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Abstract

Enabling the in vitro study of long noncoding RNAs to understand their role in

Plasmodium falciparum Johanna Steffania Hoshizaki

Long noncoding RNAs (IncRNAs) have been identified in Plasmodium falciparum, the para-
sitic cause for life-threatening malaria, yet their role remains largely undiscovered. Through
interactions with nucleic acids and proteins, IncRNAs can modulate gene expression at the
transcriptional, post-transcriptional, translational, and post-translational levels. Determining
the role of IncRNAs in the regulation of the P. falciparum transcriptome and proteome is

imperative to further our understanding of gene regulation in the parasite.

The characterisation of P. falciparum IncRNAs has been hindered by an incomplete annotation
and the absence of disruption methods that together would permit high-throughput systematic
knockdown of IncRNAs. During my PhD, I addressed these challenges to enable the study
of P. falciparum IncRNAs in vitro. 1 generated a high-quality IncRNA annotation using
manual curation of sequencing data generated at the Sanger Institute, along with supportive
datasets from the literature. I evaluated CRISPR-based approaches for in vitro disruption
of IncRNAs including gene knockout, knockdown, and interference. CRISPR-associated
enzymes were explored including commonly used DNA-cutting enzymes (Cas9), inactivated
enzymes to block transcription (dCpfl) and enzymes that target RNA directly (Cas13), the
latter of which had not been applied to Plasmodium. Furthermore, I implemented these tools
to demonstrate the feasibility of IncRNA studies in P. falciparum. I interrogated a set of
IncRNAs that were selected based on predicted biological significance and targetability using
dCpfl. LncRNA-depleted parasites were phenotypically characterised by assessing changes
in fitness, drug resistance, gametocytogenesis and expression. I identified potential roles for

specific IncRNAs in drug resistance and gametocytogenesis.



vi

By developing bioinformatics and molecular tools, this work enables future studies elucidat-
ing the specific roles of IncRNAs in P. falciparum. Understanding the transcriptome and gene
regulation will inform the development of novel interventions for the control and eradication

of malaria, which remains a serious global health concern.
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Chapter 1

Introduction

1.1 Malaria

Malaria is an ancient disease caused by infection with parasites of the Plasmodium genus.
These eukaryotic parasites have co-opted humans, among other vertebrates, as their hosts and
caused deadly infections for millennia. Despite advancements in understanding the disease,
implementation of interventions, and substantial investment, malaria has not been eliminated.
Elimination is not near, with hundreds of millions of cases occurring annually and billions of

people at risk for infection.

1.1.1 Life-threatening infection

Malaria presents as an acute febrile illness with symptoms of high fever, headache, vom-
iting, diarrhoea, muscle pain, shaking, tiredness and anaemia (WHO, 2022). The fever is
notably periodic, occurring every 3-4 days due to the synchronised release of parasites from
infected erythrocytes. Depending on the species of the infecting parasite, the host’s immune
and the treatment, the infection can lead to severe consequences, including kidney failure,
persistent liver infection, splenomegaly, cerebral malaria, placental malaria and possibly
death if untreated (Milner, 2018). Cerebral malaria presents as acute encephalitis, which
can progress to coma. Placental malaria can result in adverse outcomes such as intrauterine
growth retardation, premature delivery, low birth weight and fetal loss. Even uncomplicated
malaria, albeit not life-threatening, can significantly impact quality of life and the burden on

socioeconomic systems (Kayiba et al., 2021).



2 Introduction

In endemic regions, the entire population, including healthy individuals, are at risk for
Plasmodium infection. However, vulnerable populations are at a higher risk for increased
disease severity due to suppressed, underdeveloped or absent immunity. These populations
include young children, pregnant women, immunocompromised individuals, travellers and

migrants.

