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Abstract

The combination of drug resistance, lack of an effective vaccine and ongoing conflict
and poverty mean that malaria remains a major global health crisis. Understanding
metabolic pathways at all parasite life stages is important in prioritising and targeting
novel anti-parasitic compounds. To overcome limitations of existing genetic tools to
investigate all the parasite life stages, new approaches are vital. This project aimed to
develop a novel genetic approach using post meiotic segregation to separate genes and
bridge parasites through crucial life stages.

The unusual heme synthesis pathway of the rodent malaria parasite, Plasmodium
berghei, requires eight enzymes distributed across the mitochondrion, apicoplast and
cytoplasm. Deletion of the ferrochelatase (FC) gene, the final enzyme in the pathway,
confirms that heme synthesis is not essential in the red blood cell stages of the life cycle
but is required to complete oocyst development in mosquitoes. The lethality of FC
deletions in the mosquito stage makes it difficult to study the impact of these mutations
in the subsequent liver stage. To overcome this, | combined locus-specific fluorophore
expression with a genetic complementation approach to generate viable, heterozygous
oocysts able to produce a mix of FC expressing and FC deficient sporozoites. In the
liver stage, FC deficient parasites can be distinguished by fluorescence and phenotyped.
Parasites lacking FC exhibited a severe growth defect from early to mid-stages of liver
development in-vitro and could not infect naive mice, confirming liver stage arrest.
These results validate the heme pathway as a potential target for prophylactic drugs
targeting liver stage parasites.

Energy metabolism in malaria parasites varies remarkably over the parasite life cycle.
Parasites depend solely on anaerobic glycolysis at blood stage but need Krebs cycle, the
electron transport chain, and mitochondrial ATP synthase during mosquito stage
development. Again, reverse genetic approaches to study the hepatic stage of
Plasmodium have been thwarted because parasites with defects in energy pathways are
unable to complete the mosquito stage. | used the genetic complementation approach
established to study heme biosynthesis to bridge parasites lacking the B subunit of
mitochondrial ATP synthase through mosquito stage and studied their development in
the liver stage. ATPase knockouts were indistinguishable from wildtype in in-vitro
liver stage assays of size, nuclear content, and merosome production. Robust

progression to blood stage confirmed the dispensability of mitochondrial ATP synthesis



in liver stages. | extended this approach to explore the essentiality of upstream
mitochondrial electron transport and Krebs cycle during the liver stage. | speculate that
energy metabolism in the liver stage resembles that in the blood stage, relying
predominantly on glycolysis for ATP production.

There are numerous genetic tools to manipulate the blood stage malaria parasite genome
in general, but existing genetic tools to generate viable parasites with defects in blood
stage essential genes are limited. To overcome this limitation, | have developed a novel
strategy in which | first insert a complementary copy of the essential gene-of-interest,
and then delete the endogenous gene, and then take advantage of meiosis and
segregation during the mosquito stage to create haploid knockout sporozoites. |
genotype the parasites along the way by fluorescence microscopy. As proof of principle,
| created complemented knockouts of the blood stage essential 1-deoxy-D-xylulose-5-
phosphate reductoisomerase (DXR) gene, crossed these with wildtype parasites, and
then tracked the progeny through in-vitro and in-vivo liver development. Pre-
complementation proved difficult, perhaps due to inappropriate expression of important
metabolic genes. Additionally, problems with apparent silencing of the fluorophore
tags compromised my ability to genotype cross progeny preventing any firm conclusion
on the function of isoprenoid precursor pathway of liver stage parasites. Nevertheless,
my success in generating a blood stage essential gene knockout via pre-
complementation provides encouragement that this novel reverse genetic strategy can be
implemented to investigate the role of blood stage-essential genes in sporozoite and

liver stages of malaria parasites.
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Preface

This is a thesis submitted as a requirement for the degree of Doctor of Philosophy,
University of Melbourne, resulting from a three and half year period of study funded by
Melbourne International Research and Fee Remission Scholarships. The funding
enabled Professor Geoff McFadden to fit me in to his Malaria research unit in School of

BioSciences.

During these research studies | was able to develop a new technique (chapter 2) that
could uncover potential treatment targets for malaria. This study was published in the
journal PLOS Pathogens recently. The thesis also includes following other chapters
which discuss, chapter 3: Mitochondrial energy metabolism of liver stage malaria
parasites, chapter 4: Development of a new genetic technique which enables study of

blood stage essential gene deficient parasites in liver stage.

These studies could not have been carried out without the collaboration and support

stated below.

Dr Dean Goodman provided initial laboratory training. In addition, all the bacterial
vectors used in this project were gifted by him. Vanessa Mollard provided training with
mice handling. Anton Cozijnsen bred and maintained the mosquitoes and provided
assistance with dissection for infections in salivary glands.

The Plasmodium berghei FC knockout vector was designed by Dr Goodman and the
experiment included in the figure 2.6.5 (published in PLoS Pathogens) was performed
by him. Dr Angelika Sturm generated and cloned the P. berghei ATPase knockout
strain used in the chapter 3.

