytes. Furthermore, it was 

shown that the 5’ UTR of nap drives gene expression regardless of the 3’ UTR [119], therefore, the 

5’ UTR of histone H3 was combined with the 3’ UTR of nap to drive luciferase expression. The 

strength of gene expression for histone H3 and nap agrees with the amount of luciferase being 

expressed under control of their respective promoter regions in the parasite. The histone H3 gene 

shows stronger gene expression compared to nap, similar to what is seen with bioluminescence 

signal intensity in the asexual stages. As the luciferase is constitutively expressed throughout the 

stages, parasite samples have to be pure to give accurate results for stage-specific studies. Since 

the parasite controls the expression of these constitutive genes as needed and for different stages, 

luciferase expression will be controlled in the same way. This might explain why there are variations 

in the bioluminescence signal for the same parasite stage between different days of 

measurements. Nonetheless, the data is reliable since these variations are removed by the controls 

in each experiment.  

The transgenic NF54H3 and NF54nap parasite lines were created by using the Bxb1 integrase-

mediated attB × attP recombination system [95]. Homology-directed recombination occurred 

between the attP site in the pCR2.1-attP plasmid and the attB site in the dispensable cg6 gene to 

integrate the expression plasmid into the genome of NF54attB [95]. The parasite’s genome is a good 

fit for this Bxb1 system since its AT-rich genome shows no detectable homology to the GC-rich 

attB and attP sites [95]. Another advantage of this system is that the recombination event produces 

asymmetric attL and attR sites that are not prone to excision by Bxb1 integrase [95]. Previous 

studies have shown that the disrupted cg6 gene does not compromise parasite development in the 

asexual and gametocyte stages [87, 95]. The FLIRT sites that were introduced into the genome 

was not used in this study but allows for FLP-mediated DNA integration, rearrangement or excision 

at the FLIRT sites [121] to, for instance, remove the hDHFR resistance marker to prevent potential 

interference with drug experiments. 

NF54H3 and NF54nap show comparable growth for asexual stages to the NF54attB wild-type parental 

line, however, differences are seen for the sexual stages as NF54H3 does not produce gametocytes 
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and NF54nap produces a low number of gametocytes. These results coincide with previous research 

that showed clones derived from the same isolate differed in their gametocyte production ability 

[122]. Furthermore, studies have shown that parasites gradually lose their ability to produce 

gametocytes due to continuous in vitro culturing of asexual stage parasites [123]. Since transgenic 

parasites were continuously cultured during drug selection and screening for over a month, it could 

have resulted in their reduced ability to produce gametocytes. Therefore, NF54H3 parasites can 

only be used for asexual stage experiments. However, NF54nap parasites are suitable for asexual 

and sexual stage experiments since gametocytes are detectable and quantifiable by 

bioluminescence signal.  

Since commercially available bioluminescence kits contain lysing components, ATP and other 

additives to enhance and stabilise the bioluminescence signal, an artefactual signal is produced by 

treated parasites [79]. To overcome this, a non-lysing D-luciferin substrate was used that requires 

endogenous ATP to reliably reflect the viability of parasites, at a reduced cost and incubation time 

[79]. The D-luciferin formulation has previously been optimised to enter cells in other eukaryotic 

and prokaryotic systems without lysing of cells [79, 124]. Therefore, the bioluminescence signal is 

lower when the D-luciferin substrate is used, explaining the narrow dynamic range and low signal 

intensity of the luciferase assays for NF54nap. However, NF54H3 has a wide dynamic range due to 

its strong luciferase expression under the histone H3 promoter. The reliability to show parasite 

viability using only D-luciferin substrate can be seen in the linear relationship between the 

bioluminescence signal intensity and parasitaemia. Another advantage of using a non-lysing 

substrate is the potential to visualise live parasites at a single-cell level by bioluminescence 

imaging, which is rare in the malaria parasite [79]. Furthermore, live bioluminescence imaging could 

allow monitoring of constitutively luciferase-expressing parasites while they interact with host 

tissues and cells to determine how different cell types affect parasite viability in in vitro and ex vivo 

environments [79]. 