1.1.2 Historical perspective

References to infections resembling malaria in ancient civilisations appear in numerous
sources: Chinese texts, a Mesopotamian clay tablet, an Egyptian papyri, Hindu texts and later
in ancient Greek literature (Cox, 2010). These early texts describe the signature periodic
fever and enlarged spleen of malaria infection. While the written records date early malaria
infections to around 2700 BCE, researchers have detected malaria antigens (aldolase and
hrp2) in the remains of Egyptian mummies dating back to 3200 BCE (Cerutti et al., 1999;
Al-Khafif et al., 2018). Malaria has inflicted many, including influential people such as
monarchs, religious leaders, philosophers, writers and explorers. Although the cumulative
deaths are hard to estimate, it is clear that malaria has had a substantial impact on human

populations throughout history.

Further, malaria has profoundly impacted human evolution. Mutations that protect against
infection are selected for and maintained in endemic populations. For example, changes
to erythrocyte shape, such as sickle cell anaemia and ovalocytosis, protect carriers against
malaria as the parasite cannot efficiently infect erythrocytes (Williams, 2006). Another
example is a variant that emerged 42 000 years ago in sub-Saharan Africa, which disrupts the
expression of Duffy antigen, a surface protein involved in erythrocyte invasion (McManus
et al., 2017).

Ancient peoples believed that afflictions like malaria had supernatural causes and were
unaware of the role of parasites and mosquitoes. Although for thousands of years, people
understood that malaria incidence increased near wetlands. At around 400 BCE, the miasma
theory arose, primarily advanced by the Greek physician Hippocrates, which claimed that
poisonous air caused pestilence (Hempelmann and Krafts, 2013). Thus, people believed that
vapours from stagnant bodies of water and decaying matter caused malaria, even the origins
of the name, Mal’aria translates to bad air in 18" century Italian (Cox, 2010). Although this
theory was incorrect, it inspired effective disease management, such as waste removal and

moving populations away from wetlands where mosquitoes are prevalent.
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Microscopic life was first observed in the 1600s by Robert Hooke and Antonie van Leeuwen-
hoek; however, it was only in the late 1800s that Louis Pasteur and Robert Koch, respectively,
developed and proved germ theory. Thus began the Golden Age of Microbiology, when sci-
entists identified many microbiological agents causing infectious diseases. In 1880, Charles
Louis Alphonse Laveran identified the Plasmodium parasite in the blood of malaria patients
at a military hospital in Algeria (Cox, 2010). Sir Ronald Ross later incriminated mosquitoes
as the vectors mediating transmission by observing parasites in the gut of an Anopheles
mosquito that fed on a patient with malaria. These two discoveries initiated the study of

parasite and vector biology to understand malaria.

1.1.3 Current global burden and challenges

Malaria continues to be responsible for human illness and death today. In 2021, there were
an estimated 247 million cases and 619 000 deaths (WHO, 2022). Most cases occurred in
Africa (234 million), specifically affecting the poorest and most vulnerable communities
(Figure 1.1).

Human interventions have aided in controlling malaria since they were implemented in the
early 1900s, yet they have failed to eradicate malaria. Mosquito populations are controlled
by using insecticides and draining water reservoirs. Houses in endemic areas are fumigated
(indoor residual spraying) and outfitted with insecticide-treated nets and metal roofing (Carter
and Mendis, 2002). Antimalarials were discovered as early as 1820 and are continuously
developed to provide life-saving treatments for the infected (Carter and Mendis, 2002). These
therapeutics are also used as malaria prophylaxis for vulnerable populations (pregnant women
and children under 5), which are administered seasonally when there is an increased risk of

malaria.

One major challenge has been the delay in the development of an effective prophylactic
vaccine for malaria. Although the search for a vaccine began in the 1960s, only in October
2021 did the World Health Organization (WHO) recommend the first malaria vaccine for
widespread use. This recombinant-protein-based vaccine, RTS,S/ASO1 (Mosquirix), com-
bines epitopes of the P. falciparum circumsporozoite protein with the surface antigen of the
Hepatitis B virus. In clinical trials, after receiving the third dose, the vaccine protected 55%
of children aged 5-17 months and 31% of infants 6-12 weeks of age against clinical malaria

for 12 months (RTS, 2015). Although the efficacy is modest, the vaccine is currently being
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given to children living in regions with moderate to high malaria transmission. There is a

continued effort to develop a more efficacious vaccine.

