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Summary 

 

 

Malaria remains a leading health problem with an estimated 445 000 deaths occurring 

in 2016 of which the majority of deaths occurred in Africa. Currently, the World Health 

Organization recommends artemisinin-based combination therapies for the treatment 

of uncomplicated Plasmodium falciparum infections. However, the emergence of 

multidrug resistant strains of Plasmodium has necessitated the identification of new 

biological targets as well as the development of antimalarial chemotherapeutics with 

novel modes of action. Despite intensive research towards the identification of novel 

antimalarial chemotherapeutics that can kill the parasite, there remains a significant 

knowledge gap regarding how antimalarial therapeutics affect the biology of P. 

falciparum parasites.  

 

One functional genomics approach that can be used to identify the effects of drug 

perturbation on the biology of the parasite, is phenomics. Phenomics is defined as the 

collective characterization and quantification of the various phenotypes of an organism 

that describes the measurable physical and chemical interactions between genes and 

the environment and is expressed by either a cell, tissue or an organism. It aims to 

assess the global phenotypes in a set space and time under different environmental 

conditions. Phenomics provides an assessment of the biological pathways that are 

perturbed due to environmental conditions. 

 

In this dissertation, the phenome of P. falciparum parasites was evaluated in situ in 

response to antimalarial compounds as environmental perturbations. Specifically, the 

phenome was determined by using Phenotype MicroArray (PM) technology to 

measure the real-time ability of P. falciparum parasites to use a variety of carbohydrate 

substrates for energy production. This was extended to evaluate parasites perturbed 

by antimalarial drug treatment including classically used drugs such as chloroquine 

(CQ) disulphate, pyrimethamine (PYR) and dihydroartemisinin (DHA). Substrate 

catabolism was used to identify global differences between treated and untreated 

trophozoite-stage P. falciparum parasites. The information obtained was subsequently 
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used to interrogate the presence of distinct phenotypic fingerprints consistent with the 

mode of action of each compound.  

 

Significant variations in carbohydrate source utilization were identified with, untreated 

parasites catabolizing 56% of the carbohydrate substrates. By contrast, parasites 

treated with the antimalarials were metabolically severely affected as evident in a use 

of only 13% to maximally 40% of the substrates. Global analyses of the resultant 

phenomes revealed clear differences in the phenotypic profiles and modes of actions 

(MOAs) of parasites treated with either CQ disulphate, DHA or PYR. This study 

describes the first real-time phenotypic profile of treated and untreated trophozoite-

stage P. falciparum parasites. The PM platform has displayed its utility in the 

identification of phenotypic profiles and distinguishing between variations in MOAs of 

classical antimalarial compounds. This study serves as a blueprint for future PM 

studies of drug perturbations in the asexual form of the parasite. 
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Chapter 1 

Introduction 

 

1.1  Global impact of malaria 

 

Malaria is a mosquito-borne infectious disease caused by parasitic protozoa of the 

genus Plasmodium (Cox, 2002). Records of fevers, chills, malaise and lethargy, which 

are characteristic traits of malaria, have been documented as far back as 2700 BC 

(Cox, 2010). The Plasmodium parasite is transmitted from mosquitoes to humans via 

the bite of an infected female Anopheles mosquito, which serves as the primary vector 

(Cox, 2002). Vector control strategies such as long-lasting insecticide-treated nets 

(LLINs) (Griffin et al., 2010), indoor residual spraying (IRS) (Weiss, Crabb and Gilson, 

2016) and chemotherapeutics targeting the Plasmodium parasites through the use of 

artemisinin combination therapies (ACTs), has dramatically decreased the incidence 

and death rate caused by malaria in the past decade, with a ~50% reduction in malaria 

cases observed [World Heath Organization (WHO) World Malaria Report, 2015)]. 

Approximately 216 million malaria cases were reported in 2016 with an estimated 445 

000 deaths, compared to 446 000 deaths which occurred in 2015 (WHO World Malaria 

Report, 2017). However, the WHO has reported that approximately 3.2 billion people 

remain at risk of contracting the disease (Figure 1.1) (WHO World Malaria Report, 

2016) due to factors such as a decrease in IRS protection, a decrease in the 

availability of LLINs and continued resistance of the parasites to clinically used 

antimalarials, including both components of ACTs (Dondorp et al., 2009; Ashley et al., 

2014). 

 



2 

 

 

Figure 1.1: Global distribution of the population at risk of contracting malaria. Available 
from:http://www.who.int/malaria/publications/world_malaria_report/global_malaria_mapper/ 
[Date created: 21 February 2018]. 

 

1.2  Plasmodium species 

 

Parasites that cause malaria are typically host specific with humans as the natural 

hosts for P. falciparum, P. vivax, P. malariae and P. ovale whereas, P. knowlesi and 

P. cynomolgi are simian specific parasites that can infect humans (Singh and Divis, 

2008). P. falciparum is the most virulent and occurs predominantly in sub-Saharan 

Africa accounting for the majority of malaria deaths (WHO World Malaria Report, 

2017). P. vivax has the greatest geographical distribution of the human infective P. 

falciparum species (Howes et al., 2016), accounting for more than half of all malaria 

cases in Asia and Latin America (Kochar et al., 2005). In contrast to P. falciparum, P. 

malariae and P. knowlesi, both P. vivax and P. ovale form hypnozoites which remain 

dormant in liver cells of the human host for either weeks or months. The dormant forms 

of both these parasites result in relapse in an infected individual, making it a challenge 

to eradicate infection by these parasites (Chu and White, 2016). 

 

 

 

 

Population at risk 
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1.2.1 The life cycle of P. falciparum parasites 

 

The life cycle of P. falciparum parasites is multifaceted with specific developmental 

processes occurring in either the mosquito vector or human host (Figure 1.2). P. 

falciparum parasites are transmitted when an infected female Anopheles mosquito 

injects sporozoites from the salivary glands of the mosquito vector into the 

subcutaneous tissue of the human host (Miller et al., 2002). Exo-erythrocytic 

schizogony occurs when sporozoites penetrate hepatocytes and undergo asexual 

replication. Schizogony causes the formation of multinucleated hepatic schizonts, 

which rupture to release merozoites into the bloodstream of the human host, a process 

that takes ~16-days (Tuteja, 2007). The release of ~30 000 merozoites into the 

bloodstream initiates the intraerythrocytic developmental cycle (IDC), which maintains 

the reservoir of parasites in the human host (White, 2009).  

 

Merozoites mature into haploid ring-stage parasites and thereafter, into highly 

metabolically active trophozoites (Dvorak et al., 1975). Trophozoite-stage parasites 

are characterized by an increase in glucose consumption (100-fold increase), 

ingestion of host cytoplasm and the catabolism of host haemoglobin into its constituent 

amino acids. The degradation of haemoglobin into its constituent amino acids results 

in the release of haem, which is toxic to the parasite. Therefore, during the catabolism 

of haemoglobin, haem is polymerized into its non-toxic form, haemozoin, which is a 

crystalline substance that is stored within the parasitophorous food vacuole (Tuteja, 

2007; Miller et al., 2002). The end of the trophic stage is characterized by the initiation 

of schizogony as 3-4 rounds of DNA synthesis and mitosis occur. Mature schizonts 

burst to release merozoites into the bloodstream and this synchronous rupturing of 

schizonts results in the clinical symptoms of fever-chill cycles in infected individuals 

(Sherman, 1979). 
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Figure 1.2: The life cycle of P. falciparum parasites. The life cycle of the P. falciparum 
parasite begins when a female Anopheles mosquito injects sporozoites into a human host (1). 
The sporozoites enter the bloodstream and migrate to liver where the formation of schizonts 
in hepatocytes occurs (2). Mature schizonts release merozoites into the bloodstream (3) and 
infect uninfected erythrocytes (4). Within the erythrocyte, the parasite develops through 
several developmental stages, from a ring-stage (5), to a trophozoite-stage (6) and finally into 
a schizont stage (7), which upon lysis release daughter merozoites to continue the 
intraerythrocytic developmental life cycle (3). A small proportion of merozoites commit to the 
transmissible sexual stage of the parasite and mature into gametocytes (8), which are taken 
up by the mosquito to develop into male and female gametes (9). Within the mosquito, 
fertilization of female gametes result in the formation of a motile ookinete (10). The motile 
ookinete migrates to the basal lamina of the mosquito and matures into an oocyst containing 
thousands of sporozoites (11). The subsequent lysis of the oocyst results in the migration of 
sporozoites to the mosquito salivary glands, re-initiating the life cycle of Plasmodium. 

 

Sexual development of the parasite occurs when ring-stage parasites are committed 

to differentiating into either micro- or macrogametocytes (male and female 

respectively) (White, 2009). The proportion of parasites committed to sexual 

development is reliant on environmental stressors such as host immune cell activation 

and an increase in reticulocyte number (Field and Shute, 1956). Committed ring-stage 
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parasites complete asexual development and mature into schizonts. The subsequent 

merozoites that are released from a sexually committed schizont invade uninfected 

erythrocytes and develop into gametocytes (Bruce et al., 1990). After developing for 

~14 days sequestered in the bone marrow, mature gametocytes are released and 

taken up by female Anopheles mosquitoes during a blood meal from an infected 

human host, which allows the transfer of the parasite (Sherman, 1979). 

 

In the mosquito midgut, gametocytes mature into gametes, fertilization occurs and 

zygotes penetrate the stomach wall through maturation into an ookinete. Ookinetes 

develop into oocysts, which contain thousands of sporozoites. Sporozoite maturation 

results in lysis of the oocyst and the migration of sporozoites to the salivary glands of 

the mosquito to continue transmission (Sherman, 1979).  

 

1.3 Uptake of glucose in P. falciparum parasites 

 

Blood stage Plasmodium parasites are highly reliant on glucose as their main energy 

source. Blood serves as a constant and abundant source of glucose for Plasmodium 

parasites residing within erythrocytes. Plasmodium parasites deprived of glucose 

display a decrease in intracellular ATP production with a concomitant decrease in 

cytoplasmic pH (Saliba and Kirk, 1999) and depolarization of the parasite plasma 

membrane (Allen and Kirk, 2004). Anaerobic respiration is less efficient than aerobic 

respiration, however, it provides the required glycolytic intermediates for rapid 

biomass production during schizogony. The remaining macromolecular biomass is 

obtained from purine precursors, amino acids, and lipids or fatty acids obtained from 

the human host (Salcedo-Sora et al., 2014). 

 

Glucose is transported to the intraerythrocytic malaria parasite by sugar transporters 

that are present on both the parasite and host’s plasma membrane (Figure 1.3). 

Glucose is transported from the blood plasma into the cytosol of the host cell’s 

erythrocyte by GLUT1, which is a facilitative glucose transporter. Facilitative glucose 

transporters such as GLUT1, transport glucose into the cytosol through passive 

transport of the molecule down its concentration gradient (Manolescu et al., 2007). 
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Glucose is rapidly phosphorylated to glucose-6-phosphate by the host cell’s 

hexokinase upon its transport into the erythrocytes cytosol, effectively rendering it 

membrane impermeant and trapping it within the host cell (Mckee and McKee, 2015). 

In the parasite, the import of glucose across the parasitophorous vacuole membrane 

occurs through the dephosphroylation of the molecule by the enzyme, acid 

phosphatase, which cleaves phosphate bonds from a diversity of small molecules 

(Olszewski and Llinás, 2011). Thereafter, uptake of glucose into the parasite plasma 

membrane is mediated by the P. falciparum membrane hexose transporter (PfHT, 

Figure 1.3). P. falciparum trophozoite-stage infected erythrocytes display a greater 

activity of the glycolytic enzymes and of lactate dehydrogenase in comparison to their 

uninfected counterparts (Lang-Unnasch and Murphy, 1998). Differences in substrate 

interaction have been identified for both GLUT1 and PfHT, GLUT1 displays a 

preferential binding affinity towards D-glucose, whereas, PfHT can transport both D-

glucose and D-fructose (Slavic et al., 2011).  
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Figure 1.3: Transport processes that are involved in the uptake of hexose sugars in P. 
falciparum infected erythrocytes. Abbreviations used: Erythrocyte plasma membrane 
(EPM), parasitophorous vacuole membrane (PVM), parasite plasma membrane (PPM), 
Plasmodium falciparum hexose transporter (PfHT), Glucose transporter 1 (GLUT1) and 
Glucose transporter 5 (GLUT5). Created from (Slavic et al., 2011).  

 

1.4 Glucose metabolism in P. falciparum parasites  

 

Two major pathways of glucose metabolism are prevalent in asexual intraerythrocytic, 

P. falciparum parasites. These pathways include glycolysis (Figure 1.4) and the 

pentose phosphate pathway (Figure 1.5). The primary source of ATP production in the 

asexual blood stages of the parasite is via glycolysis, which is subsequently followed 

by anaerobic fermentation of pyruvate to lactate (Slavic et al., 2011).  
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Figure 1.4: Overview of glycolysis in P. falciparum parasites and the connection to the 
PPP. Asexual P. falciparum parasites reside within erythrocytes of the human host and have 
a classic biochemical pathway, glycolysis and the PPP. Lactate is the major metabolic end 
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product of this process. Biochemical reactions that are indicated with double arrows indicate 
reversible reactions and those indicated with a single arrow are irreversible reactions. Created 
from (Ginsburg and Abdel-Haleem, 2017). 
 

The primary function of the PPP is the reduction of NADP+ to NADPH, which is 

required by the parasites’ antioxidant defence mechanism, for the conversion of 

ribonucleotides to deoxy-ribonucleotides for subsequent nucleotide biosynthesis 

(Ginsburg, 2016). In the infected erythrocyte (trophozoite-stage), the activity of PPP is 

78-times greater than that of uninfected erythrocytes due to the highly proliferative 

nature of the parasite (Atamna, Pascarmona and Ginsburg, 1994).  

Figure 1.5: The pentose phosphate pathway in the cytoplasm of Plasmodium. The PPP 
is the predominant metabolic pathway that produces NADPH and 5-phospho-α-D-Ribose 1-
pyrophosphoric acid. The no entry symbol represents that no gene could be identified for the 
enzyme transaldolase, however, biochemical evidence suggests that the activity of the 
enzyme is present in Plasmodium. Abbreviations used: phosphate (P). Created from (Bozdech 
and Ginsburg, 2005). 
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The enzymes required for a functional PPP have been identified in P. falciparum 

parasites with the sole exception of transaldolase for which no homolog has been 

identified (Figure 1.5). The PPP consists of two branches, an oxidative branch and a 

non-oxidative branch that exclusively occurs in the cytoplasm of the parasite. 