The Pb ANKA parasite lines expressing GFP and mCherry fluorescence markers were
developed by Dr Goodman. The Pbnek-4ko strain was provided by Oliver Billker
(Wellcome Trust Sanger Institute, Hinxton, Cambridge, UK) and The PbsP48/45"°
strain was provided by Andy Waters (University of Glasgow, Glasgow, Scotland). The
PlasmoGEM team at the Wellcome Trust Sanger Institute, UK provided the three P.
berghei knockout vectors (SDH A and B, KDH) used in chapter 3 of this thesis.
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Chapter 1: General introduction

1.1 Malaria mortality and morbidity

Malaria has yet again accounted for 429 000 deaths in 2015 with 212 million new cases
worldwide. Among 91 countries reported as malaria endemic, Nigeria and Democratic
Republic of the Congo shared more than a third of total deaths recoded worldwide.
Similarly, amongst the five species that can infect humans, the majority of the deaths
was caused by Plasmodium falciparum, with P. vivax being responsible for the second
highest death rates (1).

Malaria parasites continue to threaten the world regardless of increased health care
system, improved prevention measures along with adequate financial resources or even
with intense focus on new diagnostic tools. The mortality rate has declined by 29%
globally between 2010 and 2015, but the battle remains a large one. The health care
systems in many counties with a high malaria burden remain under-resourced. Poor
accessibility to hospitals and other health systems in these countries accounts for a
larger proportion of reported malaria cases as well. Thus, there is an urgent need to
increase in funding from domestic and international sources to take part in the mission

against poverty combined with malaria.

Parasite resistance to artemisinin- the main component of the best available antimalarial
drug- has been detected in five countries of the Greater Mekong sub region where the
resistance first emerged (1). Mosquito resistance to insecticide treated mosquito nets
(ITNs) and indoor residual spraying (IRS) has also been reported in 60 out of 73 malaria
endemic countries in 2015 (1). On top of that, the continuous effort of scientists to
come-up with a 100% effective vaccine or novel antimalarial compounds that work
better against the parasite still seem far away. The majority of drugs tested in
laboratories target the blood stage of malaria parasites as it is the symptomatic stage of
life cycle. Still, there remains an on-going need to focus more on drugs that target
different stages such as the liver and the transmission stage through the mosquito.

14



1.2 Life cycle of malaria parasites

1.2.1 Liver stage

A sporozoite first enters a new vertebrate host through the bite of an infected female
Anopheles mosquito (2). Only a small proportion of these introduced sporozoites will
pass into the blood stream (Fig 1.3.3) where they can gain the entry into hepatocytes to
initiate the pre-erythrocytic cycle (2). After passing through several hepatic cells, the
sporozoite invades a liver cell and starts multiplying asexually (2). At this stage, within
two to three days in the case of P. berghei, the parasite forms a schizont containing
thousands of daughter parasites called merozoites. Once the merozoites are fully
mature, they egress from the hepatocyte and form a merozoite-filled vesicle called a
merosome (3). This process of parasites detaching from the host hepatocyte as
merosomes is not a synchronised process. The merosome is used by parasites to avoid
the host immune system and reach the blood stream where they can continue growth in
red blood cells (3).

1.2.2 Blood stage

The liver stage merozoites (Fig 1.3.3) begin a new stage of parasite life cycle by
invading red blood cells that ultimately results in the formation of thousands of blood
stage merozoites. While multiplying, blood stage parasites form a parasitophorous
vacuole (PV), which ensures a complete physical separation from the host (4).
Exchange of metabolites between the host and the parasite occurs exclusively through
this parasitolphorous vacuole membrane (PVM). There are certain morphological
changes that accompany parasite growth inside an erythrocyte. First, the parasite
transforms into a ring stage and then a trophozoite stage. Next, schizogony, a process
where nuclear division is followed by cellular division takes place to produce daughter
merozoites. This stage, called a schizont, contains 16-24 merozoites (5). The time to
reach schizogony depends on the species. For P. berghei it takes only 22-24 hours (6)
whereas it takes 48 hours for P. falciparum (7). While the majority of merozoites
released from a schizont continue to invade and grow asexually inside red blood cells
(8), some develop into gametocytes. The commitment of parasites to become

gametocytes occurs at the previous blood stage. (9, 10). Gametocytogenesis is the
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process of formation of male and female gametocytes where, when they are taken up by

a compatible mosquito species, transform into either male or female gametes.

1.2.3 Mosquito stage

Inside the mosquito midgut, gametocytes experience specific triggers which result in a
rapid change of structure from gametocytes to gametes along with rupture of host
erythrocyte (11). Typically, a temperature drop (approximately 5 °C), pH increase (from
7.2 to 8) and exposure to exflagellation factor xanthurenic acid (XA; a metabolic

intermediate in tryptophan catabolism) (12-16) are the triggers of gametocyte activation.

Within the mosquito midgut, the haploid male and female gametes fuse (Fig 1.3.4).
This fusion is followed by endomitosis, producing a single tetraploid zygote nucleus
with four haploid meiotic products (17). The zygote then transforms into a motile
ookinete (18). This ookinete can traverse through the mosquito midgut epithelium
where a protective cyst like structure develops on the outer surface of gut (18). The cyst,
an oocyst, is a polyploid structure that eventually produces thousands of haploid
sporozoites by sporogony (19). These sporozoites are next released into the mosquito
hemocoel where they migrate into the salivary glands (Figs 1.3.3, 1.3.4). Upon the next
blood feeding, salivary gland resident sporozoites are deposited into the skin of the new

host as the feeding mosquito regurgitates saliva (20).

My entire thesis is centre on the sexual reproduction of P. berghei, which occurs inside
the mosquito. As stated above, a malaria parasite undergoes drastic morphological
changes and various chromosomal arrangements during this stage of the life cycle (Fig
1.3.4). Similarly, a large number of genes are specific for each of these stages as
depicted in Table 1.3.3. The formation of gametes from gametocytes marks the

beginning of this unique process.