Another challenge is drug resistance, which has arisen after implementing each antimalarial.
The oldest treatment for malaria is quinine, a compound extracted from the bark of the cin-
chona tree in South America by the Quechua people. Since then, many other drugs have been
discovered and developed, including chloroquine, sulfadoxine, pyrimethamine, mefloquine,
artemisinin, atovaquone, proguanil, lumefantrine and piperaquine (Haldar et al., 2018). Their
mechanisms are not all fully-elucidated although the pathways targeted by these therapeutics
include heme metabolism, dihydropteroate synthetase, protein synthesis, and cytochrome B.
Chloroquine resistance arose ten years after implementation; resistance emerged even quicker
in other drugs like sulfadoxine-pyrimethamine, mefloquine and piperaquine, and in 2009,
resistance to combination therapies was first observed (Haldar et al., 2018). Tremendous
resources are devoted to the implementation of drug intervention programs, surveillance of

drug resistance and discovery of novel drugs (Ippolito et al., 2021).

Climate change is another factor that influences malaria incidence both directly and indirectly.
Rising temperatures, rainfall, changes in weather patterns and extreme weather incidents like
flooding can lead to direct changes to the biology of the parasite or vector, the geographic
distribution of mosquitoes or human migration patterns (Nissan et al., 2021). Also, the disrup-
tion and instability caused by climate change have consequences for socioeconomic systems
and malaria is an infection that disproportionately affects poor populations, and climate
change deepens economic inequality and increases poverty (Tusting et al., 2013). Malaria
intervention infrastructures such as logistics, supply chains, government programming and
funding are vulnerable. The recent COVID-19 pandemic has revealed this vulnerability as
disruptions between 2019 and 2021 have been linked to an excess of 13.4 million cases,
including 63 000 deaths (WHO, 2022).

1.2 Plasmodium parasites: the cause of malaria

Understanding the cause of an illness is essential in developing treatments and prevention
strategies; in parasitic infection, the cause is an organism with an intricate relationship with its
host. The parasitic cause of malaria is infection with Plasmodium spp., which are unicellular
eukaryotes (protozoans). They are classified as apicomplexans, possessing the characteristic

apical complex structure, and specialised organelle called an apicoplast. Plasmodium spp.
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Fig. 1.1 Map showing the global distribution of malaria incidence in 2020. This world map shows the
prevalence of malaria measured by the number of new cases of malaria in a year per 1000 people.
White regions indicate areas of low incidence, and blue regions indicate areas of high incidence. This
map was taken from ourworldindata.org, which was generated from data acquired from the World
Health Organization via World Bank. The figure and legend were obtained from Ritchie (2019), which
is under a CC-BY license.
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are obligate endoparasites that require the infection of both arthropods (mainly Anopheles
mosquitoes) and vertebrates (such as mammals, birds and reptiles) to complete their life
cycle (Molina-Cruz et al., 2016; Galen et al., 2018).

1.2.1 Plasmodium species responsible for human disease

Of the hundreds of Plasmodium species, only six are known to cause malaria in humans: P.
falciparum, P. vivax, P. ovale.walliker, P. ovale.curtisi, P. knowlesi and P. malariae (Figure
1.2). Most of these infect humans exclusively as an intermediate host, while P. knowlesi and
P. malariae also infect other primates (Rutledge et al., 2017). Zoonotic infections from other

Plasmodium species are rare occurrences.

The species vary in many ways, including in geographical distribution and pathology. P.
falciparum is the most predominant species with a global distribution and high prevalence
in Africa, where 90% of the cases occur (WHO, 2022). P. falciparum also causes the most
severe form of malaria and is responsible for the most deaths. The remaining species cause
less life-threatening malaria (Milner, 2018). However, two of the species, P. vivax and P.
ovale, can be dormant in the liver and reactivate many months or years later. The two species
occupy separate niches with P. ovale in sub-Saharan Africa and P. vivax in Asia and South
America. P. malariae has a global distribution but it is responsible for few cases. P. knowlesi
is found in Southeast Asia and primarily infects macaques but can infect humans. From a
global perspective, P. falciparum is the species of greatest importance as it causes the most

harm to humanity. Therefore, most research studying malaria centres on P. falciparum.