Enzymes catalysing reactions in the oxidative branch of the pathway utilize 

NADP+/NADPH as a cofactor pair. The non-oxidative branch of the PPP can also 

function in the reverse direction by using fructose-6-phosphate and glyceraldehyde-3-

phosphate generated by glycolysis to produce D-ribose-5-phosphate (Bozdech and 

Ginsburg, 2005). Therefore, due to the reversibility of the PPP, it can function in 

different modes depending on the metabolic needs of the parasite when both D-ribose-

5-phosphate and NADPH are required, only the oxidative branch of the PPP is 

activated (Figure 1.6, mode 1). When more D-ribose-5-phosphate than NADPH is 

required (Figure 1.6, mode 2), D-ribose-5-phosphate is produced through the reverse 

of the non-oxidative branch from fructose-6-phosphate and glyceraldehyde-3-

phosphate generated by glycolysis. When more NADPH and ATP than D-ribose-5-

phosphate is required, the oxidative and non-oxidative reactions occur and ribulose-

5-phosphate is converted to fructose-6-phosphate and glyceraldehyde-3-phosphate 

for use in glycolysis to produce ATP and NADPH (Figure 1.6, mode 3) (Bozdech and 

Ginsburg, 2005). The production of NADPH during PPP in Plasmodium is critical in 

the defence against oxidative stress and detoxification of xenobiotics (Barrett, 1997) 

which aids in parasite survival.  
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Figure 1.6: The different modes of the PPP in Plasmodium. In mode 1, the parasite 
requires both D-ribose-5-phosphate and NADPH. In mode 2, more ribose 5-phosphate is 
required than NADPH. Ribose 5-phosphate is synethesized by the non-oxidative branch of 
the PPP using fructose 6-phosphate and glyceraldehyde 3-phosphate, which are both 
supplied by glycolysis. Mode 3 involves the biosynthesis of NADPH and ATP but not D-ribose-
5-phosphate. To generate both NADPH and ATP, ribulose-5-phosphate is converted to 
fructose-6-phosphate and glyceraldehyde-3-phosphate, which are directed into glycolysis. 
Adapted from (Bozdech and Ginsburg, 2005). 
 

Metabolic differences observed between the host and parasite may provide insight 

into novel biochemical pathways or enzymes, which can be exploited quantitatively 

through the selection of metabolic pathways or enzymes that exert a high level of 

metabolic control in the parasite but much less control in the host. The exploitation of 

metabolic differences may result in the development of novel antimalarial therapeutics 

that target previously untargeted metabolic pathways (Verlinden et al., 2001).  
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1.5 Antimalarial therapeutics  

 

Antimalarial therapeutics aim to either prevent or eliminate dormant and circulatory 

forms of the Plasmodium parasite (Hobbs and Duffy, 2011). ACTs have proven 

effective in the treatment of uncomplicated cases of P. falciparum infections (WHO 

World Malaria Report, 2016). Their efficacy is due to the combination of a fast acting 

artemisinin component, which is responsible for rapid parasite clearance, and a slow 

acting drug partner, which eliminates remaining parasites and suppresses the 

selection of artemisinin resistant parasites (Lunev et al., 2016). Antimalarial 

compounds can be classified into classes based on either the chemical structure or 

the mechanism of action: endoperoxides, 4- and 8-aminoquinolines amino alcohols, 

antifolate, antibiotics, sulphonamides and “other” antimalarial chemical compounds 

such as riboflavin, methylene blue and atovaquone (Table 1; Delves et al., 2012).  
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Table 1: The use, mechanism of action and resistance of quinolones, artemisinins and antifolates. 

Pharmacological 

class 

Compound name Use Mechanism of 

action 

Mechanism of resistance 

Quinolines and 

derivatives 

Quinine Chemotherapy (severe malaria)  

 

Inhibits the 

polymerization of 

toxic haem to 

haemozoin 

  

Mutations in the chloroquine 

resistance transporter PfCRT 

and in the multidrug 

resistance 1 gene, PfMDR1 

Chloroquine 

disulphate 

Chemotherapy (non-falciparum 

infections) and chemoprohylaxis  

Mutations in PfCRT 

Mefloquine Chemotherapy (non-falciparum 

infections) and chemoprohylaxis 

(non-severe P. falciparum) 

Mutations in PfMDR1 and 

PfCRT  

Halofantrine Treatment of suspected multi-

drug resistant P. falciparum 

infections  

Artemisinins (ART) Arteether Treatment of multi-drug resistant 

P. falciparum infections 

Antimalarial activity 

is due to the 

presence of an 

endoperoxide moiety 

Mutations of the Kelch 13 

(K13) gene gives rise to 

delayed parasite clearance 

and recrudescence 

Artemether 

Artesunate 

Dihydroartemisinin 

Antifolates Sulfonamides 
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Compiled from: Viti, Tatti and Giovannetti, 2016; Warhurst, 2001; Foley and Tilley, 1997; Travassos and Laufer, 2009; Edwards and Odom 

John, 2016; Krishna, Uhlemann and Haynes, 2004; Mok et al., 2015;  Ndiaye et al., 2005. 

 

 

 

 

Sulfones Treatment of non-severe P. 

falciparum infections which are 

chloroquine resistant  

Inhibition of 

dihydropteroate 

synthase (DHPS) 

which is essential for 

folate synthesis  

Point mutations occurring in 

DHPS and DHFR genes 

Pyrimethamine Targets the asexual erythrocytic 

life cycle and young 

gametocytes 

Inhibition of the 

folate enzyme, 

dihydrofolate 

reductase (DHFR) 

Biguanides 

Quinazolines 
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Despite the various antimalarial classes used therapeutically, the emergence of 

multidrug resistant strains of Plasmodium has hindered efforts to control and eliminate 

malaria (Cui et al., 2015). Antimalarial resistance has been identified in both P. vivax 

and P. falciparum parasites against frequently administered antimalarials, such as 

chloroquine disulphate (CQ), pyrimethamine (PYR) (Warhurst, 2001; Travassos and 

Laufer, 2009) and more recently towards artemisinin (ART) (Cui et al., 2015). The 

genome of P. falciparum encodes for multiple predicted transporters; polymorphisms 

that occur in these transporter proteins mediate resistance towards specific 

antimalarial compounds through an increase in efflux of the compound from the cell. 

Plasmodium falciparum chloroquine resistant transporter protein (PfCRT) (Table 1) 

encodes for a food vacuole membrane protein. A single mutation, K76T, mediates 

chloroquine resistance through an increase in the export of the compound from the 

food vacuole of the parasite. Parasites that display resistance towards the artemisinin 

family drugs may contain a Kelch 13 (K13) gene polymorphism (Table 1) which confers 

a delayed parasite clearance and recrudescence after artemisinin treatment (Cui et 

al., 2015).  

 
The emergence of artemisinin resistant strains of P. falciparum parasites in South-

east Asia (Fairhurst and Dondorp, 2016; Santos and Torres, 2013) and reported cases 

in Africa (Asia et al., 2017; Sutherland et al., 2017) has galvanised the need to advance 

the discovery of novel antimalarial compounds through preclinical pipelines and into 

clinical trials (Fairhurst and Dondorp, 2016). It has been estimated that if multidrug 

resistant parasites continue to emerge, the mortality rate will increase annually by 150 

000 (Lyttleton, 2016). To reduce the emergence of multidrug resistant Plasmodium 

strains, novel antimalarial compounds with different mode(s) of action (MOA) to that 

of currently administered antimalarials are required.  

 

1.5.1 Antimalarial drug discovery 

 

Various strategies exist for the identification and development of novel antimalarial 

compounds, such as phenotypic-based or target-based assays (Figure 1.7). 

Phenotypic screening involves evaluating large libraries of compounds that cause an 

inhibition in the viability of the whole-cell parasite. In this case, the biochemical target 
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of the compound is unknown and is only further investigated during the lead 

optimisation phase of the drug discovery and development pipeline (Katsuno et al., 

2015). Alternatively, with target-based screening, compound libraries are screened 

against specific biochemical protein targets that were previously shown to be integral 

for the survival of the parasite (Flannery, Chatterjee and Winzeler, 2013). 

Subsequently, further studies are required to determine if the inhibition of a 

biochemical target translates to whole-cell inhibition of parasite proliferation (Flannery, 

Chatterjee and Winzeler, 2013; Figure 1.7). 

 

 

 

 

Figure 1.7: The differences between target-based and phenotypic-based assays. (A) 
Phenotype-based assays begin with whole-cell screening assays to identify if a candidate 
compound has an effect on biological processes (MOA) such as proliferation or parasite death 
(Hovlid and Winzeler, 2016). Thereafter; potential compound candidates undergo target 
identification assays such as affinity purification and metabolic profiling to identify the protein 
(target) inducing the phenotypic change (Hovlid and Winzeler, 2016). (B) Target-based 
approaches begin with a pre-identified target (mechanism of action); thereafter, candidate 
compounds that bind to the target of interest are identified through simple biochemical assays 
that mimic and miniaturize physiological events (Okombo and Chibale, 2017) and screened in 
whole-cell screening assays to validate the biological effects of the potential compound 
candidate.  

 

The majority of antimalarial compounds currently used were identified through 

phenotypic screening, and not through the pre-identification of a specific target in 
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Plasmodium (Fidock et al., 2004). This is mostly due to the fact that access to the 

parasite (and thus the biological target in situ) is restricted as the parasite is enclosed 

by three membrane systems (Bannister, 2001). Phenotypic screening therefore allows 

for the direct identification of compounds that are able to transgress the three 

membrane systems of the parasite, which allows for the identification of the MOA of 

these compounds. The MOA of a compound is defined here as the phenotypic result 

of a series of biological processes that occur upon exposure of an organism to a 

chemical entity resulting in either cellular injury, mortality or morbidity (Holsapple et 

al., 2006; Swinney, 2015). By 2015, approximately 6 million compounds have been 

screened in this manner, resulting in 25 000 antimalarial compounds with a half 

maximal activity <1 μM against P. falciparum parasites (Wells, van Huijsduijnen and 

Van Voorhis, 2015). Both phenotypic-based and target-based screening assays 

represent two complimentary approaches for the identification of viable medicinal 

chemistry starting points (Okombo and Chibale, 2017). Target-based screens 

specifically focus on the mechanism of action of a compound, which targets either a 

biological pathway or protein. The mechanism of action of an antimalarial compound 

is defined as the specific biochemical interaction between a compound and target to 

cause a pharmacological effect (Sipes, McQueen and Gandolfi, 1997). For example, 

the mechanism of action of chloroquine is attributed to the inhibition of the 

detoxification of haem (protoporphyrin-IX) to non-toxic haemozoin (Chou, Chevli and 

Fitch, 1980, Figure 1.8).  
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Figure 1.8: The mechanism and mode of action of CQ. In the malaria-infected erythrocyte, the intraerythrocytic parasite catabolizes 
haemoglobin into amino acids and haem which is its normal biological processes. Haem is a toxic by product of the catabolism of haemoglobin 
and is bio-mineralized by the parasite into its non-toxic form, haemozoin. However, exposure of the parasite to CQ causes an accumulation of 
both haem and CQ within the digestive vacuole. This is referred to as the mechanism of action of CQ as it inhibits the detoxification of haem to 
inert haemozoin (A) which consequently results in its mode of action (B) which is membrane damage and cellular toxicity (Goldberg et al., 1991).
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Several techniques have been used in malaria research to identify the 

mechanism of action of novel and pre-existing antimalarial compounds. 

Identifying the molecular targets that are responsible for the phenotypic effect 

observed in whole cell-based assays is often the most challenging and time-

consuming step in antimalarial drug discovery (Edwards and Odom John, 

2016). Mechanism of action determination techniques include, but are not 

limited to, resistance screening, metabolic labelling and affinity 

chromatography.  

 

Resistance screening characterizes the mechanism of action of antimalarial 

compounds by generating Plasmodium parasites that have acquired resistance 

towards the compound (Erika, David and Winzeler, 2013). Parasites that 

display resistance towards the compound are cloned, the genomic DNA 

isolated and sequenced to identify genetic changes that are associated with 

resistance. Thereafter, the parental and mutant parasite lines are compared to 

each other to identify mutations or copy number variants (CNVs) (Erika, David 

and Winzeler, 2013). For example, Witkowski and colleagues (2010) 

successfully evolved a stable ART resistant line in vitro (Witkowski et al., 2010). 

P. falciparum parasites were exposed to ART across a 3-year time frame, which 

produced a sub-culture of parasites that overcame the toxicity of ART through 

a quiescence mechanism. It was observed that ART resistant parasites stalled 

in the ring stage which is less susceptible to ART treatment. The quiescence 

mechanism is presumed to be a cause of the downregulation of a putative cell 

cycle regulator, PFE415w (Witkowski et al., 2010).  

 

Metabolic labelling has been frequently used to identify the mechanism of 

action of antimalarial compounds as it provides insight into unique biological 

pathways for the identification of novel targets. Traditionally, radiolabelled 

cysteine or methionine has been used to monitor protein synthesis, while the 

incorporation of radiolabelled hypoxanthine is used to monitor nucleic acid 

synthesis. For example, Rosenthal and colleagues (1996) evaluated the effects 

of vinyl sulfone cysteine protease inhibitors on the metabolic uptake of 

radiolabelled hypoxanthine and against the cysteine proteinase, falcipain, a 
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critical haemoglobinase. Several of the compounds inhibited the uptake of 

hypoxanthine, haemoglobin degradation and the development of the parasite. 

The effects observed supported the hypothesis that the antimalarial action of 

vinyl sulfone cysteine protease inhibitors is due to the inhibition of falcipain 

(Rosenthal et al., 1996).  

 

Affinity chromatography is often used to identify the targets of antimalarial 

compounds. The technique involves creating an affinity probe that contains 

both an active and inactive scaffold. The compound that displays drug-like 

activity is modified so that it can be attached to a column and the lysates of the 

organism of interest passed over the column. Thereafter, the different fractions 

are collected and analysed using mass spectrophotometry (Flannery, Fidock 

and Winzeler, 2013). This technique has been successful in identifying the 

targets for small molecules in Plasmodium such as casein kinase 1, a cyclin 

dependant kinase, responsible for proliferation of the parasite, which is the 

intracellular target of purvalanol, a cyclin dependant kinase inhibitor (Knockaert 

et al., 2000; Kato et al., 2008; Green et al., 2016) . 

 

Nevertheless, mechanism of action techniques have several caveats. The 

generation of resistant parasite lines results in numerous random mutations due 

to prolonged culturing and exposure of the parasite to an antimalarial 

compound (McNamara and Winzeler, 2011). Affinity chromatography methods 

rely on large quantities of lysates for the identification of a target posing a 

problem as lysates can be heavily contaminated with red blood cells (Flannery, 

Fidock and Winzeler, 2013). Target-based screens are limited since not all 

targets can be successfully purified or prepared in a manner that is suitable for 

biochemical evaluation. Furthermore, signals obtained from biochemical 

assays are solely capable of providing a physiological landscape that is either 

tissue-specific or involved in intracellular drug activity to a limited degree of 

accuracy (Okombo and Chibale, 2017). Target-based screens are solely used 

for the identification of the mechanism of action and target of an antimalarial 

compound. However, if the target cannot be identified through mechanism of 
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action studies, the MOA of the compound and its effects on the cell can be 

identified.  

 

The MOA of an antimalarial compound is defined as the phenotypic outcome 

of a series of biological processes and events that occur upon exposure of an 

organism to a drug or chemical entity, which results in cellular injury, mortality 

or morbidity (Holsapple et al., 2006; Swinney, 2015; Figure 1.7). The MOA of 

chloroquine is the damage to the lysosomal system which is the first 

morphological change that is observed after exposure of trophozoite-stage P. 

falciparum parasites to the drug (Slater, 1993). The swelling of lysosomes and 

the accumulation of endocytic vesicles in the central food vacuole containing 

undigested haemoglobin results in parasite death due to starvation, toxicity, 

subsequent membrane damage and the inhibition of biochemical reactions 

(Ginsburg and Golenser, 2003; Slater, 1993, Figure 1.7). MOA studies are 

performed using phenotypic-based assays instead of target-based assays as 

they have the advantage of identifying new protein targets unlike target-based 

screens which are reliant on known biochemical pathways and protein targets 

(Sykes and Avery, 2013). Antimalarial compounds may also affect multiple 

protein targets or biochemical pathways, which would not be identified in a 

typical biochemical screen. 