1.2.4 Mosquito stage in depth

1.2.4. | Gametocyte to gamete development

Haploid male and female malaria gametocytes develop key differences in their
molecular and cellular development. Female gametocytes represent a typical eukaryotic
egg, which is ready for a speedy development into a zygote. Hence, it is equipped with
well-developed organelles such as mitochondrion, apicoplast, and endoplasmic

reticulum (ER). Conversely, mature male gametocytes contribute only their nucleus,
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cytoplasm and an axoneme as cellular counterparts to zygote formation. Therefore male

gametocytes carry a reduced amount of ribosome and ER (21).

1.2.4. 11 Activation and fertilization

Activation of gametocytes to form either male or female gametes commences when the
gametocytes egress from their red blood cells. Within two minutes of the parasites being
taken up into the mosquito, the parasitophorous vacuole membrane (PVM) ruptures so
that erythrocyte membrane can be opened up for activated and rounded-up gametocytes
to egress [(16), reviewed by (22)]. This egress from the host red blood cell is further
facilitated by secretion of the osmophilic bodies [reviewed by (23)], and the overall
increase in parasite cell volume (24). The releasing of extremely motile male gametes
further make the cell weakens, enhancing discharge of the male gametocytes (16, 25,
26).

Once egressed from red blood cells, the female gametocytes produce a single
extracellular and non-motile spherical female gamete while male gametes undergo the
exflagellation to release eight male gametes. At this stage, three rapid rounds of mitotic
replication of male gametocyte nucleus produce the eight haploid daughter nuclei. The
resulting haploid male gametes are (27) extremely motile but tend to adhere to
uninfected red blood cells probably for easy movement through the blood meal (28).
Soon the male gametes detach from their exflagellation centre, their search for a female
partner initiates (22).

Fertilisation:

Male and female gametes make contact with their plasma membranes and fuse with the
help of specific parasite surface receptors (22). Fusion of these two plasma membranes,
allow the male nucleus to enter the female cytoplasm. Nuclear fusion follows, taking

place over the next three hours (29).

1.2.4. 111 Zygote

Fusion of gametes within the mosquito gut forms a diploid zygote (2n) which promptly
undergoes meiosis to yield four haploid nuclei- no cytokinesis occurs yet (32). This
newly formed zygote has a spherical shape at first but starts to polarize with time. Micro
tubular structures extend from the diploid nucleus and give the zygote a new slender
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shape (30). This follows a specific transcript regulation event where the parental alleles
are differently regulated (22).

At this stage, parasites start genetic recombination. During meiosis, it has been found
that each member of a particular pair of chromosomes segregates randomly. These
genetic recombination events generate novel phenotypes of Plasmodium sp which
sustains their genetic diversity. Consequently, it is not surprising we see mixtures of

parasites with more than one genotype in natural conditions [reviewed by (31)].

1.2.4. IV Ookinetes

The zygote becomes tetraploid within 3 hours post fusion by meiosis and keeps this
tetraploidy nature throughout the ookinete stage (22). It takes 19-36 hours post blood
meal for parasites to completely mature into an ookinete (32-34). The ookinete has a
characteristic banana shape and is motile so that they can escape the harsh mosquito gut
lumen, which is rich in digestive proteases (35). The peritrophic membrane of the
midgut is a protective cover of chitin, and it protects the midgut from food microbial
infections [reviewed in (36)]. Breaching this membrane is one of the major tasks
ookinetes face in their short life span, and it uses chitinase to hydrolyse the membrane
polysaccharide, chitin (37-39). The apical and pellicular complexes of the ookinete
facilitate the gliding motility allowing it to actively traverse multiple epithelial cells to

reach the basal side of the haemocoel and settle down (17).

1.2.4. V Oocysts to sporozoites

The transition from ookinete to oocyst stage represents one of the major bottlenecks of
malaria parasite development. The midgut stage of the parasite is exposed to
components of the human immune system as well as midgut microbial flora and this
cause a large reduction in parasite abundance. It has also been reported that the innate
immune system of mosquito has a major impact on the later part of this transition (40).
Initiation of the oocyst stage commences when the motile ookinetes halt their
movement upon reaching underneath the basal lamina and then round up and form a
thick extracellular capsule. This capsule surrounds the oocyst while the apical complex
and associated microtubules (which are no longer needed) are reabsorbed into the

oocyst cytoplasm (41, 42).
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Oocysts maturation

When the oocyst is formed, the developing sporoblast mother cell has a single nucleus
containing four haploid products, placed centrally, which produces thousands of
genomic centres by endomitosis. The endomitosis forms the characteristic polyploid cell
where 10-11 rounds of DNA synthesis follows (41, 43). Due to this formation of
thousands of genomes, the nucleus becomes extremely convoluted (17). Next, an apical
complex is formed and the newly formed nucleus along with the necessary organelles
which replicate simultaneously with DNA replication (41), are pulled into a
protruberence. Eventually, the surface of the sporoblast mother cell elongates and
detaches to form sporozoites (44). Meanwhile, the oocysts capsule prepares to release
the forming sporozoites out into the surrounding haemolymph by becoming thinner and
developing holes through which the sporozoites emerge (45). This sporozoite budding
from the oocysts is believed to be an asynchronous process. Through accumulation of
these small punctures however, a larger wound appears in the oocysts capsule leaving

behind an empty, collapsed oocysts on the midgut surface (17).
Oocyst sporozoites release

Sporozoites budding off from the sporoblast is an active, protease dependent process
(46). Motility of the sporozoites has been recognized as not directly responsible for the
egress, rather protease activity (either intracellular or extracellular) triggers the
sporozoites motility and the oocyst wall ruptures to release sporozoites (47). By using a
series of time-lapse microscopy images, Klug and colleagues have put forward a model
to show how the sporozoites egress from the oocyst. According to them, the release can
occur in different ways (i) single sporozoite migrate through the holes of oocyst envelop
(i) formation of a structure called the sporosome; a sporozoite filled vesicle that buds
off from the oocyst (iii) rapid rupture of the oocysts wall releasing emerging sporozoites
suddenly (47).