1.2.2 Life cycle of the Plasmodium falciparum parasite

P. falciparum infects Anopheles mosquitoes, which transmit the parasite to humans during
a blood meal. Mosquitoes are the primary hosts as fertilisation occurs in the mosquito
gut, while humans are the secondary hosts; both are necessary for the parasite life cycle.
Only female mosquitoes transmit parasites to humans, as males do not feed on humans.
Transmission often occurs at night because Anopheles mosquitoes are "night-biters", feeding
between sunrise and sunset and sensing their hosts through olfaction and carbon dioxide

sensing (Konopka et al., 2021).

During a blood meal, haploid P. falciparum sporozoites, carried in the mosquito’s salivary

glands, are injected into the bloodstream (Figure 1.3) (Bousema and Drakeley, 2011). The
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Fig. 1.2 Maximum likelihood phylogenetic tree showing the Plasmodium genus. The divergence levels
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et al. (2017), which is under a CC-BY license.
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sporozoites are motile and proceed to invade liver cells, where they replicate asexually for
7-10 days (the exo-erythrocytic cycle). Once released into the bloodstream as merozoites,
they replicate asexually in red blood cells (the intraerythrocytic development cycle, IDC).
Every 48 hours, parasites cycle through the following stages: merozoites infect erythrocytes
becoming ring stages, which mature into trophozoites and then develop into multi-nucleated
schizonts. Schizonts rupture and 20-36 daughter merozoites are released that infect new
erythrocytes (Rudlaff et al., 2020). The parasites complete the IDC in synchrony, and the
simultaneous rupturing of erythrocytes causes periodic high fever. A minority of parasites
(fewer than 10%) differentiate into sexual stages called gametocytes (Smith et al., 2002).
This process, gametocytogenesis, 1s formed of five stages, ending with the formation of either
female or male gametocytes (Figure 1.3). These sexual stages must be produced and ingested
by a mosquito to complete the remaining stages of P. falciparum life cycle (the sporogonic
cycle).

Mosquitoes ingest gametocytes, which develop into fertile male microgametes and female
macrogametes in the mid-gut (Bennink et al., 2016). Microgametes are generated through
exflagellation, which enables the gamete to become motile. The gametes fuse to create a
zygote (diploid), which then converts into a motile form called an ookinete. Within 20hrs
since ingestion, the ookinete exits the gut lumen and settles in the gut epithelium, where it is
converted into an oocyst and, over two weeks, undergoes replication. The oocyst ruptures,
releasing thousands of sporozoites that travel to the salivary glands, where they restart the
parasite life cycle. The average life span of Anopheles mosquitoes is only two weeks in

nature, which is just enough time to accommodate the P. falciparum life cycle.

1.2.3 The P. falciparum genome

Plasmodium parasites have three genomes: the nuclear, mitochondrial and apicoplast
genomes. The P. falciparum nuclear genome is 23.29Mb (megabases) and comprises of 14
chromosomes containing 5280 genes. The remaining genomes are small and circular: the
apicoplast genome is 34 kb (kilobases), containing 30 genes, and the mitochondrial genome
is 5.9 kb with 3 genes. The P. falciparum nuclear genome has strikingly high (A + T) content,
which reaches 80% in coding regions and 90% in noncoding regions (Chappell et al., 2020).
This is not true of all Plasmodium species, P. vivax has a comparatively GC-rich genome.
AT-rich genomes pose a challenge for many sequencing approaches designed for mammalian
species with higher GC content. Despite these challenges, a high-quality P. falciparum draft

genome was generated in 2002 and has since been improved, including the closure of all gaps
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Fig. 1.3 The life cycle of the Plasmodium falciparum parasite. Mosquitoes inject sporozoites into
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(Gardner et al., 2002; Bohme et al., 2019). The application and development of additional
tools into the parasite such as RNA sequencing (RNA-Seq), immunoprecipitation, chromatin
interactions, gene editing, microscopy, and proteomics have also enhanced our understanding

of the malaria parasite.