 

Phenotypic-based methods are capable of identifying the MOA as the whole 

organism is exposed to the compound and therefore all the protein targets and 

biological pathways associated with it are subsequently affected. Cell 

membrane permeability and access to protein targets in their “natural” 

environment are taken into account in phenotypic screens (Sykes and Avery, 

2013). Various strategies exist for the identification of the MOA of an 

antimalarial compound. The incorporation of [3H]-hypoxanthine by the parasite 

was the initial assay of choice due to its efficacy and cost-effectiveness (Sykes 

and Avery, 2013). However, alternative approaches such as, fluorescence 

based-assays which use stains such as Hoescht, SYBR Green (Johnson et al., 

2007) and 4’,6-diamidino-2-phenylindole (DAPI) (Baniecki, Wirth and Clardy, 

2007), which are incorporated into DNA have been used to measure the effects 
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of antimalarial compounds on parasite proliferation. Not all of these assays are 

suitable for high-throughput screening due to several factors such as cost, 

robustness and assay stability. To circumvent these factors, functional genomic 

tools which provide a global analyses of the MOA of an antimalarial compound 

are preferred.  

 

1.6 Functional genomics  

 

Functional genomics is defined as a field of study which aims to describe the 

functions and interactions of genes and proteins on a genome-wide scale 

(Bunnik and Roch, 2013). Functional genomic technologies are predominantly 

focused towards identifying cellular phenotypes, which arise from genome-wide 

perturbations (Ketteler, 2015). Data obtained from DNA sequencing, gene 

expression, protein function and metabolic profiling are combined to model 

dynamic networks that provide insight into gene expression, cell differentiation 

and cell cycle progression of an organism (Bunnik and Roch, 2013). Functional 

genomic tools that have been used to elucidate the MOA of antimalarial 

compounds include transcriptomics (Hu et al., 2010; Siwo et al., 2015) and 

metabolomics (Cobbold et al., 2016; Allman et al., 2016) which aim to describe 

the function and interactions of genes.  

 

Transcriptomic analyses involves both the quantitative or qualitative study of 

RNA molecules on a genome-wide scale. Initially, transcriptomic studies were 

designed to quantify the expression levels of protein encoding genes with the 

assumption that it would provide insight into protein expression levels. 

However, with the progression of transcriptomic technologies, transcriptomics 

provides a deeper understanding of the complexities of alternate splicing 

events, the regulation of gene expression and allows for the accurate 

construction and annotation of complex genomes (Lee et al., 2018). 

Transcriptomic data for P. falciparum MOA determination has been published 

by Hu et al. (2010) and Siwo et al. (2015).  
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Hu and colleagues (2010) identified changes in the gene expression of P. 

falciparum parasites induced by 20 different compounds that inhibit growth of 

the schizont stage of the intraerythrocytic development cycle. Inhibitors of 

calcium-dependant kinases and the calcineurin pathway inhibited the 

development of the schizont stage, whereas compounds such as trichostatin A 

and staurosporine cause an arrest in the development of the intraerythrocytic 

developmental cycle (Hu et al., 2010). Siwo and colleagues (2015) 

transcriptionally profiled the effect of 31 chemically and functionally diverse 

small molecules on P. falciparum. This approach revealed transcriptional 

changes in specific metabolic pathways and supported the notion that ART 

targets the cell cycle and lipid metabolism, which leads to parasite death (Siwo 

et al., 2015). Several intrinsic limitations are associated with transcriptomic 

techniques. For example, RNA sampling at specific time-points provides a static 

measurement and may not consider cyclical changes that occur in gene 

expression patterns of the parasite. Changes in gene expression levels at the 

transcript level cannot be directly correlated to changes in the levels of proteins. 

An increase or decrease in total RNA detected on microarrays is not indicative 

of the downstream processes of protein synthesis, post-transcriptional 

modification and protein stability in the parasite (Hu, 2016). 

 

By contrast, metabolomics is the study of the entire complement of metabolites 

in a biological system. The complement of metabolites includes amongst 

others, sugars, amino acids and fatty acids, which perform critical functions 

such as energy storage, signal transduction, maintaining cellular structure and 

feedback regulation of gene expression (Lakshmanan, Rhee and Daily, 2011). 

Metabolomic-based techniques can measure the complement of metabolites of 

a cell in response to environmental perturbation such as compound treatment. 

For example, a dual gas chromatography, GC-MS and liquid chromatography, 

LC-MS approach was used to identify changes in metabolites induced by 

antimalarial compounds in asexual parasites (Cobbold et al., 2016). The 

mechanism of action of several antimalarial compounds has been determined. 

For example, it was identified that DHA disrupts both haemoglobin catabolism 

and pyrimidine biosynthesis leading to parasite death. In addition, it was shown 
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that the mammalian target of rapamycin, Torin 2, affects haemoglobin 

catabolism in the parasite (Cobbold et al., 2016). In a second study, ultra-high 

performance liquid chromatography mass-spectrophotometry (UHPLC-MS) 

was used to create a metabolic fingerprint of 189 antimalarial compounds 

including 169 drug-like antimalarial compounds. The generation of a metabolic 

fingerprint provided insight into the modes of action of each antimalarial 

compound through the generation of information on the biochemical pathways 

that are perturbed in the parasite subsequent to antimalarial treatment (Allman 

et al., 2016).  

 

A limitation to metabolomic studies includes the impact of antimalarial treatment 

on both parasite growth and viability, which may alter metabolite abundances, 

independent of the target of the compound. In addition, metabolomics 

approaches require multiple controls and time courses. Samples are destroyed 

at each time-point, the same sample cannot be measured at each time-point 

and multiple compound concentrations are required to delineate metabolic 

alterations from non-specific stress responses (Creek and Barrett, 2014). 

Taken together, these studies highlight the limitations of both transcriptomic 

and metabolomic analyses for the delineation of the MOA of antimalarial 

compounds.  

 

For MOA studies to be routinely used in drug discovery programmes, cost 

effective, high-throughput and time-efficient platforms are required. Ideally, the 

platform must allow real-time, in situ evaluations of the biochemical 

perturbations that occur subsequent to compound treatment in the parasite. 

Phenomics, the study of the complete phenotype of a cell (or organism) in a 

given point in space and time, may provide such alternatives. 

 

1.7 Phenomics  

 

The phenotype of a cell or organism comprises the complete set of all 

observable cellular molecular traits manifested due to the combined influence 

of both genetic and environmental factors (Bilder et al., 2009). Phenomics is 
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defined as the systematic study of different phenotypes of a cell on a genome 

wide scale (Bilder et al., 2009). Phenomics has been established in the fields 

of neuropsychiatry (Bilder et al., 2009; Manev and Manev, 2010), disease 

therapy (Hegele and Oshima, 2007) and plant phenotyping (Dhondt et al. 2013;. 

Goggin et al. 2015). 

 

The advent of high-throughput platforms for the analysis of metabolic 

phenotyping of mammalian cell lines has resulted in a decrease in both cost 

and time (Bochner et al., 2011). For example, the Seahorse XF analyser 

(Ribeiro, Giménez-Cassina and Danial, 2015), measures the extracellular 

acidification rate of culture media as an assessment of glycolysis (Wu et al., 

2006) and the BioProfile Analyzer is used to measure the levels of glucose and 

lactate in cell culture media (Teslaa and Teitell, 2014). By contrast, the 

Phenotype MicroArray platform can be used to measure energy production by 

the catabolism of substrates such as carbohydrate sources to generate a 

phenotypic profile of the organism in real-time (Bochner et al., 2011). 

 

1.7.1 The Phenotype MicroArray platform 

 

The Phenotype MicroArray (PM) platform measures the ability of an organism 

to use different substrates and measures the resultant NADH that is produced 

as a product of catabolic pathways (Bochner et al., 2011). The platform aims to 

quantitatively assess an organism’s physiological response to changes in 

environmental factors and metabolites. The system has medium-throughput 

capacity through 96-well plates, each pre-coated with either a carbon or 

nitrogen substrate per individual well (Bochner et al., 2011). The ability of added 

cell suspensions to use metabolites and produce NADH is evaluated 

colourimetrically (detection of reduced formazan from tetrazolium) as a proxy 

of metabolic activity in the cell (Figure 1.9) (Bochner, 2001).  
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Figure 1.9: The principle of the PM platform for the identification of changes in 
the phenome of an organism. Normal cellular growth conditions permit the transport 
and catabolism of substrates resulting in the production of NADH. NADH causes a 
reduction in a tetrazolium dye from a colourless dye to purple formazan, with the 
intensity of the colour change of the tetrazolium dye directly related to the amount of 
NADH produced.  
 

The PM platform has been used to determine bacterial cell metabolism and 

metabolic regulation (Scaria et al., 2015) it has been used for the assessment 

of environmental perturbations (Baarda et al., 2017), optimization of growth 

conditions for cell systems (Lei and Bochner, 2013) and the investigation of the 

effects of different compounds and chemical stimuli on metabolic pathways 

(Viti, Tatti and Giovannetti, 2016). The success of using PM in MOA analyses 

in the identification of novel antimicrobials (Bourne et al., 2012) suggests that 

this technology may be applied to P. falciparum parasites to identify the MOA 

of antimalarial compounds, specifically the effect that antimalarial compounds 

have on substrate use by Plasmodium parasites.  
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Therefore, the goal of this project was to perform a proof of principle study of 

untreated P. falciparum parasites compared to parasites treated with known 

antimalarials. This was achieved by obtaining a phenotypic profile of untreated 

parasites compared to drug-treated P. falciparum parasites with the antimalarial 

compounds CQ disulphate, DHA and PYR as these compounds have distinctly 

different intracellular targets and known MOA.  
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Hypothesis 

 

The Biolog Phenotype MicroArray platform can be used to detect differences in 

the MOA of antimalarial drugs on asexual P. falciparum parasites.  

Aim  

 

To establish and compare phenome profiles of P. falciparum parasites following 

drug treatment with the classical antimalarial drugs, CQ disulphate, DHA or 

PYR as descriptors of the MOA of these drugs.  

Objectives 

 

1. To confirm the in vitro proliferation inhibition of CQ disulphate, DHA and 

PYR against asexual forms of P. falciparum parasites. 

2. To evaluate the viability of P. falciparum parasites under standard culturing 

conditions as well as PM-specific inoculation fluid. 

3. Determine phenotypic profiles of treated and untreated parasites using the 

PM platform.  

 

The results of this work have been presented as follows: 

 

1. Investigating phenotypic differences of Plasmodium falciparum parasites 

following exposure to classical antimalarial drugs. Joshua A, van Biljon 

R, Birkholtz L.M. and Niemand, J. Medical Research Council’s Office for 

Malaria Research (MOMR) South African Malaria Research Conference, 

July 2016, University of Pretoria. Poster presentation 

 

2. Investigating phenotypic differences of Plasmodium falciparum parasites 

following exposure to classical antimalarial drugs. Joshua A, Birkholtz 

L.M. and Niemand J. University of Pretoria Postgraduate Biochemistry 

Symposium, August 2016 (poster), September 2017 (oral), University of 

Pretoria.  
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3. Investigating phenotypic differences of Plasmodium falciparum parasites 

following exposure to classical antimalarial drugs. Joshua A, Birkholtz 

L.M. and Niemand J. Medical Research Council’s Office for Malaria 

Research (MOMR) South African Malaria Research Conference, 

November 2017, University of Pretoria. Poster presentation 
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Chapter 2 

Materials and methods 

 

2.1  Ethical clearance  

 

P. falciparum (NF54) was obtained from MR4 (Malaria Research and 

Reference Reagent Resource Centre, Manassas, Virginia). All experiments 

were performed at the Malaria Parasite Molecular Laboratory (M2PL), under the 

supervision of Prof L. Birkholtz and Dr J. Niemand in an access controlled P2 

facility. The M2PL has ethical clearance (EC 120821-077; 73/2015) from the 

Faculty of Natural and Agricultural Sciences as well as Health Sciences for the 

in vitro culturing of P. falciparum parasites in human erythrocytes (from 

volunteer donors) as well as for the handling of human blood. 

 

2.1.1 In vitro maintenance of asexual stage P. falciparum parasite 

cultures 

 

Continuous P. falciparum asexual cultures (NF54) were maintained (Trager and 

Jensen, 1976), in either type O+ or A+ human erythrocytes. Human blood was 

collected from consenting donors in a blood bag containing citrate phosphate 

adenine as an anticoagulant (Adcock Ingram, Johannesburg, South Africa) and 

incubated at 4°C for 12 h. The blood was transferred to centrifuge tubes, re-

suspended in a phosphate buffered solution [1x PBS (10 mM Na2HPO4
; 1.4 mM 

KH2PO4; 137 mM NaCl; 2 mM KCl, pH 7.4)] and centrifuged at 3500g (Boeco 

centrifuge c-28, Germany) for 10 min at ambient temperature. Thereafter, the 

supernatant was aspirated and the wash procedure repeated three to four times 

to remove serum and leukocytes. The washed erythrocytes were re-suspended 

in an equal volume of filter sterilized (0.2 μm) complete culture medium, (CM):  

[RPMI-1640 (Sigma-Aldrich, Missouri, USA); 23.81 mM Na2CO3; 80 mg/ml 

gentamycin; 25 mM HEPES, 20 mM glucose; 0.2 mM hypoxanthine and 0.5% 
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(w/v) Albumax II] resulting in a 50% haematocrit solution and stored at 4°C for 

no longer than 3-4 weeks.  

 

P. falciparum (NF54) infected erythrocytes stored in cryotubes, were removed 

from liquid nitrogen storage, thawed and re-suspended in 0.2 ml of sterile 12% 

(w/v) NaCl solution which was added to increase the osmolarity of the solution, 

followed by the addition of 1.8 ml of a 0.6% (w/v) NaCl solution. The resultant 

suspension was centrifuged at 3500g for 5 min at ambient temperature and the 

supernatant aspirated. The pellet was re-suspended in complete CM 

supplemented with washed erythrocytes to a final haematocrit concentration of 

5%. The culture was transferred to a 75 cm2 Cellstar culture flask (Greiner bio-

one, Frickenhausen, Germany) and gassed with a hypoxic gas mixture 

containing 5% O2, 5% CO2 and 90% N2 (Afrox, Johannesburg, South Africa) for 

40 s. Gassing the parasite culture with a hypoxic gas mixture mimics the in vivo 

microenvironment within human tissue cells during a P. falciparum infection. 

The flasks were sealed and incubated at 37°C with shaking at 60 rpm (Ratek, 

Orbital Mixer Incubator, Australia), to increase propagation rates and reduce 

the prevalence of multiple infections (Allen and Kirk, 2010).  