Salivary gland sporozoites

The sporozoites emerging from their early space are now fully mature contain one
haploid genome. They glide along with the haemolymph towards their next destination;
the salivary glands (48). These invasive sporozoites use their characteristic gliding
motility to invade and lodge in the lumen of salivary glands (17). When this mosquito
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bites a new vertebrate host, sporozoites are released with saliva into the skin (49).

Thus, a new journey into a new host begins.

1.2.4. V1 Oocyst sporozoites and salivary gland sporozoites- A comparison

Sporozoites that reside in oocysts of midguts are morphologically similar to the
sporozoites residing in salivary glands (20). While forming, midgut sporozoites are tight
and rigid (50) but transform into a more flexible and motile structure once released (50,
51). In regards to the movement however, the sporozoites emerging from midguts show
discontinuous gliding motility which is seen as a mere stretching and back-forth gliding.
This is one of the major differences of oocyst sporozoites compared to the salivary
gland sporozoites, which show characteristic circular gliding motility (20).

These two sporozoites have two different functions as well; the former is adapted to
invade a vertebrate tissue while latter must leave the mosquito midgut (20, 52). Hence,
the midgut sporozoites are non-infective and do not induce a protective immunity
response in mammals (20). In addition to these differences between midgut and salivary
gland sporozoites, there is a clear difference between their gene expression and protein
expression profiles (20). Hence, sporozoites residing in midguts or salivary glands are

recognized as two distinct invasive stages of malaria parasites.

Upon formation of numerous nuclei prior to cytokinesis, oocysts facilitate an excellent
platform for experimental genetics. Fusion of two genetically different gametes at the
beginning leads to heterokaryotic oocysts, consisting of genetically distinguishable
nuclei within a shared cytoplasm. At this stage, lack of a gene product can be
complemented by sharing a cytoplasm having a wildtype genome; therefore knockout
parasites easily bypass the oocysts barrier due to being heterokaryons. Subsequently,
sporozoites regain the haploid conditions once they bud off from the heterokaryotic
oocyst and, are able to complete their transmission stage (53, 54). Taking advantage of
this heterokaryotic nature of a multinucleate cell, several gene knockout cross
experiments have been performed (Table 1.3.2).
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1.2.5. Sexual reproduction and genetic recombination

Sexual reproduction arose just once, likely in the common ancestor of all eukaryotes; a
single celled eukaryote. There are numerous theories as to how and why sex appeared in
general, but for malaria parasites, sexual reproduction has served well. They can either
self-fertilise or cross-fertilise in the presence of a second parasite strain at mosquito
stage (55). To be more specific, genetically identical malaria parasites form male and
female gametes, fuse the two genomes and recombine. Genetic recombination is “the
occurrence of progeny with combinations of genes other than those that occurred in the
parents, due to independent assortment or crossing over” (56). Within the definitive
host, the mosquito, due to the cross-fertilization of the two gametes, a hybrid zygote
forms and meiotic recombination follows (57). In addition to upholding genetic
variation, sexual recombination make parasites to clear unwanted/ deleterious mutations

from genome thus avoid accumulation of damaging mutations.

1.2.5. | History of experimental crosses

The very first experimental genetic cross in malaria history took place in 1954 with two
strains of bird malaria parasites, P. gallinaceum: a non-lethal pyrimethamine sensitive
strain, and a lethal pyrimethamine resistant strain. Greenberg and Trembley (58) used
Aedes aegypti mosquitoes in this experiment as the definitive host, and they retrieved
the crossed parasite progeny in chicks. Recombination had clearly taken place because

pyrimethamine resistance was now present in the non-lethal strain.

The 1970’s marks a significant era for the field of experimental malaria with the
discovery of four rodent malaria parasite strains, establishment of a P. falciparum in-
vitro culture system and the ability to feed culture grown gametocytes to mosquitoes.
Thus, the possibility to study the complete P. falciparum life cycle within laboratory
was established. Following the use of splenectomised chimpanzees to study liver stage
of human malaria parasites, Walliker et al., 1987 (59) attempted the first experimental
cross of P. falciparum. Gametocyte producing laboratory based human malaria strains,
3D7 and HB3 clonal lines were used to initiate this experiment where they witnessed

recombination among PO stage parasites.

21



The second experimental cross of P. falciparum was performed by Wellems and
colleagues in 1990 (60) to investigate the gene/s responsible for chloroquine resistance
in human malaria parasite. The parental strains: chloroquine sensitive HB3 (Honduras
isolate Hondo-1) and chloroquine resistant Dd2 (W2-MEF line of the Indochina IlI
isolate) strains were used for the cross, where 16 out of 76 of progeny clones were
independent recombinants with even distribution of chloroguine sensitive and resistant
forms. By the use of the cross experiment, it was revealed that the chloroquine
resistance is not linked to the initially suspected mdr-like genes in P. falciparum. The
third human malaria genetic cross using 7G8 (a clone of Brazilian isolate IMTM22-
(61) and GB4 [a clone of isolate Ghana I1I/ CDC (62)] clones revealed the unique

independent recombinants in the resultant population (63).