1.3 Gene regulation in P. falciparum

The P. falciparum life cycle is complex, consisting of many different life stages. The parasite
undergoes significant morphological changes, including a 7-fold increase in size in the IDC
and transitions between motile and immotile, uninucleate and multinucleate, and sexual and
asexual stages (Machado et al., 2021). The parasite must survive in diverse environmental
niches in the definitive host and intermediate host, from the midgut and salivary glands of the
mosquito to human liver cells and erythrocytes. Furthermore, the parasite transitions through
these stages at specific times and sense and respond to external factors. These processes
must be underpinned by tight regulation and coordinated programs of gene expression in the

Plasmodium genome.

1.3.1 The P. falciparum transcriptome

Early studies identified that, like most eukaryotes, P. falciparum exhibits monocistronic
transcription, meaning that each cistron is transcribed as a separate transcriptional unit. In
this type of transcription, genes require a proximal promoter and terminator. Transcription
in P. falciparum was characterised by a "just-in-time" model, where gene expression is
tightly regulated and expressed in specific stages (Le Roch et al., 2003; Bozdech et al., 2003;
Llinas et al., 2006). This model suggests that transcription is initiated only once per cycle
at the required time. However, this model was later challenged when researchers did not
find sufficient evidence of transcriptional regulation to support the model in the form of a
scarcity of transcription factors. An alternative theory came into favour that suggested that
regulation occurs at the post-transcriptional level, which was supported by an observed delay
between transcription and translation (Coulson et al., 2004; Le Roch et al., 2004; Hall et al.,
2005). This type of regulation was identified in trypanosomes, another protozoan, although
these parasites exhibit polycistronic transcription. A tour-de-force search for mediators of
post-transcriptional regulation ensued. However, it was non-canonical transcription factors

that were discovered and proven to be functional.
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1.3.2 Transcriptional and epigenetic regulation
Transcription factors

DNA-binding domains were identified in early genomics studies; however, these proteins
were general transcription factors responsible for RNA polymerase recruitment or chromatin
structure, not associated with regulating specific genes that could explain the tightly-regulated
gene expression. The first specific transcription factors, the apicomplexans AP2s (ApiAP2s),
were identified by Balaji et al., who performed a sensitive sequence profile analysis of
multiple apicomplexan genomes: Plasmodium, Cryptosporidium, and Theileria (Balaji
et al., 2005). ApiAP2s contain a domain similar to Apetala2/ERF (ethylene response
factor) integrase DNA-binding domain. AP2s might have entered the genome of ancestral
Plasmodium via horizontal gene transfer from the red algae endosymbiont; however, AP2s
have also been found in bacteria and phages (Wessler, 2005). Although many AP2s are
conserved between apicomplexans, there is also evidence of expansion occurring in lineages
after the divergence of apicomplexan species. Within Plasmodium spp., the AP2 domains are

highly conserved, but their putative target genes vary considerably (Campbell et al., 2010).

There are 27 putative ApiAP2s in P. falciparum, which each contain one to four AP2 domains,
and there is little shared homology outside of these domains. Subsequent analysis revealed
that the expression of these transcription factors clustered around specific developmental
stages and had different binding motifs, targets, and functionalities (Figure 1.4) (Campbell
et al., 2010). AP2-I is associated with erythrocyte invasion, likely inducing chromatin
remodelling through its interaction with BDP1 and BDP2. AP2-exp was also associated with
sporozoites. Another AP2, PfSIP2, binds to the SPE2 DNA motif found in subtelomeric
domains and acts as a DNA-tethering protein in heterochromatin formation and maintenance
(Flueck et al., 2010). AP2-tel is a component of the telomere-binding complex, which
interacts with BDP1. AP2-G and AP2-G2 play a role in gametocytogenesis (Kafsack et al.,
2014; Sinha et al., 2014). AP2-G is essential for sexual commitment and likely targets early
gametocyte genes. AP2-O activates gene expression in ookinetes and is synthesised in female
gametocytes (Yuda et al., 2009). AP2-Sp contributes to sporozoite formation and is expressed
from late oocysts to sporozoites (Yuda et al., 2010). APG-L is expressed in sporozoites and

is necessary for parasite development in hepatocytes (Iwanaga et al., 2012).