 

Parasite growth was monitored daily by visual microscopic inspection of 

Giemsa stained thin blood smears on a microscopy slide at 1000x magnification 

(Nikon Digital Sight, Nikon, Japan, 100x oil immersion lens). The slides were 

fixed with methanol (Sigma-Aldrich) for 10 s and stained with a 10% (v/v) 

Giemsa stain solution (Merck, Darmstadt, Germany) for 5 min. The percentage 

parasitaemia (percentage of total erythrocytes infected with P. falciparum 

parasites) was maintained at 3-5%, with a 5% haematocrit, with daily 

replacement of CM.  

 

2.1.2 Sorbitol synchronization of asexual NF54 P. falciparum parasites 

 

Sorbitol synchronization was used to selectively lyse mature forms of P. 

falciparum (trophozoites and schizonts) without affecting uninfected 

erythrocytes or ring stage parasites (Lambros and Vanderberg, 1979). Majority 
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ring stage intraerythrocytic P. falciparum parasite cultures (3% parasitaemia, 

5% haematocrit) were centrifuged at 3500g (Boeco centrifuge c-28, Germany) 

for 2 min at ambient temperature. The supernatant was aspirated and 10x the 

pellet volume of 5% (w/v) D-sorbitol (pre-heated to 37°C) was added, mixed 

and incubated at 37°C for 7 min. Thereafter, the suspension was centrifuged at 

3500g for 2 min, the supernatant aspirated and 10x the pellet volume of a 1x 

PBS was used to wash the parasite pellet. The parasite pellet was washed 3x 

with PBS and then re-suspended in CM (3% parasitaemia, 5% haematocrit).  

 

2.1.3 Intraerythrocytic P. falciparum parasite in vitro proliferation 

inhibition assay  

 

The in vitro antiplasmodial activity of CQ disulphate, DHA or PYR were 

confirmed against intraerythrocytic P. falciparum NF54 parasites, using the 

SYBR Green I fluorescence assay (Bennett et al., 2004; Smilkstein et al. 2004; 

Verlinden et al. 2015). Erythrocytes lack DNA, whereas P. falciparum parasites 

contain DNA, which can be measured as an indication of proliferation under 

different conditions. The DNA within the sample can be quantified following 

staining with a fluorescent dye like SYBR Green I, which selectively binds to 

double stranded DNA (Smilkstein et al., 2004). A stock solution of CQ 

disulphate (Sigma-Aldrich, Missouri, USA) at 10 mM was prepared in 1x PBS, 

filter-sterilized (0.22 μm) and aliquots stored at -20C. PYR and DHA (Sigma-

Aldrich, Missouri, United States) were prepared to a final stock concentration 

of 10 mM in dimethyl sulfoxide (DMSO) and stored at -20C. The parasites were 

synchronised as outlined in section 2.1.2 to obtain approximately 95% ring-

stage parasites.  

 

CQ disulphate (1 mM) was used as a positive drug control and was compared 

to untreated parasites which served as the 100% viable parasite control. Stock 

solutions of each antimalarial compound was serially diluted before use in CM 

to achieve desired range of concentrations. Parasite suspensions (1% 

parasitaemia, 1% haematocrit) were individually treated with the three 

antimalarial compounds in 96-well microtiter plates. Plates were incubated in a 
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sealed modular gas chamber, gassed with a hypoxic gas mixture and incubated 

for 96 h at 37°C. The contents of each well were re-suspended and transferred 

(100 μl) to a clean 96-well plate. To each well, 100 μl of SYBR Green I lysis 

buffer [0.2 μl /mL of 10 000 x SYBR Green I dye (Invitrogen); 20 mM Tris (pH 

7.5); 5 mM EDTA; 0.008% (w/v) saponin and 0.08% (v/v) Triton X-100] and 

incubated in the dark at ambient temperature for 1 h. The fluorescence of each 

well was measured using a GloMax-Multi microplate fluorimeter (Promega, 

Wisconsin, USA) at an excitation wavelength of 490 nm and an emission 

wavelength of 540 nm. The proliferation of drug-treated parasites was 

expressed as a percentage of the untreated parasite proliferation after 

subtraction of the averaged fluorescence emitted by the negative control. The 

in vitro activity of all three antimalarial compounds was defined as the 50% 

inhibitory concentration (IC50), which was determined from three independent 

biological experiments, performed in triplicate with the standard error of the 

mean indicated. Dose response curves were generated for each test compound 

using GraphPad Prism® version 6.0c (GraphPad Software, San Diego 

California, USA).  

 

2.2 Magnetic enrichment of intraerythrocytic P. falciparum parasites with 

VarioMACS 

 

Magnetic enrichment was used to isolate trophozoite and schizont-stage 

infected erythrocytes from uninfected erythrocytes and other P. falciparum life 

cycle stages. Magnetic-activated cell sorting is a technique used to separate 

cells by applying a magnetic field (Kim, Wilson and DeRisi, 2010). During the 

IDC, trophozoite-stage P. falciparum parasites catabolize haemoglobin, with 

concomitant accumulation of toxic haem, which is converted to insoluble 

haemozoin crystals (Moore et al., 2006). Haemozoin crystals have 

paramagnetic properties due to the unpaired electrons of the Fe3+ iron 

(Coronado, Nadovich and Spadafora, 2014), which can be used to separate 

infected trophozoite and late stage trophozoites and schizonts from uninfected 

erythrocytes using magnetic separation systems (Spadafora, Gerena and 

Kopydlowski, 2011). A 3% parasitaemia, 5% haematocrit intraerythrocytic P. 
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falciparum parasite culture was centrifuged at 3500g for 3 min and re-

suspended in 20 ml complete CM before loading the culture onto a CS column 

containing plastic coated ferromagnetic fibres placed into the VarioMACS 

magnetic separator (Miltenyi Biotec, Australia). Trophozoite-stage parasites 

were retained in the column matrix, while uninfected or ring-stage infected 

erythrocytes passed through. The CS column was washed with 2 column 

volumes of pre-warmed (37°C) complete CM. The column was removed from 

the magnetic field and a 2 column volume of pre-warmed (37°C) complete CM 

was added to elute the trophozoites. The eluent was centrifuged at 3500g (C-

28, Boeco, Germany) for 3 min, the supernatant aspirated and the parasite 

pellet washed twice with 1x PBS, before re-suspending the parasite pellet in 

complete CM. Enriched trophozoites recovered from the eluent were counted 

using an improved-Neubauer, Bright-line haemocytometer (Sigma-Aldrich, 

Missouri, USA) for subsequent experiments requiring the estimation of parasite 

cell number. The percentage parasitaemia was estimated by microscopic 

examination of Giemsa-stained smears to determine the enrichment of the 

parasite culture. 

 

2.3  Lactate dehydrogenase viability assay 

 

Intraerythrocytic P. falciparum parasite viability was measured over time in 

either CM or in inoculation fluid medium 2 positive (IF-M2+, a proprietary RPMI 

1640 without amino acids, phenol red and glutamine, Biolog Inc., Hayward, 

USA, supplemented with 80 mg/ml gentamycin and supplemented with 

glucose) in the absence or presence of CQ disulphate, DHA or PYR using the 

Plasmodium lactate dehydrogenase (pLDH) assay. The pLDH assay assesses 

the metabolic activity of the enzyme lactate dehydrogenase (Wiwanitkit, 2007). 

pLDH is an enzyme required in carbohydrate metabolism (Basco et al., 1995) 

which causes the oxidation of lactate to pyruvate with concomitant reduction of 

3-acetylpyridine adenine dinucleotide (APAD+) to APADH. APADH together 

with phenazine ethosulfate (PES) causes a reduction in a yellow tetrazolium 

dye, nitroblue tetrazolium (NBT), to a blue diformazan compound (Markwalter, 

Davis and Wright, 2016; Makler and Hinrichs, 1993).  



35 

 

The reduction of NBT can only occur if the cell is viable and metabolically active. 

Enriched trophozoite-infected erythrocytes (~95% parasitaemia, 10 000 

cells/well, 50 μl) were incubated in either CM (positive control for parasite 

viability) or IF-M2+ in the absence or presence of CQ disulphate (160 nM), DHA 

(8.8 nM) or PYR (160 nM) added at 10x the IC50 to ensure parasite response, 

in triplicate. The 96 well microtiter plates were incubated in a sealed modular 

gas chamber, gassed with a hypoxic gas mixture for 24 h with sampling every 

3 h at 37C. 

 

The signal produced by the samples, was measured every 3 h for 24 h and 

served as an indicator of pLDH activity. Malstat reagent (0.21 % v/v Triton-100; 

222 mM L-(+)-lactic acid; 54.5 mM Tris; 0.166 mM ; APAD (Sigma-Aldrich, 

Missouri, USA); adjusted to pH 9 with 1 M NaOH) was added to the parasite 

suspension (1:5 v/v, 120 μl final volume). Thereafter, 25 μl PES/NBT (0.239 

mM phenazine ethosulphate/1.96 mM NBT) was added to each well and the 

plates incubated in the dark at ambient temperature for 30 min. The end point 

reaction products were measured spectrophotometrically using a Multiskan 

Ascent 354 multiplate scanner (Thermo Labsystems, Finland) at 620 nm. All 

parameters were calculated from at least three independent experiments. 

Signal production was determined for parasites treated with CQ disulphate, 

DHA or PYR at 0 h and 12 h. The controls in each experiment were enriched 

trophozoites in either CM or IF-M2+ at time-point zero (T=0). Thereafter, 

background subtraction of either IF-M2+ or CM devoid of erythrocytes was 

performed. Results from each condition were expressed as the percentage 

viability compared to CM at T=0. Statistical significance between the means of 

the different culture medium conditions and antimalarial compounds across the 

24 h incubation period was measured with an unpaired student-t test. All 

statistical analyses was generated with GraphPad Prism® version 6.0c 

(GraphPad Software, San Diego California, USA). 
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2.4  Determination of carbohydrate substrate use in untreated and treated 

trophozoite-stage infected erythrocytes using the PM platform  

 

To measure the MOA that CQ disulphate, DHA or PYR treatment has on 

carbohydrate substrate use, the PM platform was used to obtain a phenotypic 

profile of treated and untreated trophozoite-stage P. falciparum parasite. 

(Bochner et al., 2011). Untreated enriched trophozoite-stage P. falciparum 

parasites (95% parasitaemia) or parasites treated with 10x IC50 CQ disulphate 

(160 nM), DHA (8.8 nM) or PYR (160 nM) were seeded at 10 000 cells per well 

(50 μl) in 96 well microtiter plates that were pre-coated with various 

carbohydrate substrates (PM-M1, Biolog Inc. Hayward, USA; see appendix 

table 1 for a complete list of metabolites) in IF-M2+. Following a 1 h incubation 

at 37°C, Biolog redox dye mix MA (final concentration of 500 μM) was added to 

each well, the plates placed in a glass desiccator with a lit candle and sealed 

until the flame burnt out as described previously to create hypoxic conditions 

(Jensen and Trager, 1977). Thereafter, the plates were sealed and formazan 

production measured at 37°C every 15 min for 12 h in Biolog's OmniLog® 

automated incubator-reader. Raw data files were supplied in the format of .oka 

files, which were subsequently converted to a .csv file using the kinetic module 

of the Omnilog® PM software (BiOLOG Inc, 2009) for further downstream 

analysis in RStudio (RStudio Team, 2016). 

 

2.5  Analyses of PM data 

 

PM data (given as “Omnilog values”, Figure 2.1) obtained from Biolog's 

OmniLog® automated incubator-reader was adjusted by subtracting the 

average values of the three negative control wells (devoid of carbohydrate 

substrates) at each time point. Thereafter normalization was performed to 

reduce variability amongst the different experiments using a modified version 

of the biolog decomposition script (Vehkala et al., 2015) to analyse Phenotype 

MicroArray data, using RStudio (v 3.1.1) (R Core Team, 2016). Normalisation 

was achieved by assigning the array that is the most similar to all the other 

replicates in the experiment as a reference array, and adjusting the metabolic 
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profiles of the other replicates to the reference array. This was done by 

multiplying the non-reference arrays with a normalization factor, which is the 

ratio of the base curves of the reference array being investigated. The base 

curves are identified by fitting a linear model for non-active metabolic profiles 

or a logistic model for active metabolic profiles (Vehkala et al., 2015). Omnilog 

values’ can be graphed as a kinetic response curve to obtain kinetic growth 

parameters such as the area under the curve (AUC, total formazan production 

over time), slope (rate of formazan production), length of the lag phase (delay 

in formazan production) and the maximum formazan production (Figure 2.1) 

(Bochner, 2001; Vaas et al., 2012).  

Figure 2.1: A schematic representation of a typical growth curve and the growth 
parameters that can be determined after performing a PM experiment. The 
descriptive growth curve parameters, slope, length of the lag phase, area under the 
curve (AUC), and maximum formazan production are indicated as described in (Vaas, 
Hofner and Gӧker, 2013).  

 

Kinetic growth parameters, including the total formazan production (AUC), 

slope, lag phase and maximum formazan production (Figure 2.1) were 

subsequently calculated using DuctApe (Galardini et al., 2014). Carbohydrate 

substrate use was compared between different experimental conditions using 

a single numerical parameter, termed the activity index value (AIV). The AIV 

was obtained using the dphenome module of the DuctApe software suite 

(Galardini et al., 2014). K-means clustering of the normalized AUC, slope, lag 

phase and maximum formazan production generated clustered curves with 
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similar shapes together, which were then ranked according to the AUC. Both 

qualitative and quantitative information regarding substrate use is obtained, as 

an AIV of 0 indicates no metabolic activity and an AIV greater than 0 indicates 

an increase in metabolic activity, with a higher AIV given to substrates that are 

metabolized at a greater rate (Galardini et al., 2014).  

 

The AIVs were used to generate a metabolic fingerprint of both untreated and 

treated trophozoite-stage P. falciparum parasites using the supraHex package 

for R (Fang and Gough, 2014). The supraHex package creates a two-

dimensional hexagonal fingerprint that arranges related metabolites into small 

hexagons or nodes that are arranged radially outward from the centre based 

on the weight of the vector. The organizational pattern places the most 

influential metabolite nodes on the outer edge of the suprahexagon while 

preserving the input data information such as the dimensionality, distribution, 

distance and clusters, which allows for the identification of metabolites.  

 

A student’s t-test was used to compare the normalized Omnilog values obtained 

for both treated and untreated trophozoites to identify differences in substrate 

utilization. A P value < 0.05 was defined as statistically significant between 

treated and untreated trophozoites. Multi-scatterplots were generated from the 

average of all three biological replicates for each treatment condition, using 

Perseus (Tyanova et al., 2016) with P-values indicated.  
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Chapter 3 

Results 

 

3.1 In vitro P. falciparum parasite culturing 

 

Intraerythrocytic asexual P. falciparum (NF54) parasite cultures (3% 

parasitaemia, 5% haematocrit) were maintained in vitro and the average 

parasitaemia determined through light microscopy of Giemsa stained thin 

smears (Table 2).  

 

Table 2: Microscopic evaluation and characteristic traits of the various life cycle 
stages of P. falciparum (NF54) parasites. The morphology, approximate hours post 
invasion (~hpi) and characteristic traits of each stage are depicted. Images were 
captured at a 1000x magnification after Giemsa staining of thin smear blood 
preparations. 