As with the genetic crossing of rodent and other malaria parasites, Yoeli and colleagues
(64) performed an experiment with two Plasmodium strains, a pyrimethamine resistant
P. vinckei and pyrimethamine sensitive P. berghei. They observed the drug resistance
trait has been transferred from one strain to the other, but the reason behind the
observation was not properly explained. Again in 1971 and 1973, Walliker and
colleagues (65, 66) used two P. berghei strains which differed in isoenzyme type and
drug sensitivity, to show recombination among the resultant progeny. In parallel to that
in 1975, two P. chabaudi strains with three different characters (enzyme and drug
selectable markers) were also crossed inside mosquitoes to observe recombination.
Recombinant traits were observed among the three markers in the rodents infected with

resulting sporozoites (67).

Even though mouse malaria models such as P. berghei provide ample opportunities to
manipulate parasite genome in all stages, studies on P. falciparum has been limited
mostly to blood and mosquito stages due to the restrictions of pre-erythrocytic stage
development in human hepatocytes and chimpanzees (68). Thus, P. falciparum genetic
crosses have become extremely technically difficult. With the recent discovery of
human liver chimeric mice that support recovery of recombinant progeny to identify
parasite traits and adaptations particularly linked to the emerging drug resistance (68), a

powerful framework on human malaria studies have been initiated.
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1.2.5. 11 Biased inheritance of the progeny of genetic crosses

One interesting observation to emerge from these earlier crosses was that there were
more recombinants in resulting blood forms compared to either of the parental strains. It
was assumed that if equal number of parasites/gametocytes from the two parents were
mixed and fed to mosquitoes, half of the progeny should be identical to either of the
parents while the other half must be recombinants which are the result of a cross-
fertilisation. Hence, this finding inferred that cross fertilisation occurs randomly but
frequently (69) in malaria parasites. The observed bias is probably due to the favoured
growth of parasites with certain allelic combinations, ability of the male and female
gametes to recognize self from non-self and favor cross-fertilization (70) or the

variations in number of male and female gametocytes produced by the two parents (57).

1.2.5. 11 Genetic crosses today

In each step of parasite growth, specific gene/s are up or down regulated to fulfil a
specific function. While there are likely to be hundreds even thousands of essential
genes for such functions to be accomplished particularly at mosquito stage, only a
handful has been characterised. In particular, the number of mosquito stage essential
genes (~100 genes published so far) listed in Table 1.3.1 will provide only a glimpse of

the actual numbers, which are yet to be discovered.

There is an ever growing list of mosquito stage essential genes (Table 1.3.1). When any
of such genes is knocked-out in a parasite, the parasite cannot invade liver. Thus, there
are large gaps of our understanding of the malaria parasites liver stage biology.
However, this main obstacle has been overcome by crossing parasites with defects in
mosquito stage essential genes to wildtype parasites. With the increasing success rate of
cross-experiments, crossing of two strains (one with a gene deletion and the other one
with a wildtype copy of that particular gene, coupled with easily distinguishable
features inserted) in the lab and their follow up has been now a common procedure
particularly with commonly used rodent malaria models. This method termed “genetic
complementation” takes advantage of parasites’ sexual recombination and production of
heterokaryotic, polyploid oocysts. A parasite with a deletion in a mosquito stage
essential gene does not survive to complete the transmission stage. The effect of that
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particular gene for liver stage development thus cannot be investigated. When we allow
this knockout strain to cross fertilise with a wild-type strain for that particular gene, the
parasites will recombine to produce novel genotypes. Due to the hetrokaryotic nature at
the oocyst stage however, wild-type parasites and knockout parasite genes share a
common cytoplasm. These knockouts even carryover the mRNA/transcript or protein
they shared on to the sporozoite stage where that shared product may be sufficient
enough for them to complete the mosquito stage of life cycle. So far, there are ~15
mosquito stage essential gene knockouts recovered by such genetic crossing

experiments (Table 1.3.2).

We have further developed this commonly used method which complements the
missing products of a knockout by crossing to a wildtype. By tagging the two strains
with two fluorescent markers (Fig 1.3.5), their genetic content becomes readily
detectable by live-imaging. PCR and immunofluorescence assays can be used as

additional techniques to validate the fluorescent phenotyping strategy.

In addition, it is easy to extend this study to liver stage parasites, and even to PO blood
stage. Since parasites have their unique colours to assist with phenotyping, sporozoites
from the cross can be used to infect liver cells as well as the following blood stage.
Thus, the effect of this mosquito stage essential gene knockout on liver stage (if any)
becomes a possibility. Earlier studies which used this crossing technique (Table 1.3.2)
could never be expanded to liver stage with the complexity of genotypes of parasites
post recombination. Due to this new colouring of parasites however, a novel technique
which is simple and relatively easy could be introduced to study the liver stage of

malaria parasites.
1.2.5. IV The genetic complementation approach

There are advantages of genetic crosses regardless of its occurrence in natural
environment or under experimental conditions. It is beneficial for both sides, for
parasites to maintain their genetic diversity through generating novel genotypes and for

malariologists to better understand their main rival.