Non-ApiAP2s exist; there are at least 22 other DNA-binding proteins, some of which contain
homology with known transcription factors (Coulson et al., 2004; Toenhake and Bértfai,
2019). Recently, homeodomain-like protein 1 (hdpl, PF3D7_1466200) was discovered and
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Fig. 1.4 Transcriptional and epigenetic regulation in P. falciparum. This figure superimposes elu-
cidated epigenetic pathways for each life stage onto the P. falciparum life cycle. Specific AP2
transcription factors regulate transcription at different life stages, such as AP2-G in gametocytoge-
nesis and AP2-L in sporozoites infecting the liver. Chromatin reshaping is integral to the asexual
blood-stage stages. Different histone modifications have been identified in different stages. The figure
and legend were obtained and adapted from Serrano-Duran et al. (2022), which is under a CC-BY
license.

has a role in the regulation of early-stage gametocyte genes (Campelo Morillo et al., 2022).
It binds to GC-rich motifs to upregulate gene expression. Although, when disrupted, not all
expression was abolished, suggesting that hdpl works within a network of transcriptional

regulators.

DNA methylation

DNA methylation is a common way that eukaryotes distinguish the regions of the genome
that should be expressed. Two bases can be methylated: cytosine and adenine. Early studies
thought DNA methylation (SmC) was absent from the parasite, which was supported by the
absence of DNA methyltransferase homologues. However, DNA methylation of cytosine
residues was identified using BS-Seq (bisulfite conversion of unmethylated cytosines coupled
with sequencing) (Ponts et al., 2013). Although, the conclusions from this study are disputed.
Hammam et al. detected low levels of SmC in the parasite and identified a ShmC-like-
modification at slightly higher levels (Hammam et al., 2019). The N6-methyladenosine (m6a)
mark has also been identified in the parasite (Luo et al., 2016).
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Nucleosome landscape and histone modification

Gene regulation also occurs at the level of histones, which hold 147 base pairs (bp) of DNA
in P. falciparum and form nucleosomes in octamers. The patterns of nucleosome occupancy
are highly variable throughout the parasite life cycle (Ponts et al., 2011). In addition to
four core histone types: H2A, H2B, H3 and H4, there are also variant types such as H2A.Z,
H2B.Z, H3.3, and H3Cen, the first two preferentially occupy intergenic regions (Hoeijmakers
et al., 2019). The parasite lacks a +1 nucleosome that indicates the transcriptional start site
(TSS); instead, it is positioned within the coding regions (Ponts et al., 2011; Bunnik et al.,
2014).

Histones can be modified to facilitate gene regulation by depositing histone marks, including
methylation and acetylation of certain residues. 232 histone post-translation modifications
have been identified in P. falciparum but only 36 have been characterised (Salcedo-Amaya
et al., 2009; Saraf et al., 2016). These activating and repressive marks are deposited by "writ-
ers", removed by "erasers", and interpreted by "readers". Histone lysine methyltransferases
(PfSET1-10) deposit methyl groups on lysine residues resulting in the H3K4, H3K9, H3K27,
H3K36, H3K5/K8/K12 and H4K?20 histone marks. Histone demethylases (lysine-specific
demethylase 1 and Jumonji C-domain containing histone demethylases) erase these marks.
Histone acetylation is facilitated by four histone acetyltransferases (HAT), including GCN5
and MY ST, which are specific to H3 and H4, respectively and histone deacetylases (HDACs)
such as Sir2a, Sir2b and HDACs (1-3) mediate histone deacetylation. Also, some methyltrans-
ferases add methyl groups to protein arginine residues (PRMT 1, 4 and 5). Bromodomain
proteins (1-6) read acetylated lysine residues, while other acetylated and methylated histones
are read by SET proteins, PhD-domain-containing proteins, MYST and HP1. These marks
are found in active promoters but also in silent promoters, the 5’ end of coding genes and
intergenic regions (Cui et al., 2007; Salcedo-Amaya et al., 2009; Bartfai et al., 2010). ChIP-
Seq (chromatin immunoprecipitation sequencing) experiments have verified that these marks
are stage-specific (Figure 1.4) (Bunnik et al., 2018; Fraschka et al., 2018).