 

Parasites completed their IDC as expected over 48 h, with each morphological 

stage observed and no abnormalities present. Ring-stage parasites appear as 

two small punctate densities containing a thick rim of cytoplasm containing the 

nucleus, mitochondrion, ribosomes and endoplasmic reticulum at 4-6 hpi 

(Bannister et al., 2000). Approximately 10-14 hpi after the appearance of ring-

stage parasites, early trophozoites are observed, characterized by the 

presence of a haemozoin crystal. During the next 24-28 hpi the early 

trophozoites mature into late trophozoites which contains an enlarged nucleus 
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and the haemozoin crystal (Sherman, 1979). Thereafter, schizogony occurs at 

~30 hpi during which DNA synthesis, nuclear division and the formation of 

merozoite foci occur within the parasite (Bannister et al., 2000). At 46-48 hpi, 

daughter merozoites were fully formed.  

 

3.2  CQ disulphate, DHA and PYR display nM activity against  

intraerythrocytic P. falciparum parasites 

 

The published inhibition of CQ disulphate, DHA and PYR of in vitro proliferation 

of P. falciparum (NF54) parasites was confirmed (Figure 3.1) using a 

fluorescence-based proliferation assay. Dose-response curves for each 

compound was obtained and the respective IC50 values determined. IC50 values 

were confirmed as 16 ± 2 nM for CQ disulphate; 0.88 ± 0.03 nM for DHA and 

16 ± 2 nM for PYR, which are in agreement with previously published IC50 

values of 10 nM CQ, 0.4 nM DHA and 11 nM PYR (Delves et al. 2012; Flannery 

et al. 2013). 

 

Therefore, these three antimalarial compounds were subsequently used to 

measure the MOA in P. falciparum parasites following exposure to these 

compounds. 
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Figure 3.1: Dose response curves of the in vitro proliferation inhibition of 
intraerythrocytic P. falciparum NF54 parasites. Proliferation of asexual ring stage 
parasites (1% parasitaemia, 1% haematocrit) was determined following exposure to 
(A) CQ disulphate (16 ± 2 nM), (B) DHA (0.88 ± 0.03 nM) and (C) PYR (16 ± 2 nM). 
Parasite suspensions were incubated for 96 h at 37ºC and SYBR Green I added after 
a 1 h incubation in the dark at ambient temperature. Data obtained are from 3 biological 
replicates (n=3), each performed in technical triplicate, ± SEM. Where not shown, the 
error bars fall within the symbol. 

 

3.3  Enrichment of trophozoite-stage intraerythrocytic P. falciparum 

parasites 

 

To accurately measure the biological processes that occur in P. falciparum 

parasites following exposure to antimalarial compounds, the background 

erythrocyte signal had to be minimized. This was done by magnetic separation 

of the trophozoite-stage infected erythrocytes from uninfected erythrocytes. 

NF54 asexual P. falciparum parasite cultures (3% parasitaemia, 5% 

haematocrit, Figure 3.2 A) were enriched to a ~95% late-stage trophozoite 

culture (Figure 3.2 B). The morphology of parasite cultures post-enrichment 

was assessed through Giemsa-stained light microscopy, which revealed the 

presence of pyknotic forms of the parasite. These are characterised by a 

reduced cytoplasm volume around a punctate density (arrow in Figure 3.2 B), 

resulting in only 70-80% of the population being viable based on morphological 

evaluation. To compensate for this reduction in viability, all experiments were 

matched, so that a single parasite population was used for each biological 

repeat for simultaneous evaluation of CQ disulphate, DHA and PYR. Any 

observed differences were thus solely due to the different effects of the 

antimalarial compounds, and not due to differences in parasite viability between 

parasite populations. 
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Figure 3.2: Morphology of NF54 P. falciparum parasites prior and post-
enrichment. (A) Trophozoite parasite cultures (3% parasitaemia and 5% haematocrit) 
prior to enrichment and (B) post-enrichment (95% parasitaemia). Images were 
captured at a 1000x magnification after Giemsa staining of thin smear blood 
preparations. Pyknotic morphology are indicated by arrows.  
 

3.4  Determination of the viability of enriched trophozoite-stage infected 

erythrocytes under PM assay conditions 

 

One of the advantages of the PM platform for MOA determination is that a single 

population of live cells is used to measure the biological perturbations arising 

from compound exposure over time. This implies that one must ensure that the 

P. falciparum parasites remain viable under the assay conditions, so as to only 

measure biological effects due to compound exposure, and not general cell 

death responses due to the platform conditions. The viability of enriched 

trophozoites was assessed by measuring the enzymatic activity of pLDH to 

quantify parasite viability and metabolic activity (Makler and Hinrichs, 1993). 

  

The first parameter that was assessed was the maximum time that enriched 

trophozoite-stage P. falciparum parasites remain viable in the substrate-poor 

IF-M2+ required for the PM assay. In this assay, enriched trophozoites were 

incubated in either CM or IF-M2+ for 24 h, with the pLDH activity measured at 

specific time points. Parasite viability was expressed as the percentage of 

untreated CM trophozoites at T=0, to compare differences in viability of 

parasites incubated in IF-M2+ in comparison to CM.  

 

A B 
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No difference was observed in parasite viability in either CM or IF-M2+ from 0 

-12 h (P >0.05, n = 3, unpaired t-test). However, a significant reduction in 

parasite viability in both IF-M2+ and CM was observed after 24 h, in comparison 

to the 0 h time point (Figure 3.3, P<0.05, n=3, unpaired t-test). This indicates 

that enriched trophozoite-stage parasites are equally viable in both CM and IF-

M2+ and the viability is maintained up to 12 h of incubation. Therefore, for 

subsequent experiments, a 12 h incubation for enriched trophozoite-stage P. 

falciparum parasites was thus used. 

 

 

 

 

 

 
 
 
 

 
 
 
 
Figure 3.3: The viability of enriched trophozoite-stage P. falciparum 
parasites over time in either CM or IF-M2+. A ~95% enriched trophozoite P. 
falciparum culture (10 000 cells/well) was incubated for 24 h in either CM or IF-
M2+. Column graphs represent parasite viability expressed as a percentage of 
the untreated CM control (T = 0) after background subtraction. Significance is 
indicated at P < 0.05 (*) as determined with a student-t test. 
 

Subsequently, it was necessary to determine if each of the antimalarial 

compounds had a similar effect on parasite viability in IF-M2+ compared to CM 

(Figure 3.4). This analysis was performed as the available IC50 data obtained 

were derived from parasites incubated in CM and not IF-M2+. IC50 

determinations cannot be performed in IF-M2+, as IF-M2+ is substrate-poor 

and will not support the continued proliferation of the parasite across a 96 h 

incubation time-frame used in the SYBR Green assay. Therefore, enriched 
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trophozoites were incubated in either CM or IF-M2+ with the antimalarial 

compounds, CQ disulphate (160 nM), DHA (8.8 nM) or PYR (160 nM) for 12 h, 

and the pLDH activity measured at 0 h and 12 h (Figure 3.4).  
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Figure 3.4: The effects of CQ disulphate, DHA or PYR against P. 
falciparum parasites in CM or IF-M2+. A ~95% enriched trophozoite P. 
falciparum parasite culture (10 000 cells/well) was incubated for 12 h in either 
CM or IF-M2+ with data collected at 0 h and 12 h. P. falciparum parasites were 
exposed to either (A) CQ disulphate (160 nM), (B) DHA (8.8 nM), or (C) PYR 
(160 nM) after which parasite viability was assessed. Grey bars, parasites 
incubated in CM; white bars, parasites incubated in IF-M2+ Column graphs 
represent parasite viability expressed as a percentage of the untreated control 
after background subtraction. Significance is indicated at P < 0.05 (*) as 
determined with a student-t test. 
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Parasites treated with CQ disulphate displayed no statistically significant 

difference in either CM or IF-M2+ at both 0 h and 12 h (P > 0.05, Figure 3.4 A). 

This may indicate that both CM and IF-M2+ has no effect on the in vitro toxicity 

of CQ disulphate. Parasites incubated in CM displayed a statistically 

significantly lower parasite viability in comparison to parasites incubated in IF-

M2+, suggesting that the toxicity of DHA is greater in CM than in IF-M2+ (P 

<0.05, Figure 3.4 B). By contrast, P. falciparum parasites exposed to PYR 

displayed statistically significant differences in parasite viability for both 0 h and 

12 h. Parasites incubated in CM displayed a lower parasite viability than 

parasites incubated in IF-M2+ at 0 h, showing that PYR has a greater toxicity 

in CM than in IF-M2+ (P < 005, Figure 3.4 C). The results obtained from these 

experiments show that variable differences in the effects of each of the 

antimalarial compounds tested are present when P. falciparum parasites are 

incubated in IF-M2+. Because of these differences, the 10x IC50 values 

measured against P. falciparum parasites in CM were used in the PM platform 

for phenotypic profile identification of each antimalarial compound.  

 

3.5  PM analyses of carbohydrate substrate use by enriched trophozoite-

stage infected erythrocytes in the absence or presence of CQ 

disulphate, DHA and PYR  

 

To determine the effect that CQ disulphate, DHA or PYR exposure have on 

carbohydrate substrate use by P. falciparum parasites, enriched trophozoite-

stage parasites were placed in the mammalian carbohydrate microplate, PM-

M1 and formazan production measured every 15 min over 12 h as an indication 

of NADH production (Figure 3.5). Untreated enriched trophozoite-stage P. 

falciparum parasites served as the untreated control in this experiment. 

Compared with untreated trophozoite-stage P. falciparum parasites, parasites 

treated with either CQ disulphate, DHA or PYR displayed slight variations in 
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colour production (Figure 3.5) which may indicate a perturbation in NADH 

production of treated P. falciparum trophozoites.  

 

Figure 3.5: Representative PM using the PM-M1 microplate, with measurements 
at 0 h and 12 h shown. Enriched trophozoite-stage infected erythrocytes (~95% 
parasitaemia, 10 000 cells/well) in IF-M2+ with dye MA (final concentration 500 μM) 
were incubated at 37°C for 12 h, during which formazan production was measured 
every 15 min. Green blocks indicate the positive control wells (glucose containing 
wells) and the red blocks the negative control wells (substrate free wells).  

 Untreated trophozoites 

CQ disulphate 

DHA 

PYR 

t = 0 t = 12 
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The average signal of the three negative control wells in PM-M1 (indicated in 

red in Figure 3.5), for each test condition was subtracted from the signal 

produced by the substrate-containing wells. Thereafter, normalisation was 

performed to ensure that the biological repeats are comparable to one another 

using a modified version of the Biolog decomposition script (Vehkala et al., 

2015). Normalisation is performed to make the arrays of PM experiments 

comparable with each other. In PM experiments, arrays are not comparable 

regardless of identical experimental condition, as one array may produce a 

systematically stronger or weaker signal than the others. Therefore, 

normalization is required to detect and remove these systematic errors derived 

from other sources such as differential responses to experimental conditions 

(Vehkala et al., 2015). Subsequent to normalisation, a multi-scatterplot was 

generated for each array before and after normalisation to evaluate the 

outcome of the normalisation (Figure 3.6).  

 

The level of marginal significance, which is indicated by P is provided on each 

plot. Prior to normalisation, the P values were variable between each array, with 

untreated trophozoites displaying a P value between the range of -0.03 and -

0.02 (Figure 3.6 A). A similar observation was evident for CQ disulphate (Figure 

3.6 B), DHA (Figure 3.6 C) and PYR (Figure 3.6 D) treated parasites. Following 

normalisation, P values ranged between 0.8 and 0.9 for all arrays belonging to 

a single condition, indicating a high correlation between each array (Figure 3.6).  
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Figure 3.6: Multi-scatterplot of PM data before and after normalisation. The 
average Omnilog values from each biological replicate, following background 

C 

D 
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subtraction across the 12 h time-course were compared to one another for untreated 
trophozoite-stage parasites (A), CQ disulphate (B), DHA (C) and PYR treated (D) 
parasites. Multi-scatterplot’s were generated using Perseus with the level of marginal 
significance indicated by P, n = 3. 

 

The reduction in the variability between each of the treatment conditions 

subsequently allows each treatment condition to be comparable. The 

normalised datasets were thus deemed suitable to proceed with a comparative 

analysis of carbohydrate substrates which were expected to produce a positive 

signal based on literature relative to the experimental findings.   

 

3.6  A Comparison of the phenotypic profile of untreated trophozoites to 

literature 

 

The Phenotype MicroArray platform has not been used in enriched trophozoite-

stage P. falciparum parasites to obtain a baseline phenotypic profile. Therefore, 

it was necessary to identify which carbohydrate substrates are expected to 

produce a positive signal, and compare that to the signals obtained for 

untreated trophozoite parasites. A positive signal was expected if there is 

evidence in literature that the substrate can be taken up by the parasite and/or 

evidence that it is metabolized in a biochemical pathway that results in the 

production of NADH.  

 

To obtain a single quantitative and qualitative value of whether a substrate was 

metabolized by untreated trophozoite-stage P. falciparum parasites, a single 

AIV was calculated. The AIV provides quantitative information on the ability of 

an organism to metabolize a single substrate source in a specific culture 

condition. The parameter is obtained through a k-means clustering algorithm 

on four normalized growth parameters: the AUC, slope, lag phase and 

maximum formazan production (Galardini et al., 2014). 

 

The AIV values were calculated from the average of all three biological 

replicates for untreated P. falciparum trophozoites. An AIV value of zero 

indicated that a substrate did not cause formazan production (NADH production 
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absent). AIV values ranged from 1-9 (Appendix table 4) indicating an increase 

in formazan production with 1-4 classified as a weak positive signal, 5-6 a 

positive signal and 7-9 a very strong positive signal.  

 

A literature analysis of the carbohydrate substrates in PM-M1 revealed that in 

the untreated trophozoites, 12 carbohydrate substrates were expected to 

produce a positive signal by untreated trophozoites.  

 

The experimental data obtained from untreated trophozoites, revealed that 27 

carbohydrate substrates displayed a positive signal, these substrates included 

monosaccharides (dextrin, D-glucuronic acid and D-glucosaminic acid), 

disaccharides (D-maltose, D-cellobiose and gentiobiose) as well as 

trisaccharides (maltotriose and D-melezitose), dicarboxylic acids (succinic 

Acid, L-malic Acid and D-malic Acid) and carboxylic acids (γ-Amino-N-Butyric 

Acid, α-Hydroxy-Butyric Acid, butyric Acid and hexanoic Acid) as shown in the 

Venn diagram (Figure 3.7) and appendix table 4 . These results reveal that both 

new and expected signals were identified in the experimental data. 

 

Of the 27 carbohydrate substrates that displayed a positive signal, 12 of these 

substrates displayed an expected positive signal from the literature and 

included, glycerol, D-glucose-6-phosphate, α-D-glucose, D-fructose-6-

phosphate and D-fructose which are intermediates in the glycolytic pathway 

(Ginsburg and Abdel-Haleem, 2017; Lian et al., 2009), 3-O-methylglucose 

which is a non-metabolizable sugar that can be taken into cells via the parasite’         

s glucose transporter system but not metabolized (Diribe and Warhurst, 1985) 

and adenosine which is required for the synthesis of nucleic acids (Downie, Kirk 

and Mamoun, 2008; Ginsburg and Abdel-Haleem, 2017). In addition, the 

reducing sugars, palatinose, D-tagatose and L-sorbose, which have been 

reported to cause abiotic colour development (Bochner et al., 2011) resulted in 

the greatest AIV value and signal as expected (Figure 3.7; appendix table 4).  
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Figure 3.7: Comparison of PM phenotypic profiles of untreated trophozoites to 

published data. 