For scientists, performing a genetic cross experiment in a laboratory gives a good
opportunity to link phenotype and genotype of the strains involved. This is particularly

important for understanding a phonotype for which there’s no apparent responsible gene
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in action. Geneticists can extract more data from linkage analysis of such an
experimental cross as to what types of recombination occurs, in what frequency, how
each loci contributes. This is particularly important in cases of finding the responsible
gene loci for drug resistance. By comparing the genomes of the parent and progeny, and
carefully cross-examining the loci, it is possible to identify which locus is responsible
for a particular genetic variation post drug treatment. With the rapid spread of drug
resistant parasites around the world, better understanding of population genetic of
parasites with the combination of sexual reproduction has become crucial (71).

Apart from above, this genetic manipulation methodology performed in a laboratory has
several advantages over any other conditional gene knockout system applicable in
mosquito stage (1.2.6). There’s no need of designing special gene constructs which
require technical expertise and money. A conventional gene knockout structure for
double cross-over recombination is the only requirement for this system. No special
chemicals are needed for this process as this is entirely based on a natural system. This
strategy can also be modified by adding florescent markers. If the knockout and wild-
type carries two different fluorescent colours, the progeny is readily distinguishable
therefore their phenotyping in next stages becomes remarkably easy. In addition, the
sporozoites produced by this genetic complementation can be used to study liver stage
in detail which is otherwise impossible with a mosquito stage essential gene.
Particularly for genes that are assumed to be indispensable for liver stage but no clear
phenotypic details available, this strategy can be easily expandable.

Thus, | used this technique to study malaria parasite heme biosynthesis pathway in liver
stage (chapter 2) and is published in PLoS Pathogens (54). Since the essentiality of
heme pathway genes during mosquito stage makes it hardly possible for heme deficient
parasites to complete liver growth, there were no quantitative data as to when and how
the heme is needed in liver. Through the genetic complementation of heme deficient
parasites with a wildtype, we have demonstrated the indispensable nature of heme

pathway in liver stage.
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1.2.6 Other common methods of genetic manipulation at mosquito stage

As stated earlier, crossing of two strains (one with a gene deletion and the other strain
containing a wildtype copy of that particular gene) to recover mosquito stage
indispensable genes has long been a relatively popular strategy as a way of genetically
manipulating malaria parasites. Among such methods which are very few in numbers
compared to the number of techniques available to manipulate blood stage parasites,

only few has been well established. One such method is FLP/ frt system.

FLP/frt system is used against P. berghei parasites to conditionally delete a gene of
interest. The recombinase enzyme FLP activates and removes a gene of interest through
recombination of two short frt sequences. And the gene deletion is non-reversible
[reviewed by (72)]. One condition in this system is that the genetically modified
parasites must transmit through mosquitoes so that the gene deletion occurs. Because
the promoters developed to drive the FLP recombinase so far are specifically expressed
in mosquito stage. For example, one promoter commonly used in this system is
thrombospondin- related adhesive protein (TRAP) which is expressed in the mosquito
midgut (72). UIS4 is expressed at salivary gland sporozoites hence the gene of interest
must definitely pass through the sporozoite stage to FLP recombinase to express (73,
74). The system is rapid if the targeting construct is available. But generating it might
be technically challenging and costly. Another major drawback of this system is being
unable to excise the targeted gene 100% efficiently and difficulty in distinguishing

parasites with and without the gene deletion [reviewed by (72)].

In addition to the above, tetracycline controlled transcription activation known as Tet
system is a widely used method to control gene transcription. This system relies on a
trans-activator which has a tetracycline repressor (TetRep) fused to an activating
domain. This trans-activator binds with tet operator sequence (TetO) through the
TetRep. A promoter is placed in front of this TetO. Binding of TetRep with TetO
activates transcription of the gene of interest. Upon addition of either tetracycline or its
analogue anhydro-tetracycline (ATc) however, transcription is turned off due to the
reduced affinity of TetRep to TetO (75). Recently, this system has been improved with
the establishment of additional trans-activating domains (TRAD) derived from
transcription factor ApiAP2. This system has been well suited for blood stage P.
berghei but has the potential to apply for both mosquito and liver stages. However, one
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of the major downside of this system is limited accessibility of ATc to mosquito stage

parasites (76).

In summary, blood stage malaria gametocytes undergo drastic morphological and
metabolic changes once in the invertebrate host. Given the essentiality of majority of
parasite genes/ metabolic pathways studied so far in the mosquito stage, genetic
manipulation of such genes to study parasite liver stage becomes problematic. Among
the available techniques which could be used to bypass the defects in mosquito stage
essential genes, crossing of two strains to complement each other has become relatively
common. The sexual recombination of parasites and the polyploid and heterokaryotic
oocyst formation gives a good basis for this complementation strategy. When the two
strains are equipped with two fluorescent markers, not only their genotyping becomes
easy but also the study can be extended to the liver stage and further. Thus, this strategy
can open up a new array of genetic manipulations of mosquito stage essential genes

with the aim of in depth analysis of liver stage of malaria parasites.
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1.3 Tables and figures