Chromosome conformations

Studies using immunofluorescence identified that regions of P. falciparum chromatin where
gene expression was known to be repressed, such as subtelomeric regions and antigenic
variation genes, were forming clusters around the nucleus (Figueiredo et al., 2002; Horrocks

et al., 2009; Epp et al., 2009). This architecture was later confirmed with chromosome
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conformation capture, which captures long-range chromatin interactions (Ay et al., 2014;
Bunnik et al., 2018; Batugedara and Le Roch, 2019). The P. falciparum chromosomes are
arranged around the nucleus in folded structures that are parallel to each other, with separate
transcriptionally active and repressed compartments, possibly tethered to one area of the

nucleus.

Noncoding RNAs and antisense transcription

Noncoding RNAs such as miRNAs and IncRNAs can also modulate gene regulation and
participate in regulatory networks. The P. falciparum genome does not encode miRNAs.
The parasite lacks the RNA interference (RNAi1) machinery required for miRNA processing;
therefore, it is not a likely mechanism of transcriptional regulation. However, a recent
study has proposed that the parasite imports the human miRNA-RISC complex (Dandewad
et al., 2019). The parasite encodes thousands of IncRNAs and exhibits extensive antisense
transcription. There is also a high proportion of bidirectional promoters in the parasite that
drive IncRNA expression (Lépez-Barragén et al., 2011; Adjalley et al., 2016). The role of
IncRNAs in P. falciparum has not been fully elucidated; however, a few have been implicated

in transcriptional regulation, which I will describe in detail in the next section.

1.3.3 Translational regulation

Plasmodium spp. exhibits classic eukaryotic protein translation and, like many other eukary-
otes, have mechanisms of translational regulation (Cui et al., 2015; Holmes et al., 2017).
Polysomal profiling revealed that more than 30% of genes exhibit a delay between the
relative abundance of mRNAs and the polysomal fraction (Bunnik et al., 2014). This delay is
particularly prevalent in gametocyte and sporozoite life stages, where some transcripts are
produced but not translated until specific times (Hall et al., 2005; Mair et al., 2010; Lindner
et al., 2013; Silvie et al., 2014). These transcripts enable the transition stages (gametocytes
and sporozoites) to persist and remain ineffective until a blood meal transfers the parasite to
the next host.

Translation can be regulated globally in response to conditions of cellular stress. Known
as the integrated stress response, phosphorylation of the & subunit of elF2 leads to global
translational repression. Phosphorylated elF2¢ acts as an inhibitor of elF2B, reducing the
conversion of elF2-GDP to elF2-GTP, which is necessary for forming the 43S pre-initiation
complex. P. falciparum encodes three elF2 o kinases that facilitate this phosphorylation: 1K1,
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IK2 and PK4. IK1 phosphorylates eIF2a in response to amino-acid starvation (Fennell et al.,
2009). IK2 represses protein synthesis during sporozoite development in the salivary glands
to support latency until transmission (Zhang et al., 2010). PK4 inhibits protein synthesis in
asexual blood stages to accommodate the energy requirements of schizogony and in mature

gametocytes to promote latency similar to sporozoites (Zhang et al., 2012).

Translational repression can also be specific to individual mRNAs. For example, in P. berghei,
rodent malaria, the Dhh1 RNA helicase DOZI complex and CITH repressors protect mRNAs
expressed in gametocytogenesis from degradation (Mair et al., 2006; Braks et al., 2008;
Guerreiro et al., 2014). It is unknown if this also occurs in P. falciparum. The highly-
conserved eukaryotic Puf protein has also been shown to repress the expression of mRNAs
in Plasmodium spp. in gametocyte and sporozoite stages (Cui et al., 2002; Fan et al., 2004;
Miiller et al., 2011). It has been proposed that Puf binds the 5’ untranslated region (UTR)
of select genes via Puf-binding elements. P. falciparum contains long 5’ UTRs, although
their role in the translation remains unclear, although there is one example of their role in
regulation. The translation of a 360 bp upstream open reading frame in var2csa mediates
translational repression of var2csa mRNA by impacting translation initiation efficiency
(Amulic et al., 2009; Bancells and Deitsch, 2013; Fastman et al., 2018).