The 15 additional carbohydrate substrates, which displayed an unexpected 

positive signal included substrates such as cyclic oligosaccharides (α-

cyclodextrin), monosaccharides (D-glucosaminic acid, D-glucuronic acid, α-

methyl-D-Mannoside, dextrin), the polysaccharide; glycogen, disaccharides (D-

cellobiose, β-gentiobiose and palatinose), the tricarboxylic acid; tricarballylic 

acid and the carboxylic acids; γ-amino-N-butyric acid and α-hydroxy- butyric 

acid (Figure 3.7).  

 

3.7  MOA analyses of the phenotypic profiles of untreated trophozoite-

stage P. falciparum parasites in comparison to treated trophozoites 

 

The phenotypic profiles of both treated and untreated trophozoite-stage 

parasites were analysed across the 12 h time-frame using the averaged AIVs 

and compiled into a heat map using R (Figure 3.8), to enable the identification 

of differences in NADH production subsequent to antimalarial treatment and the 

MOA of each compound.  
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Figure 3.8: Phenotypic profiles of untreated and treated P. falciparum 
trophozoite-stage parasites after 12 h of treatment with either CQ disulphate, 
DHA or PYR. The average AIV values for each treatment condition were obtained 
through k-means clustering (four clusters) on five normalized curve parameters, length 
of the lag phase, total formazan production, maximum formazan production and slope 
using the dphenome module of DuctApe (Galardini et al., 2014). Thereafter, AIVs were 
imported into R for the generation of a heat map. White represents a reduction in NADH 
production and purple represents an increase in NADH production. The colour intensity 
is directly proportional to the production of NADH. Carbohydrate substrates that have 
been discussed are indicated by black boxes. Abbreviations used: untreated 
trophozoites (UT), chloroquine disulphate (CQ), dihydroartemisinin (DHA) and 
pyrimethamine (PYR).  

 

Overall, global differences and similarities were observed between untreated 

trophozoites and treated trophozoite-stage P. falciparum parasites. The use of 

93 carbon sources (excluding the substrate-free wells) displaying diverse levels 

of complexity (monosaccharides, disaccharides, trisaccharide, polysaccharides 

and carboxylic acids) were tested. Clear phenotypic differences were observed 

between untreated trophozoites, CQ disulphate-, DHA- and PYR- treated 

parasites. 

 

Untreated parasites displayed a highly active glycolytic pathway as evident by 

the AIV obtained for glucose in comparison to treated parasites (Figure 3.8) 

highlighting the parasite’s dependency on glycolysis for the rapid growth and 

proliferation of the parasite (Olszewski and Llinás, 2011).  

 

Of the 93 substrates in PM-M1 that displayed a positive signal, CQ disulphate-

treated parasites displayed a 40% (37/93), DHA a 13% (12/93) and PYR an 

18% (17/93) similarity to that of untreated trophozoite parasites. The differences 

in similarities for each antimalarial compound to that of untreated trophozoites 

highlights the differences in MOA of each compound.  

 

DHA-treated parasites displayed the greatest difference in carbon source use 

whereas, CQ disulphate and PYR-treated parasites displayed minor 

differences in carbon source use compared to untreated parasites (Figure 3.8). 

Parasites treated with DHA displayed the greatest alteration in carbohydrate 

metabolism in comparison to untreated trophozoites. This was specifically 
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pronounced in tricarboxylic acid cycle intermediates such as succinic acid and 

D-malic acid as well as substrates that are required for fatty acid metabolism 

and for nucleic acid biosynthesis. AIVs were decreased for the pyrimidine 

analog, uridine, and the purine nucleoside, inosine, indicating that nucleic acid 

biosynthesis is affected by DHA treatment (Figure 3.8). The decreased signal 

observed for uridine, a glycosylated pyrimidine-analog containing uracil, is 

consistent with DHA-induced disruption of pyrimidine biosynthesis (Cobbold et 

al., 2016). The pharmacological class of artemisinins have previously been 

shown to inhibit the enzyme adenylosuccinate synthase, which is essential for 

the biosynthesis of purines, therefore, the observed perturbed utilization of the 

purine inosine corroborates these findings (Ismail et al., 2016).  

 

The altered utilization patterns of DHA-treated parasites are consistent with 

previous literature reports on the pleiotropic nature of artemisinin compounds 

which is attributed to the potency of the endoperoxide bridge found in this 

pharmacological class of compounds (Cobbold et al., 2016). Interestingly, DHA 

was the sole antimalarial compound that significantly (P < 0.05) altered N-

acetylneuraminic acid and L-lactic acid utilization (Figure 3.8, Appendix table 

2). N-acetylneuraminic acid is a monosaccharide that is found in glycoproteins 

and is found on the surface of human erythrocytes, commonly referred to as a 

sialic acid. Sialic acids expressed on the surface of human erythrocytes are 

involved in invasion by P. falciparum parasites (Klotz et al., 1992). The altered 

utilization of N-acetylneuraminic acid is consistent with previous reports of DHA 

hindering parasite-host cell invasion (Ismail et al., 2016).  

 

Parasites treated with DHA displayed a decrease signal for the carbohydrate 

substrate, L-lactic acid, as evident by the decrease in AIV in comparison to 

untreated parasites (Figure 3.8). The decrease in signal observed may be 

attributed to a reduction in the interconversion of pyruvate to lactic acid during 

glycolysis. This may suggest that the enzymatic activity of pLDH is reduced due 

to an increase in oxidative stress and damage that occurs within the parasites 

membrane (Meshnick, 2002; Ismail et al., 2016).  
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Differences in the utilization patterns of fructose phosphates were evident for 

each treatment condition (Figure 3.8). P. falciparum trophozoites treated with 

CQ disulphate and PYR displayed a significant decrease in signal (P = 0.001) 

in the utilization of D-fructose-6-phosphate (Appendix table 2). By contrast, 

DHA-treated parasites displayed a significant decrease in signal (P = 0.01) in 

D-fructose metabolism (Appendix table 2). This suggests that all three 

antimalarial compounds may inhibit the metabolism of fructose phosphates in 

distinct ways either by the alteration of homeostasis of the digestive vacuole or 

through the inhibition of transporters on the digestive vacuolar membrane 

(Cobbold et al., 2016). Compared with CQ disulphate-treated parasites, 

parasites treated with PYR displayed a decrease signal in the use of the 

ribonucleoside, adenosine. Adenosine is involved in the process of purine 

metabolism which is required for the biosynthesis of nucleic acids (Berg, 

Tymoczko and Stryer, 2002). However, it has been shown that PYR causes an 

accumulation of NADPH and deoxyuridine monophosphate due to the inhibition 

of the folate enzyme DHFR (Allman et al., 2016). Therefore, the altered 

utilization of adenosine may be an effect of the inhibition of DHFR. 

 

Previous changes in substrate metabolism were based on the AIV values for 

each treatment condition, therefore, to further delineate the phenotypic 

alterations observed between untreated trophozoites and treated trophozoite-

stage P. falciparum parasites, the three kinetic parameters, AUC, length of the 

lag phase and rate of NADH production were assessed (Appendix table 3). 

Globally, the carbon sources that were identified as displaying alterations in 

NADH production, was indicated by a statistically significant difference in AIVs 

compared to untreated trophozoites for the kinetic parameter, AUC. Therefore, 

both the AIVs and AUC values obtained corroborate each other. Significant 

differences were identified in the rate of colour production and the length of the 

lag phase, which distinguishes each antimalarial compound into a specific 

phenotypic profile (Appendix table 3).  

 

The AIVs obtained for each of the treatment conditions, identified DHA-treated 

parasites as displaying the greatest perturbation in carbon use. However, 
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investigation of the kinetic parameters has shown that DHA treatment 

significantly affects the lag phase of three carbon sources, D-glucuronic acid, 

D-tagatose and tricarballylic acid (Appendix table 3). This shows that the AIVs 

obtained are useful to globally compare large datasets, however, information 

on kinetic parameters such as the rate of colour production and length of the 

lag phase are masked from analysis. Formazan production curves may have 

similar AIVs due to similar AUC values, but differ in their curve shapes (Figure 

3.9). For example, a formazan production curve with a low rate of colour 

production but a high final maximum value may have the same AUC as a curve 

with no lag phase, a high rate of colour production but a low maximum value of 

final colour production (Figure 3.9).  

 

 

Figure 3.9: A schematic representation of formazan production curves that have 

similar AUC values but differ in their curve shapes. 

This means that each parameter must be investigated individually to obtain a 

clear profile of carbohydrate substrate use. DHA-treated parasites displayed no 

statistically significant differences, for all three kinetic parameters (P > 0.05) in 

the catabolism of D-fructose and the tricarboxylic acid cycle intermediates 

(tricarballylic acid, succinic acid and D-malic acid) to that of untreated 

trophozoites parasites (Appendix table 3). However, DHA-treated parasites 
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displayed lower rates of colour production on the carbon sources, α-D-glucose 

and D-fructose-6-phosphate, an observation that corroborates with previous 

findings on the multiple molecular targets (Ismail et al., 2016) and pleiotropic 

nature of DHA (Cobbold et al., 2016). Subsequently DHA does not affect the 

rate of colour production nor lag phase of the monosaccahrides (D-glucuronic 

acid, D-tagatose, N-acetylneuraminic acid and β-methyl-D-xylopyranoside), 

disaccharide (α-D-lactose) and complex carbohydrate substrates such as 

polyalchols, dicarboxylic acids and alpha-keto acids. However, a statistically 

significant difference (P < 0.001) was observed in the AUC values for each 

substrate, an observation reflective of the AIVs obtained.  

 

Neither untreated trophozoites nor CQ disulphate-treated parasites were able 

to produce a colour change on plant-derived carbohydrates such as pectin and 

arabinose (Appendix table 3). Neither untreated trophozoites nor PYR-treated 

parasites were capable of producing NADH on the plant-derived carbon 

sources, melibionic acid and pectin, a similar result was observed for both CQ 

disulphate and DHA-treated parasites. The lack of colour formation observed 

for these carbon sources may be a result of a lack of enzymes responsible for 

the cleavage of these substrates. CQ disulphate-treated parasites exhibited a 

prolonged lag phase for the carbon sources L-sorbose and D-fructose. The 

prolonged lag phase observed for the carbon sources, L-sorbose and D-

fructose could be a result of a perturbed adaption period of the parasite to these 

carbon sources. A significant reduction in the rate of colour production was 

observed for α-D-glucose and D-fructose-6-phosphate (Appendix table 3), both 

of these substrates are essential for glycolysis. The perturbed NADH production 

observed for both α-D-glucose and D-fructose-6-phosphate could be a result of 

CQ disulphate displaying a broad range of molecular targets in addition to 

perturbed haemoglobin-derived peptide and amino acid derivatives (Allman et 

al., 2016) 

 

PYR-treated parasites displayed a significantly lower rate of colour production 

on the monosaccharide, L-sorbose, with a concomitant prolonged lag phase 

(Appendix table 3). The significantly lower rate of colour production and 
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prolonged lag phase (P < 0.05) compared to that of untreated trophozoites 

parasites could be a result of a general decrease in catabolism of L-sorbose 

subsequent to PYR treatment due to an alteration in glycolysis. PYR-treated 

parasites displayed no significant perturbations (P > 0.05) in the rate of colour 

production for carbon sources that are essential for glycolysis (α-D-glucose, D-

fructose and D-fructose-6-phosphate) showing that PYR-treated parasites have 

a functional glycolytic pathway in comparison to CQ disulphate and DHA-

treated parasites. A global summary of the experimental findings for UT 

parasites and DHA, CQ disulphate and PYR treated parasites can be found 

below (Table 3). 
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Table 3: A summary showing altered substrate use in untreated parasites (A) globally as well as when parasites are treated with (B) 

DHA, (C) CQ disulphate and (D) PYR. 

A.  Untreated parasites DHA CQ disulphate PYR Biological interpretation 

 

Substrate use out of a 

total of 93 

 

52 (56%) 

 

12 (13%) 

 

37 (40%) 

 

17 (18%) 

DHA and PYR-treated parasites display 

distinct substrate use to that of untreated 

parasites, whereas CQ disulphate-treated 

parasites display the most similar substrate 

use to that of untreated parasites. The 

metabolic fingerprint of CQ disulphate-treated 

parasites more closely resembles the 

fingerprint obtained for untreated parasites 

 

B. Parameter measured DHA treatment Biological interpretation relative to untreated parasites 

AIV/AUC Low α-D-glucose 

AIV - 2 

A low AIV for glucose indicates a perturbation in glycolysis  

 Low 

pyrimidine/purine 

AIV – uridine (1); 

inosine (1) 

 

 

DHA-induced disruption of pyrimidine synthesis 
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 Low N-

acetylneuraminic 

acid AIV - 1 

 

DHA hinders parasite-host cell invasion 

 Low lactic acid AIV - 

1 

Reduced LDH activity resulting in an increase in oxidative stress and subsequent 

damage to the parasite membrane 

 Low glycerol AIV - 1 DHA alters the metabolism of glycerol which is required for membrane biogenesis during 

parasite proliferation 

  TCA 

intermediate

s 

 Fatty acid 

metabolism 

 Nucleic acid 

biosynthesis 

 

 

Parasites treated with DHA display alterations in fatty acid metabolism, nucleic acid 

biosynthesis and in the metabolism of TCA intermediates 

Kinetic parameters No significant 

difference in the 

AUC, lag and rate of 

colour production for 

D-fructose and TCA 

intermediates  

 

 

 

No alterations in fructose and TCA intermediate substrate catabolism 
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 Low colour 

production of 

glycolytic 

intermediates  

 

Perturbation in glycolysis observed 

Conclusion: Overall DHA-treatment results in a low AIV and/or kinetic parameters for glycolytic intermediates. DHA is known to cause 

oxidative stress and damage resulting in a pleiotropic effect. That fact that we observe alterations in metabolic pathways such as 

glycolysis, fatty acid metabolism and the TCA, is in line with the fact that DHA acts in a pleiotropic nature, confirming the MOA of this drug 

 

C. Parameter measured CQ disulphate Biological interpretation relative to untreated parasites 

AIV/AUC Low D-fructose-6-

phosphate AIV - 7 

A low AIV may indicate perturbations in the homeostasis of the digestive vacuole of the 

parasite upon CQ disulphate treatment or inhibition of fructose transporters on the 

digestive vacuolar membrane of the parasite 

Kinetic parameters  Low colour 

production and 

prolonged lag phase 

observed for L-

sorbose and D-

fructose 

 

 

Prolonged lag phase observed in these substrates may be due to a prolonged 

adaptation period of the parasite on these substrates  

 Reduction in the 

rate of colour 

production observed 

 

Reduction in glycolysis 
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for α-D-glucose and 

D-fructose-6-

phosphate 

 

Conclusion: CQ disulphate generally shows a decrease in AIV and/or kinetic parameters for the glycolytic intermediates, D-fructose and D-

fructose-6-phosphate. The fact that we observe alterations in glycolysis is in line with the fact that CQ disulphate acts on a broad range of 

molecular targets confirming the MOA of this drug 

 

D. Parameter measured PYR Biological interpretation relative to untreated parasites 

AIV/AUC Low adenosine AIV 

- 1 

Low AIV implies a reduction in nucleic acid biosynthesis 

Kinetic parameters Lower rate of colour 

production observed 

for L-sorbose 

 

Overall decrease in L-sorbose metabolism due to PYR treatment 

 Rate of colour 

production 

unaffected for α-D-

glucose, D-fructose 

and D-fructose-6-

phosphate 

 

 

 

PYR-treated parasites display a functional glycolytic pathway 
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Conclusion: PYR generally shows a decrease in the AIV and/or kinetic parameters for adenosine and L-sorbose. The fact that we do not 

observe any alterations in glycolytic intermediates is in line with the fact that PYR does not affect glycolysis and solely targets the enzyme. 