Table 1.3.1: A partial list of mosquito stage essential genes categorised according

to the specific stage of parasites growth

attachment

Stage Description of gene | Cellular function Reference
Calcineurin Fertilization (77)
CDPK4 Cell cycle progression in male (78)
gametocytes
DHHC?2 Lipidation modification during (79)
zygote to ookinete conversion
DOZI Formation of the (80)
Gametocyte ribonucleoprotein complex
to gamete GCS1 Gamete fusion (81, 82)
and zygote | GEST Gamete egress and sporozoite (83)
traversal
HAP2 Gamete fusion (82)
MAPK-2 Male gamete formation (84)
PAT A membrane component of (85)
osmiophilic bodies in
gametocytes
PPM1 Exflagellation (86)
Ps47 Microgamete-macrogamete (87, 88)
attachment
Ps230 Microgamete-macrogamete (89)
attachment
Ps48/45 Microgamete-macrogamete (90)

ACO Ookinete conversion (91)

Actin 2 Ookinete to oocyst formation (92)

Actin capping Oocyst formation (93)

protein 3 subunit

CDPK3 Ookinete motility, mosquito (94, 95)
midgut invasion

CelTOS Ookinete midgut traversal (96)

Chitinase/ CHT1 Hydrolysis of peritrophic (97, 98); P.
memebrane during ookinete falciparum
midgut traversal

enolase Interaction with midgut (99)
epithelium

Guanylate cyclase-p | Ookinete motility (100, 101)

M1 aminopeptidase

protein breakdown in ookinete

(27, 102-105)
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stages
Ookinete MAOP Midgut invasion (106)
MDV-1/ PEG3 Egress of gametes from host cell | (27, 107)
and reduced ookinete
transformation
Nek-2,4 Ookinete genome replication (108)
P25 Ookinete surface protein; (109)
ookinete survival in the
mosquito midgut, traversal of
the epithelium; ookinete-oocyst
transformation

P28 Ookinete surface protein; (109)
ookinete survival in the
mosquito midgut, traversal of
the epithelium; ookinete-oocyst
transformation

Palmityol transferase | Gliding motility of ookinetes (110)

DHHC3 and sporozoites

PANK1,2 Optimal ookinete formation and | (111, 112)
oocyst development

Phosphodiesterase 6 | Gametogenesis and ookinete (101, 113)
morphology

POS1-10 Ookinete surface protein (114)

PPLP3-5 Ookinete midgut traversal (114, 115)

Protein disulfide Catalyses the oxidation, (27, 116,

isomerase reduction and isomerisation of 117)
disulfide bonds

Protein kinase G Ookinete motility (101) (118)

PSOP 1,2,6,7,12 Ookinete-secreted proteins (114)

PSOP25 Ookinete maturation and (119)
formation of oocyst

SHLP1 Ookinete formation (120)

SOAP Ookinete midgut traversal (121)

SUB2 Possibly disrupting the actin (122)
cytoskeleton on midgut
epithelium

WARP Ookinete midgut traversal (123) (124)

- r 71 0 ]

ALAS Oocyst maturation (125-127)

ATP synthase f3 Oocyst formation (128)

subunit
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Oocysts

BCKDH Oocyst maturation (129)

Cap380 Oocyst maturation (130)

CDPK3 Ookinete motility, mosquito (94, 95)
midgut invasion

CPO Oocyst maturation (92); P.
falciparum)

CTRP Oocyst formation (131)

CYC3 Oocyst development, maturation | (132)

and sporozoite formation

ECP1 Egress from midgut oocyst (133)

FabB/F Oocyst to sporozoite (134); P.

development falciparum)

Fabl Oocyst to sporozoite (134); P.

development falciparum)

GGCS Oocyst maturation (135)

GluS Oocyst development (111)

GR Oocyst maturation (136, 137)

HMGB2 Oocyst formation (138); P.
yoelii

KGDH Oocyst formation (139); P.
falciparum)

LAP1/CCp3/SR Oocyst maturation and (53, 140)

sporozoite formation

LAP2/CCpl Oocyst maturation and (53, 140)

sporozoite formation

LAP3/CCp5 Oocyst maturation and (53, 140)

sporozoite formation

LAP4/CCp2 Oocyst maturation and (53, 140)

sporozoite formation

LAP5 Oocyst maturation and (53, 140)

sporozoite formation

LAP6 Oocyst maturation and (53)

sporozoite formation

MDH Oocyst formation (91)

MISFIT (formin-like | Oocyst development (1412)

protein)

PBGD Oocyst maturation (127, 142,
143); P.
falciparum

PEPC Oocyst formation (91)

PEPCK Oocyst development (111)

PK7 Oocyst development and (144)

sporogony
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Sporozoites

PPM5 Oocyst development (86)
SDH Oocyst formation (145)
TRP1 Oocyst egress and salivary gland | (146)
invasion
Type |1 NADH: Oocyst maturation (147)
Ubiquinone
dehydrogenase
UOS3 Oocysts sporozoites to infect (148)
salivary glands
UROD Oocyst maturation (127, 143); P.
falciparum
I R )
Api ap2-sp Sporogony (149)
Api ap2-sp2 Sporoblast formation (149)
Api ap2-sp3 Salivary gland invasion (149)
c-CAP Sporozoite production (150)
CDLK Sporozoite maturation (144)
CRMP1,2 Salivary gland invasion (151)
CSP Sporozoite development within | (152)
oocyst and sporozoite
attachment to hepatocytes
CYC3 Oocyst development, maturation | (132)
and sporozoite formation
FabB/F Oocyst to sporozoite (134) P.
development falciparum
Fabl Oocyst to sporozoite (134); P.
development falciparum
GAK Sporozoite development (144)
GEST Gamete egress and sporozoite (83)
traversal
k2 Latency of sporozoites in (153)
salivary glands
IMCla Sporogony (154)
LIMP Sporozoite gliding motility (155)
MAEBL Salivary gland invasion (156)
PAT A membrane component of (85)
osmiophilic bodies in
micronemes of sporozoites
PL/ UIS10 Sporozoite migration through (157)
cells
PSOP13 Sporozoite development (158)
RON4 Sporozoite invasion of (159)
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hepatocytes
S-acyl-transferase Sporozoite formation (160)
DHHC10
SPECT1/2 Sporozoite cell traversal (161, 162)
TLP Sporozoites tissue traversal (163)
TRAP Salivary gland invasion and (164)
infection of hepatocytes
TRSP Sporozoite host cell entry (165)