The two transgenic P. falciparum parasite lines express a myc-tagged luciferase fusion under the 

constitutive histone H3 or nap promoter. A luciferase reporter was used instead of a GFP since 

bioluminescence is easier to measure and less expensive [67]. The CBG99 luciferase reporter was 

used, as it previously showed to produce the strongest bioluminescence signal compared to other 

luciferases under control of the same promoter [79]. Although we did not utilise the myc-tag in this 

study it allows future work to make use of the tag by antibody detection for visualisation under a 

microscope, western blots, and flow cytometry. The luciferase reporter assay was detectable at a 

small volume (60 µL) for higher throughput assays and validated with MB for asexual stages, 

thereby, reducing the number of parasites per well, decreasing assay cost and increasing 

throughput of the assay [86]. The robustness of the luciferase assay for NF54H3 and NF54nap was 
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low, which is in contrast to previous data [79] that showed good reproducibility. The CBG99 

luciferase is known to have a half-life of more than five hours at 37°C [79], which is in contrast to 

our results that show 33-38 % reduction in the bioluminescence signal after one hour and with drug 

assay a reduction of ~55 % was seen after only 15 min of plate reading. After incubating the 

parasites with drugs at 37°C, the assay plates are handled at room temperature for 

bioluminescence measurements, which could explain the acceleration of the luciferase’s half-life. 

Furthermore, no enhancers or stabilisers are present in the luciferase assay to stabilise the 

bioluminescence signal, however, to optimise and improve assay reproducibility these additives 

might have to be considered for future experiments. 

Since luciferase activity for NF54H3 and NF54nap correlates with parasite numbers, the luciferase 

activity can be measured between treated and control samples. As such the IC50 values of known 

antimalarial compounds MB, CQ, MMV390048, and DHA were determined to confirm the accuracy 

of the luciferase assay when using NF54H3 and NF54nap. Antiplasmodial activity against the asexual 

stage parasites was found to be below 20 nM for all four compounds, agreeing with previous data 

that show these compounds have TCP-1 activity [45, 60, 71, 72]. Since NF54H3 is unable to 

produce gametocytes, this line can only be used to determine antiplasmodial activity against 

asexual stage parasites. Furthermore, low nM antiplasmodial TCP-5 activity against stage IV/V 

gametocytes with NF54nap was confirmed for DHA, MB and MMV390048, and the low potency of 

CQ was also shown [45, 60, 71, 72]. NF54nap showed stronger antiplasmodial activity for all four 

compounds compared to previous data, indicating that the line might be more sensitive to drug 

exposure. As such, more compounds with known activity will have to be screened to determine if 

the line produces false-positive antiplasmodial hits. Nevertheless, NF54nap can determine 

antiplasmodial activity against the asexual stages and stage IV/V gametocytes on a single assay 

platform. Thereby, contributing to the discovery of novel antiplasmodial compounds and identifying 

compounds with TCP-1 activity, TCP-5 activity or both.  
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5) Chapter 5: Conclusion 

This research aimed to develop a P. falciparum line constitutively expressing luciferase across all 

life cycle stages of the parasite to evaluate antiplasmodial efficacy of compounds on a single assay 

platform. Constitutive promoters were identified, after stringent analysis of gene expression 

profiles, to control constitutive luciferase expression in the parasite. The knowledge of luciferase 

expression under the histone H3 and nap promoters can be useful for future generation of 

transgenic lines with reporter expression in different stages of the parasite’s life cycle. An effective 

cloning strategy was followed to transfect the expression plasmids into the P. falciparum NF54attB 

parasites. Two transgenic parasite lines were successfully created, namely NF54H3 and NF54nap. 

This research illustrates the effectiveness of the Bxb1 integrase-mediated attB × attP 

recombination system to generate transgenic lines, but also raises the concern of gametocyte non-

producing parasite lines, like NF54H3. Although luciferase assay quality and reproducibility were 

variable between drug experiments, IC50 data was comparable to previous studies. Optimisation of 

the luciferase assay is required, by adding additives to the D-luciferin substrate, to stabilise 

bioluminescence signal during measurements. Nevertheless, NF54H3 was able to effectively detect 

antiplasmodial activity in the asexual stages of the parasite.  

NF54nap could detect antiplasmodial activity against the asexual stages and stage IV/V 

gametocytes, however, the mosquito and liver stages still need confirmation to know whether the 

line can be used for all life cycle stages. Future work is needed to determine whether the NF54nap 

line can be used in standard membrane feeding assays (SMFA) to determine drug activity against 

mosquito stages. Furthermore, the in vitro luciferase assay could be used to investigate the 

dynamics of drug treatment by determining the rate-of-kill of antiplasmodial drugs. The 

development of the P. falciparum NF54nap reporter line allows rapid screening of compounds on a 

standardised assay platform at different stages of parasite development to discover novel 

antiplasmodial compounds that are either selective towards a specific stage or active against 

multiple stages of the parasite. Therefore, NF54nap can be used to identify molecule combinations 

that fit the TPP-1 criteria, which focuses on case management to treat infected patients, by 

identifying compounds that can clear asexual blood-stage parasites (TCP-1) and that target 

gametocytes to block transmission (TCP-5). Thus, compounds can be discovered that will play an 

important role in malaria elimination by addressing parasite transmission from humans to 

mosquitoes, while also reducing the risk of resistance development. 
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Supplementary Information 

Figure S1 shows the entire gel for Figure 3.8B in the main text. 