DHFR which is essential for folate biosynthesis, confirming the MOA of this drug.  
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To visualize the different phenotypic profiles of both treated and untreated 

trophozoite-stage parasites, the AIVs were projected onto a suprahexagonal 

landscape. The landscape displays a metabolic fingerprint for a specific 

treatment condition and serves as a visualization aid to display carbohydrate 

source utilization perturbations induced by any of the antimalarial compounds 

studied. It also allows one to easily distinguish and compare the phenotypic 

profiles between the compounds (Figure 3.10 A). Thereafter, a cluster index 

(Figure 3.10 B) and cluster hit count map (Figure 3.10 C) were generated to 

identify which node corresponds to a specific carbohydrate substrate (Appendix 

table 5). The MetaPrints generated place the most influential nodes on the outer 

portion of the larger hexagon as observed in Figure 3.10 A.  

 

The resulting metabolic fingerprints from treatment with an individual compound 

may have similar patterns of metabolic perturbation that may resemble the 

responses observed in other compounds, however, no two compound 

responses are exactly the same, just as no two fingerprints are identical (Allman 

et al., 2016).  
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Figure 3.10: Metabolic fingerprint of untreated and treated trophozoite-stage P. 
falciparum parasites. (A) Metabolic fingerprints were assembled based on the 
phenotypic profiles for each compound and untreated trophozoites, as determined 
from the average AIVs. (B) Map index demonstrating the MetaPrint node layout, 
consisting of 61 nodes which are arranged radially outward within a larger hexagon. 
96 carbohydrate substrates were used to generate a suprahexagon of optimal size, in 
this case a hexagon containing 61 smaller hexagons (Appendix table 5). (C) A cluster 
hit count map corresponding to the number of metabolites mapping to each node was 
generated. 
 

Examination of the metabolic fingerprints revealed that untreated trophozoites 

display a greater amount of carbon source utilization in comparison to parasites 

treated with CQ disulphate, DHA and PYR. This finding corroborates with the 

AIV values obtained for glycolytic and fructose intermediates. Of the treatments, 

DHA and PYR resulted in the greatest perturbation in carbon source utilization, 

however, distinct differences in carbon source perturbation were apparent for 

each treatment condition (Figure 3.10 A). DHA consistently causes the greatest 

perturbation in carbon source use in trophozoite-stage P. falciparum parasites. 

CQ disulphate treatment resulted in a metabolic fingerprint similar to that of 

untreated trophozoites however, a greater proportion of carbon sources were 

perturbed.  
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Chapter 4 

Discussion 

 

The phenome of an organism refers to the complete set of phenotypes resulting 

from genetic variation in an organism population (Samuels, 2010). Until 

recently, the phenotype has been inaccessible with high-throughput 

techniques, such as DNA microarray, proteomics, transcriptomics and 

metabolomics (Vaas et al., 2012). This is unfortunate as it is the phenotype that 

is the object of selection, as every genotype interacts with its environment to 

produce a range of phenotypes (Ernst, 1997). Limitations of the aforementioned 

functional genomic techniques for studying the parasite have resulted in static 

snapshots of the physiological response of the parasite towards environmental 

perturbations. 

 

The PM system aims to identify the phenome of an organism in response to 

varying environmental conditions. Previous PM studies have identified the 

phenome of microbial cells (Blin et al., 2017), mammalian cells (Bochner et al., 

2011) and yeast/fungi (Wang et al., 2016). However, to date the platform has 

not yet been used to determine the phenome of untreated and treated P. 

falciparum parasites with classical antimalarial compounds. This study aimed 

to identify the phenotypic profiles and MOA of parasites treated with the 

classical antimalarial compounds, CQ disulphate, DHA or PYR. In doing so, the 

first experimental data was generated showing that the PM platform can be 

used for the identification of differences in the MOA of these compounds as well 

as the phenotypic profiles of treated trophozoite-stage parasites.  

 

The PM platform was used in this study to identify if a phenotypic profile of 

untreated and treated P. falciparum trophozoites can be obtained for 

subsequent MOA determination. Central carbohydrate metabolism of P. 

falciparum parasites has been extensively reviewed and studied (Olszewski 

and Llinás, 2011; Sylke et al., 2016; Ginsburg, 2016) as it is the primary energy 

producing pathway in the parasite during the IDC, while the sexual stages of 

the parasite rely predominantly on mitochondrial activity (Muller, Cerdan and 
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Radulescu, 2016). Plasmodia inhabit uninfected erythrocytes at the expense of 

which they undergo rapid and extensive changes in both size and structure. 

The efficient asexual reproduction and concomitant expansion of the parasite 

food vacuole during this life stage requires a significant amount of nutritional 

import and biomass synthesis within the parasite. In addition, the bioenergetics 

demands of the parasite are likely adjusted to compensate for nutritional cues 

in the surrounding host cell environment that it encounters during its natural life 

cycle. Therefore, it is not surprising that glucose metabolism is highly up 

regulated in Plasmodia and because of this, glucose consumption increases 

drastically, suggesting a dependency of the parasite on the metabolic 

processes of the host cell (Wendel, 1943). This observation was highlighted by 

the increased rate of colour production, decreased lag phase and total 

formazan production of untreated trophozoites (Appendix table 2) in 

comparison to treated trophozoites.  

 

The phenotypic profiles obtained for each experimental test condition, 

displayed global differences in carbon utilization between untreated trophozoite 

and treated parasites. The phenotypic profiles obtained for treated P. 

falciparum trophozoite-stage parasites show that subtle changes are apparent 

in NADH production, for example, CQ disulphate-treated parasites display a 

decrease in the rate of colour production of the glycolytic intermediates, α-D-

glucose and D-fructose-6-phosphate, in comparison to PYR-treated parasites 

which retain the ability to produce NADH on glycolytic intermediates.  

 

CQ disulphate treatment resulted in a decrease in glycolysis of P. falciparum 

trophozoite-stage parasites as evident by the decrease in the rate of colour 

production of glycolytic intermediates. This is an observation which correlates 

with the reported broad range of molecular targets of the quinoline class of 

antimalarial compounds (Allman et al., 2016; Penna-Coutinho et al., 2011). CQ 

disulphate has been reported to interact with the glycolytic enzyme, pLDH, an 

enzyme critical for the interconversion of pyruvate to lactic acid during 

glycolysis. CQ disulphate act as a competitive inhibitor for pLDH by binding in 

the NADH binding pocket. Haem, a by-product of the catabolism of 
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haemoglobin by Plasmodium parasites intoxicates the parasite by competing 

with NADH for the active site of pLDH. The survival of the parasite is reliant on 

the ability of it to effectively bio-mineralized haem to inert haemozoin. The 

quinoline derivatives form complexes with haem preventing the formation 

haemozoin, which affects energy production in the parasite (Penna-Coutinho 

et al., 2011). The observation that PYR-treated parasites retain the ability to 

catabolise glycolytic intermediates correlates with previous findings on the 

MOA of PYR. PYR targets the bifunctional enzyme DHFR which catalyses the 

conversion of deoxyuridine monophosphate (dUMP) to deoxythymidine 

monophosphate (dTMP) (Allman et al., 2016). Therefore, treatment with PYR 

causes an accumulation of dUMP, showing that glycolysis is not the molecular 

target of PYR.  

 

Similarly to CQ disulphate-treated parasites, DHA treatment resulted in a lower 

production of NADH when α-D-glucose and D-fructose-6-phosphate were the 

sole carbon sources. This has previously been shown by Ismail and colleagues 

(2016) that identified multiple molecular targets of DHA including the inhibition 

of the enzymes hexokinase and fructose-bisphosphate aldolase (Ismail et al., 

2016). An overview of the phenotypic profiles of CQ disulphate, DHA and PYR 

treated parasites has shown that variations in carbon use are apparent between 

each treatment condition, highlighting that the PM platform can be used to 

identify differences in the MOA of classical antimalarial compounds. The 

identification of the biological effects of target inhibition may lead to the 

discovery of novel antimalarial compounds or related protein targets in a 

biological network. Understanding the cascades that are involved in the action 

of a drug can aid in the identification of lead compounds that act on different 

biochemical pathways and for the identification of parent and daughter 

compounds that may share either the same or different MOA (Kramer and 

Cohen, 2004). Therefore, the importance of understanding the MOA of a lead 

or candidate compound cannot be over-stated in the field of malaria research 

(Birkholtz et al., 2008).  
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In conclusion, we have demonstrated the potential of the PM platform for the 

study of real-time phenotypic profiles in trophozoite-stage P. falciparum 

parasites. The identification of carbohydrate substrates that are metabolized by 

untreated trophozoites, the significant perturbations induced by classical 

antimalarial compounds coupled with our understanding of carbohydrate 

metabolism of the parasite have been shown.  

 

As functional genomic tools advance, an increased implementation of high-

throughput, time efficient and cost effective techniques will facilitate our 

understanding of the various biochemical pathways in P. falciparum parasites 

in different life stages. For the purpose of identifying biochemical pathways or 

targets for the development of novel antimalarial compounds. The PM platform 

has displayed its utility in the identification of variable MOA between classical 

antimalarial compounds and the successful generation of phenotypic profiles 

for treated trophozoite-stage parasites. Additionally, this study serves as a 

blueprint for future PM studies of drug perturbations in the asexual form of the 

parasite. 
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Chapter 5 

Concluding discussion 

 

The primary obstacle towards malaria elimination has been the development of 

resistance of Plasmodium parasites towards antimalarial therapeutics 

(Travassos and Laufer, 2009). Antimalarial compounds have two roles to aid in 

the elimination of malaria. Firstly, treatment has to prevent the progression of 

the disease, inhibit the development of gametocytes thereby inhibiting the 

transmission of the parasite from the human host to the mosquito vector. 

Secondly, the compounds have to serve as effective forms of 

chemoprophylaxis and contain transmission blocking properties (Cui et al., 

2015). The development of novel antimalarials with different MOA are required 

to overcome the spread of antimalarial resistant Plasmodium species.  

 

The objective of this study was to identify the phenotypic profiles of trophozoite-

stage parasites in the absence and presence of classical antimalarial 

compounds. We aimed to assess the interplay between the environment and 

drug pressure on P. falciparum trophozoite-stage parasites by delineating the 

MOAs of the classical antimalarial compounds, DHA, CQ disulphate, and PYR. 

The conventional functional genomic methods implemented provide a static 

snapshot of an organism in response to environmental perturbations. However, 

the PM platform has provided a means to obtain a highly dynamic phenotypic 

profile to identify carbon phenotypes in treated and untreated trophozoites 

trophozoite-stage P. falciparum parasites. Differential phenotypic profiles of 

carbohydrate metabolism for treated and untreated trophozoite parasites was 

successfully obtained, as well as, the identification of variations in the MOA of 

classical antimalarial compounds. 

 

The Phenotype MicroArray platform has indeed provided a means for the 

identification of global differences and similarities in untreated trophozoites and 

treated trophozoite-stage P. falciparum parasites on several complex and 

highly diverse carbohydrate sources. Carbohydrate sources were specifically 
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investigated in this study, due to the parasite’s high dependency on glycolysis 

for maturation and development.  

 

It has been established that Plasmodium metabolism is a functional 

consequence of the “hard-wired”, just in time regulation of gene expression (Hu 

et al., 2010; Le Roch et al., 2003). P. falciparum parasites are highly 

proliferative and require glucose to support biomass generation through the 

redirection of glycolytic intermediates into anabolic reactions while maintaining 

an approximate 90% fermentation flux to lactate (Salcedo-Sora et al., 2014).  

 

The data obtained in this study report the first phenotypic profiles of trophozoite-

stage P. falciparum parasites in the absence and presence of classical 

antimalarial compounds. The PM system aims to provide insight into the 

physiology of an organism at a cellular level (Viti, Tatti and Giovannetti, 2016). 

Taken together, these results clearly show that the PM platform can be used to 

obtain a phenotypic profile of parasites treated with CQ disulphate, DHA or PYR 

and can be used for the identification of differences in the MOA of antimalarial 

compounds on asexual P. falciparum parasites. 

  

Future studies would be aided by incorporating data sets from functional 

genomic techniques such as transcriptomics and DNA microarray analysis to 

serve as a comparative analysis for the data obtained from PM experiments, 

towards the investigation of phenotypic profiles of the parasite for the 

identification of novel biochemical pathways that may serve as potential drug 

targets.  
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Appendix: 

 

Table 1: Plate map of the mammalian phenotype microarray plate PM-M1. PM-M1 contains a variety of mono-, di- and 

polysaccharides targeted at assessing carbohydrate metabolism (Bochner, 2003).  
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Table 2: Carbohydrate substrates that displayed a statistically significant decrease in metabolism in comparison 

to untreated trophozoites are displayed below for each treatment condition. 
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Table 3: Kinetic parameters of trophozoite-stage P. falciparum parasites either untreated or treated with, CQ 

disulphate, DHA or PYR on different carbohydrate sources. 