ACO; Acotinase, ALAS; Aminolevulinic acid synthase, ApiAP2; AP2 DNA-binding
domain, BCKDH; Branched-chain amino acid dehydrogenase, Cap380; Capsule protein
380, c-CAP; Cyclase-associated protein, CDLK; CDPK-like kinase, CDPK; Calcium-
dependent protein kinase, CelTOS; Cell-traversal protein for ookinete and sporozoites,
CPO; Coproporphyrinogen oxidase, CRMP; Cysteine repeat modular protein, CSP;
Circumsporozoite protein, CTRP; Circumsporozoite protein and thrombospondin-
related adhesive protein [TRAP]-related protein, CYC3; P-type cyclin 3, DHHC2;
palmitoyl-S-acyl-transferase, DOZI; Development of zygote inhibited, ECP1; Egress
cysteine protease I, FabB/F; [3-ketoacyl-ACP synthase |1, Fabl; Enoyl-ACP reductase,
GAK; Cyclin G-associated kinase, GCS1; generative cell specific 1, GEST; Gamete
egress and sporozoite traversal, GGCS; Gamma-glutamylcystein synthetase, GluS;
Glutamate synthase, GR; Glutathione reductase, HMGB; High mobility group protein,
IK2; Initiation factor-2a kinase, IMCla; Inner membrane complex protein, KGDH; a-
keto-glutarate dehydrogenase, LAP; LCCL/ lectin adhesive-like protein 1, MAEBL,;
Apical membrane antigen/erythrocyte binding like protein, MAOP; Membrane-attack
ookinete protein, MAPK; Mitogen-activated protein kinase, MDH; Malate
dehydrogenase, Nek; NIMA-related kinase, PANK; Putative pantothenase Kinase,
PBGD; Porphobilinogen deaminase, PEPC; Phosphoenolpyruvate carboxylase, PEPCK;
Phosphoenolpyruvate carboxykinase, PK7; Protein kinase 7, PL; Phospholipase, POS;
Putative ookinete surface-associated protein, PPLP; Plasmodial perforin-like protein,
PPM1; metallo-dependent protein phosphatase 1, PSOP; Putative secreted ookinete
proteins, RON; Rhoptry neck protein, SDH; Succinate dehydrogenase, SHLP;
Shewanellla-like protein phosphatase, SOAP; Secreted ookinete adhesive protein,
SPECT; Sporozoite microneme protein essential for cell traversal, TRAP;
Thrombosponin-related adhesive proteinTRP1; Thrombosponidin-related protein,

TRSP; Thrombospondin-related sporozoite protein, UOS; Upregulated in oocysts

32




sporozoites, UROD; Uroporphyrinogen decarboxylaseWARP; Von Willebrand factor A

domain-related protein

Table 1.3.2: A partial

list of mosquito stage essential

genes genetically

complemented/ cross-fertilised with either a wildtype or male/female sterile

parasite strains

Description Cellular function Reference

ACO Ookinete conversion (111)

Actin 2 Ookinete to oocyst formation (166)

Actin capping protein 3 Oocyst formation (93)

subunit

ATP synthase 3 subunit Oocyst formation (128)

CTRP Oocyst formation (131)

CYC3 Oocyst development, maturation and | (132)
sporozoite formation

FC Oocyst formation and maturation (54)

LAP1/CCp3/SR Oocyst maturation and sporozoite (53, 140)
formation

LAP2/CCp1l Oocyst maturation and sporozoite (53, 140)
formation

LAP4/CCp2 Oocyst maturation and sporozoite (53, 140)
formation

LAP5 Oocyst maturation and sporozoite (53, 140, 158)
formation

LAP6 Oocyst maturation and sporozoite (53)
formation

MDH Oocyst formation (91)

MISFIT (formin-like protein) | Oocyst development (141)

Palmityol transferase DHHC3 | Gliding motility in ookinetes and (110)
sporozoites

PEPC Oocyst formation (91)

PPM5 Oocyst development (86)

PSOP13 Sporozoite development (158)

S-acyl-transferase DHHC10 | Sporozoite formation (160)

Type I NADH: Ubiquinone | Oocyst maturation (147)

dehydrogenase

All the crosses listed were performed with P. berghei unless indicated otherwise. ACO;

Acotinase, CTRP; Circumsporozoite protein and thrombospondin-related adhesive
protein [TRAP]-related protein, CYC3; P-type cyclin 3, LAP; LCCL/ lectin adhesive-
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like protein 1, MDH; Malate dehydrogenase, PEPC; Phosphoenolpyruvate carboxylase,
PPM; Metallo-dependent protein phosphatase, PSOP; Putative secreted ookinete
proteins.
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Figure 1.3.3 [adapted from (167)]: A simple illustration of life cycle of malaria

parasites/ Plasmodium falciparum
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