 

Figure S1: PCR amplification of promoter regions for the top constitutive genes.  
Promoter regions were PCR amplified with genomic DNA from NF54 parasites using primers shown in 
Table 2.1. PCR conditions had an annealing temperature of 60°C. The expected promoter region band 
sizes were obtained for five constitutive markers: 1597 bp (PF3D7_0610400), 1463 bp 
(PF3D7_0617800), 1480 bp (PF3D7_1143400), 1454 bp (PF3D7_1144300) and 1428 bp 
(PF3D7_1365900). NEB quick-load purple 1 kb plus DNA ladder and DNA fragments were separated 
on a gel and visualised with ethidium bromide staining. 
 

Figure S2 shows the histone H3 promoter successfully being cloned into competent cells as 

confirmed with PCR screening. 

 

Figure S2: PCR screening of pASEX-5’H3-myc-CBG99-3’nap. 
Screening of histone H3 promoter region (PF3D7_0610400) cloned into pASEX plasmid by colony PCR 
using primers shown in Table 2.1. The expected promoter region band size was obtained 1597 bp. 
NEB quick-load purple 1 kb plus DNA ladder and DNA fragments were separated on a gel and 
visualised with ethidium bromide staining. 
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Figure S3 shows the entire gel for Figure 3.10 in the main text. 

 

Figure S3: Restriction enzyme digestion of pASEX and pCR2.1-attP-FRT-hDHFR/GFP plasmids. 
XhoI and NotI restriction enzyme digestion of the pASEX-5’H3-myc-CBG99-3’nap (9113 bp), pASEX-
5’nap-myc-CBG99-3’nap (8570 bp), and pCR2.1-attP-FRT-hDHFR/GFP (10241 bp) plasmids showed 
the expected band sizes. Undigested and digested plasmids can be seen on the gel. NEB quick-load 
purple 1 kb plus DNA ladder and DNA fragments were separated on a gel and visualised with ethidium 
bromide staining. Other bands were not used for this work. 
 
 

Figure S4 shows the histone H3 and nap promoter along with the reporter successfully being 

cloned into competent cells as confirmed with PCR screening. 

 

Figure S4: PCR screening of final pCR2.1-attP-FRT-hDHFR/GFP plasmid clones. 
Screening of cassettes – (A) nap and (B) histone H3 promoters with myc-tagged luciferase - cloned into 
pCR2.1-attP plasmid by colony PCR using promoter F1 and CBG R1 primers as shown in Table 2.2. 
The expected band sizes for the promoter and reporter region were obtained 3754 bp (H3) and 3214 
bp (nap). NEB quick-load purple 1 kb plus DNA ladder and DNA fragments were separated on a gel 
and visualised with ethidium bromide staining. 
 
 

 

 

 

 

(A)                     (B)  
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Figure S5 shows the entire gel for Figure 3.11B in the main text. 

 

Figure S5: Restriction enzyme mapping of final pCR2.1-attP-FRT-hDHFR/GFP plasmid clones. 
Restriction enzyme mapping with XhoI and SpeI of pCR2.1-attP-5’H3-myc-CBG showed expected DNA 
band sizes for complete digestion (3855, 3256, 2776, 1099 bp).  However, pCR2.1-attP-5’nap-myc-
CBG showed complete and partial digestion on the gel (6569, 3855, 2776, 2714, 1099 bp). NEB quick-
load purple 1 kb plus DNA ladder and DNA fragments were separated on a gel and visualised with 
ethidium bromide staining. 

 

Figure S6 shows the entire gel for Figure 3.13 in the main text. 

 

Figure S6: PCR screening of pGEM-T Easy vector clones. 
Screening of promoter regions cloned into pGEM-T Easy vectors by colony PCR using primers shown 
in Table 2.1. The expected promoter region band sizes were obtained 1463 bp (PF3D7_0617800), 
1480 bp (PF3D7_1143400), 1454 bp (PF3D7_1144300) and 1428 bp (PF3D7_1365900). (R indicates 
bacterial clone replicates). NEB quick-load purple 1 kb plus DNA ladder and DNA fragments were 
separated on a 1 % (w/v) agarose/TAE gel and visualised with ethidium bromide staining. 
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Figure S7 shows partial sequencing for the promoter region of pCR2.1-attP-5’ubiq-myc-CBG. 

 

Figure S7: Sequencing of final pCR2.1-attP-5’ubiq-myc-CBG plasmid clone. 
Sequencing results shows the XhoI restriction enzyme site and start of the 5’ ubiq promoter region. The 
promoter F1 primer was used for sequencing, as seen in Table 2.2, aligned to the expected reference 
sequence. 
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