 

Substrate  Mean rate of colour production 
(Mean ʎ ± SD) 

Mean lag phase  
(Mean μ ± SD) 

Mean total formazan production 
(Mean AUC ± SD) 
 

 UT CQ DHA PYR UT CQ DHA PYR UT CQ DHA PYR 

L-Sorbose 140± 
9.46 
 

58.0± 
52.3 
 

106± 
11.9 
 

102± 
21.4 
 

3.17± 
0.144 
 

2±3.46 
 

2.25± 
1.59 
 

1.92± 
0.12 

1406± 
126 

999± 
68.3 

1001± 
143 

1033± 
113 

D-Fructose-6-Phosphate 151± 
18.3 

0±0 58.7± 
41.5 

81.7±60.1 1.75± 
1.56 

0±0 0±0 0±0 1426± 
82.4 

1033± 
36.3 

786± 
17.8 

1020± 
83.5 

D-Arabinose 35.7± 
31.3 

0±0 14.7± 
20.8 

15.7± 
22.2 

0.83± 
1.44 

0±0 0±0 0±0 634± 
68.6 

626± 
65.7 

508± 
14.2 

597± 
10.2 

D-Cellobiose 19.4± 
33.6 

58.4± 
7.05 

13.0± 
18.3 

48.4± 
34.3 

0.67± 
1.15 

1.25± 
1.39 

0±0 0±0 854± 
86.8 

916± 
56.0 

631± 
56.5 

848± 
54.4 

D-Glucuronic acid 109± 
16.2 

98.9± 
10.2 

40.4± 
32.9 

89.4± 
12.6 

0.92± 
1.59 

0.92± 
1.59 

3.5± 
2.76 

1.83± 
1.74 

974± 
50.7 

959± 
12.7 

745± 
100 

940± 
30.5 

D-Mannitol 21.0± 
36.4 

0±0 34.3± 
5.45 

37.2± 
27.5 

0.25± 
0.43 

0±0 0±0 0±0 659± 
41.6 

623± 
72.6 

468± 
42.8 

597± 
57.8 

D-Tagatose 31.3± 
0.20 

27.3± 
0.96 

27.2± 
2.01 

27.5± 
1.41 

0±0 0±0 0.68± 
0.36 

0.45± 
0.35 

1994± 
65.1 

1899± 
71.6 

1721± 
70.2 

1777± 
51.8 

D-Fructose 154± 
20.74 

136± 
15.36 

135± 
24.49 

128± 
17.12 

1.92± 
1.77 

1.58± 
1.28 

2.17± 
1.55 

1.92± 
1.45 

1393± 
21.20 

1287± 
68.94 

1197± 
56.89 

1245± 
37.30 

D-Raffinose 15.9± 
27.5 

12.4± 
21.4 

0±0 28.8± 
20.6 

0.67± 
1.15 

0.25± 
0.43 

0±0 0±0 602± 
81.4 

640± 
68.1 

481± 
27.1 

586± 
35.2 

α-D-Lactose 19.0± 
32.9 

55.8± 
6.02 

13.8± 
19.6 

48.9± 
6.97 

0.67± 
1.15 

0.25± 
0.43 

0±0 0±0 844± 
70.6 

780± 
44.1 

612± 
49.4 

707± 
49.3 

N-Acetylneuraminic acid 2.01± 
3.47 

18.0± 
31.2 

15.0± 
21.3 

42.7± 
30.2 

0±0 0.25± 
0.43 

0±0 0±0 646± 
32.7 

621± 
70.3 

465± 
37.7 

651± 
32.7 

Uridine 0±0 0±0 0±0 10.2± 
14.4 

0±0 0±0 0±0 0.25± 
0.35 

588± 
24.9 

608± 
26.3 

479± 
47.0 

568± 
21.3 

Inosine 17.4± 
30.1 

10.7± 
18.5 

0±0 37.9± 
2.18 

0±0 0±0 0±0 0±0 671± 
69.5 

649± 
44.7 

498± 
17.6 

642± 
38.4 

β-Methyl-D-Xylopyranoside 10.2± 
17.7 

0±0 19.2± 
13.6 

13.5± 
19.2 

0.25± 
0.43 

0±0 0±0 0±0 551± 
38.2 

576± 
10.2 

411± 
39.8 

554± 
15.8 

Xylitol 0±0 0±0 9.77± 
13.8 

13.0± 
18.4 

0±0 0±0 0±0 0.08± 
0.12 

604± 
28.6 

641± 
100 

412± 
54.7 

556± 
34.6 

myo-Inositol 34.3± 
31.2 

28.5± 
24.8 

0±0 13.0± 
18.4 

1± 
1.15 

0.17 
0.29 

0±0 0.08± 
0.12 

670± 
88.4 

603± 
38.4 

440± 
59.8 

571± 
33.5 

Propylene Glycol 10.7± 
18.6 

28.5± 
24.8 

0±0 13.0± 
18.4 

0.75± 
1.30 

0.17 
0.29 

0±0 0.08± 
0.12 

563± 
42.4 

603± 
38.4 

440± 
59.8 

571± 
33.5 
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Propylene Glycol 10.7± 
18.6 

28.5± 
24.8 

0±0 13.0± 
18.4 

0.75± 
1.30 

0.17 
0.29 

0±0 0.08± 
0.12 

563± 
42.4 

603± 
38.4 

440± 
59.8 

571± 
33.5 

Glycerol 30.5± 
31.0 

13.8± 
23.9 

0±0 12.1± 
17.1 

0±0 0±0 0±0 0±0 711± 
82.8 

656± 
35.0 

533± 
13.4 

633± 
16.5 

Tricarballylic acid 54.7± 
3.66 

18.0± 
31.2 

35.8± 
3.30 

18.1± 
25.6 

0.25± 
0.43 

0±0 0.08± 
0.12 

0±0 688± 
16.5 

706± 
79.5 

513± 
18.2 

647± 
52.6 

D,L-Lactic acid 0±0 22.7± 
20.1 

1.87± 
1.34 

0±0 0±0 0.25± 
0.43 

0.61± 
0.86 

0±0 560±36.7 587±85.5 446±30.7 559±32.3 

Methyl pyruvate 36.2± 
31.5 

27.0± 
23.9 

23.4± 
17.2 

14.2± 
20.0 

0.75±1.30 0.33± 
0.58 

0±0 0±0 667± 
122 

637± 
53.1 

469± 
63.1 

584± 
29.8 

Succinic acid 37.2± 
32.7 

22.0± 
30.2 

0±0 47.3± 
4.93 

0.75±1.30 0.17± 
0.29 

0±0 0±0 698± 
72.5 

684± 
86.7 

501± 
36.1 

643± 
58.9 

D-Malic acid 17.9± 
27.1 

31.4± 
28.8 

0±0 24.3± 
17.2 

0±0 0.25± 
0.43 

0±0 0±0 760± 
151 

745± 
85.7 

534± 
42.7 

662± 
11.8 

Pectin 45.8± 
39.9 

16.2± 
28.0 

12.4± 
17.5 

31.1± 
22.0 

1±1.15 0±0 0±0 0±0 796± 
40.1 

634± 
23.5 

569± 
69.1 

630± 
7.43 

α-Hydroxybutyric acid 22.6± 
33.9 

20.4± 
30.5 

13.8± 
12.0 

28.0± 
20.6 

0±0 0±0 1.31±1.56 0.67±0. 
94 

782± 
63.3 

742± 
60.2 

593± 
77.9 

564± 
91.0 

α-D-glucose 47.0 
12.1 

0±0 13.0 
18.4 

13.9 
19.7 

1.75 
1.64 

0±0 0.08 
0.12 

0±0 653 
145 

621 
46.7 

507 
55.3 

571 
47.9 
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Table 4: A Comparison of the carbohydrate sources which produced a positive signal in untreated trophozoite-

stage P. falciparum parasites in the PM system as compared to literature. Carbohydrate substrates displaying either 

a weak signal (AIV of ≤ 4), a positive signal (AIV between 5 and 6) or a strongly positive signal (AIV ≥ 7) are shown below. 

No NADH production/signal is indicated by, -. 

 

Metabolite Literature Experiment AIV value Nutrient category Literature reference 

D-Glucose-6-

Phosphate 

Positive 

signal 

Positive signal 5 Monosaccharide (Berg, Tymoczko and Stryer, 

2002; Ginsburg and Abdel-

Haleem, 2017) 

-D-Glucose-1-

Phosphate 

Positive 

signal 

Weak signal 2 Monosaccharide (Berg, Tymoczko and Stryer, 

2002) 

-D-Glucose Positive 

signal 

Weak signal 4 Monosaccharide (Romanha, 1986) 

3-O-Methyl-D-

Glucose 

Positive 

signal 

Positive signal 5 Monosaccharide (Ginsburg and Abdel-Haleem, 

2017) 

D-Mannose Positive 

signal 

Positive signal 5 Monosaccharide (Berg, Tymoczko and Stryer, 

2002) 

D-Tagatose Positive 

signal 

Strongly 

positive signal 

9 Monosaccharide (Berg, Tymoczko and Stryer, 

2002) 

L-Sorbose Positive 

signal 

Strongly 

positive signal 

8 Monosaccharide (Berg, Tymoczko and Stryer, 

2002) 
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D-Fructose-6-

Phosphate 

Positive 

signal 

Strongly 

positive signal 

8 Monosaccharide (Joët and Krishna, 2004; 

Storey, Noiles and Thompson, 

1998; Divo et al., 1985) 

D-Fructose Positive 

signal 

Strongly 

positive signal 

8 Monosaccharide (Joët and Krishna, 2004) 

Adenosine Positive 

signal 

Weak signal 4  Nucleoside triphosphate (Joët et al., 2003) 

Glycerol Positive 

signal 

Weak signal 4 Simple polyol compound (Berg, Tymoczko and Stryer, 

2002; Lian et al., 2009) 

Sucrose Positive 

signal 

Weak signal 2 Disaccharide  (Berg, Tymoczko and Stryer, 

2002) 

-Cyclodextrin - Positive signal 5 Cyclic oligosaccharide (Crandall et al., 2007) 

Dextrin - Positive signal 6 Monosaccharide (Crandall et al., 2007) 

Glycogen - Positive signal 5 Polysaccharide (Berg, Tymoczko and Stryer, 

2002) 

Maltitol - Weak signal 4 Disaccharide-derived polyol (Robinson et al., 2013) 

Maltotriose - Weak signal 4 Trisaccharide (Berg, Tymoczko and Stryer, 

2002) 

D-Maltose - Weak signal 4 Disaccharide  (Ginsburg and Abdel-Haleem, 

2017) 

D-Cellobiose - Positive signal 5 Disaccharide  (Berg, Tymoczko and Stryer, 

2002) 
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-Gentiobiose - Positive signal 6 Disaccharide  (Robinson et al., 2013) 

D-Salicin - Weak signal 4 Disaccharide  (Ginsburg and Abdel-Haleem, 

2017) 

D-Glucosaminic Acid - Positive signal 5 Monosaccharide (Robinson et al., 2013) 

D-Glucuronic Acid - Positive signal 6 Monosaccharide (Berg, Tymoczko and Stryer, 

2002) 

Chondroitin-6-Sulfate - Positive signal 5 Heteropolysaccharide (Robinson et al., 2013) 

-Methyl-D-

Mannoside 

- Positive signal 5 Monosaccharide (Robinson et al., 2013) 

D-Mannitol - Weak signal 4 Monosaccharide (Robinson et al., 2013) 

D-Melezitose - Weak signal 4 Trisaccharide (Robinson et al., 2013) 

Palatinose - Strongly 

positive signal 

8 Disaccharide (Woodrow, Burchmore and 

Krishna, 2000) 

Lactulose - Weak signal 4 Disaccharide (Robinson et al., 2013) 

-D-Lactose - Weak signal 4 Disaccharide (Ginsburg et al., 1983) 

Melibionic Acid - Weak signal 4 Monosaccharide (Ginsburg et al., 1983) 

D-Galactose - Weak signal 4 Monosaccharide (Robinson et al., 2013) 

Pectin - Weak signal 4 Heteropolysaccharide (Robinson et al., 2013) 

Meso-Erythritol - Weak signal 4 Sugar alcohol (Robinson et al., 2013) 

Citric Acid - Weak signal 4 Tricarboxylic acid (Ginsburg et al., 1983) 

Tricarballylic Acid - Positive signal 5 Tricarboxylic acid (Robinson et al., 2013) 

Succinic Acid - Weak signal 4 Dicarboxylic acid  (Robinson et al., 2013) 
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L-Malic Acid - Weak signal 4 Dicarboxylic acid  (Robinson et al., 2013; Ke et 

al., 2015) 

D-Malic Acid - Weak signal 4 Dicarboxylic acid  (Robinson et al., 2013; Ke et 

al., 2015) 

-Amino-N-Butyric 

Acid 

- Positive signal 5 Carboxylic acid (Robinson et al., 2013) 

-Hydroxy-Butyric 

Acid 

- Positive signal 5 Carboxylic acid (Robinson et al., 2013) 

Butyric Acid - Weak signal 4 Carboxylic acid (Robinson et al., 2013) 

2,3-Butanediol - Positive signal 5 Hydroxyl Compound (Robinson et al., 2013) 

Acetic Acid - Positive signal 5 Organic Acid (Robinson et al., 2013) 

Hexanoic Acid - Positive signal 5 carboxylic acid derived from 

hexane 

(Robinson et al., 2013) 
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Table 5: MetaPrint map carbohydrate substrate hexagon index values 

Substrate MetaPrint Hexagon Index 

Number 

Negative Control 1 50 

Negative Control 2 50 

Negative Control 3 50 

α-Cyclodextrin 19 

Dextrin 39 

Glycogen 60 

Maltitol 9 

Maltotriose 21 

D-Maltose 41 

Trehaloset 41 

D-Cellobiose 41 

Gentiobiose 61 

D-Glucose-6-Phosphate 59 

α-D-Glucose-1-Phosphate 47 

L-Glucose 14 

α-D-Glucose 1 28 

α-D-Glucose 2 10 

α-D-Glucose 3 57 

3-O-Methylglucose 22 

α-Methyl-D-Glucoside 48 

β-Methyl-D-Glucoside 53 

Salicin 2 

D-Sorbitol 48 

N-Acetyl-D-Glucosamine 45 

D-Glucosaminic acid 58 

D-Glucuronic acid 20 

Chondroitin Sulfate C 57 

Mannan 28 



104 

 

D-Mannose 35 

α-Methyl-D-Mannoside 36 

D-Mannitol 33 

N-Acetyl-D-Mannosamine 1 

D-Melezitose 58 

Sucrose 28 

Palatinose 38 

D-Turanose 26 

D-Tagatose 38 

L-Sorbose 38 

L-Rhamnose 52 

L-Fucose 52 

D-Fucose 31 

D-Fructose-6-Phosphate 39 

D-Fructose 38 

Stachyose 44 

D-Raffinose 14 

D-Lactitol 1 

Lactulose 56 

α-D-Lactose 42 

Melibionic acid 11 

D-Melibiose 48 

D-Galactose 54 

α-Methyl-D-Galactoside 51 

Methyl-β-D-Galactoside 51 

N-Acetylneuraminic acid 1 

Pectin 56 

Sedoheptulosan 14 

Melibionic acid 46 

Thymidine 29 

Uridine 54 

Adenosine 15 
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Inosine 15 

Adonitol 54 

L-Arabinose 46 

D-Arabinose 51 

Β-Methyl D Xylopyranoside 48 

Xylitol 54 

Myo-inositol 59 

i-Erythritol 30 

Propylene Glycol 42 

Ethanolamine 12 

D-L-α-Glycerol Phosphate 16 

Glycerol 6 

Citric acid 18 

Tricarballylic acid 49 

D-L-Lactic acid 53 

D-Lactic acid Methyl Ester 54 

Methyl pyruvate 49 

Pyruvic acid 15 

α-Ketoglutaric acid 28 

Succinamic acid 17 

Succinic acid 5 

Mono Methylsuccinate 55 

L-Malic acid 1 

D-Malic acid 6 

m-Tartaric acid 11 

Lithium acetoacetate 43 

γ-Amino N Butyric acid 44 

α-KetoButyric acid 18 

α-Hydroxybutyric acid 43 

Β-Hydroxybutyric acid 44 

γ-Hydroxybutyric acid 10 

Butyric acid 22 



106 

 

2-3-Butanediol 25 

3-Hydroxy-2-butanone 24 

Propionic acid 19 

Acetic acid 40 

Hexanoic acid 28 

 