1.4 Long noncoding RNAs

RNA is a nucleic acid principally known for its role as an intermediate between DNA and
protein, carrying the genetic information required for the synthesis of proteins. The secondary
function of RNA is to produce noncoding RNAs (ncRNAs) required for housekeeping
activity, including mRNA splicing and protein synthesis: small nuclear RNAs (snRNAs),
small nucleolar RNAs (snoRNAs), ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs).
RNA also plays a third role as a regulatory molecule. The first regulatory ncRNAs identified
were small RNAs known as small interfering RNAs, microRNAs (miRNAs) and small-
PIWI interacting RNAs, which interact with Argonaute proteins to facilitate gene regulation.
Additional ncRNAs were discovered that did not fit into the categories of ncRNAs, but
these were exceptional cases, and noncoding genomic regions were mostly classified as
"junk" DNA (Pennisi, 2012). However, after transcriptomic technologies emerged, it became
apparent that noncoding elements are transcribed and are a general phenomenon, which
required a classification (Berretta and Morillon, 2009). Long noncoding RNAs (IncRNAs)

were named based on their structure, longer than well-defined small ncRNAs, and were
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classified as at least 200 nucleotides long (Kapranov et al., 2007). Although this classification
has been recently questioned due to many ncRNA transcript sizes occurring at this boundary,

creating a grey zone in nomenclature (Mattick et al., 2023).

1.4.1 Characteristics

Most IncRNAs resemble mRNAs; they are transcribed by RNA polymerase II and undergo
post-transcriptional processing, including splicing, the addition of a 7-methylguanosine cap
and polyadenylation. However, some IncRNAs do not undergo any of these processes: they
are transcribed by other polymerases, processed from precursors with Rnase P or snoRNA-
protein complexes, or form closed circular structures (Mattick et al., 2023). The transcribed
IncRNAs form secondary and tertiary structures that could be capable of binding DNA, RNA,
proteins or small molecules (Yao et al., 2019). LncRNAs can localise to the nucleus or
cytoplasm. Through these interactions, IncRNAs can act as transcriptional regulators. These
interactions can be broadly categorised into two classes: cis-regulatory mechanisms that act
locally or trans-regulatory mechanisms that affect distant molecules through diffusion or

chromatin conformations (Figure 1.5A).

1.4.2 Mechanisms of action

Anywhere from hundreds to hundreds of thousands of IncRNAs have been identified in
eukaryotic organisms (2000 in Saccharomyces cerevisiae and 100 000 in humans) (Mattick
et al., 2023). Initial theories suggested that most of these IncRNAs were transcriptional
noise, byproducts from transcription that served no biological function, which were lowly
expressed and exhibited minimal sequence conservation (Mattick et al., 2023). However,
examples have emerged describing the vast range of mechanisms by which IncRNAs regulate
gene expression in diverse biological contexts. Some mechanisms include recruiting proteins,
acting as a scaffold for protein complexes, regulating mRNA stability and sponging miRNAs
(Figure 1.5B). Although it remains unclear to what extent these functionalities apply across
the entire class of IncRNAs and to what extent they are conserved between species. Most
research elucidating IncRNA functionality centres on their role in humans therefore, the

examples incorporated in this section are human IncRNAs.
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Fig. 1.5 Functionalities of IncRNAs. (A) LncRNAs can act locally, affecting the regulation of
neighbouring genes (cis regulation) or affect distant genes (trans regulation) through diffusion or
chromatin looping. (B) LncRNAs can interact with DNA, RNA, proteins and small molecules to
facilitate diverse mechanisms of gene regulation: the transcription of the IncRNA itself can lead to the
transcriptional activation or repression of nearby genes, or the IncRNA molecule can be involved in
protein recruitment, forming complexes, mRNA stability, splicing, regulating miRNAs and interacting
with small molecules.
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Role in chromosomal regulation and chromatin remodelling

LncRNAs can regulate chromosome architecture. For example, once the IncRNA Xist (X-
inactive-specific transcript) is transcribed, it reshapes the architecture of the X chromosome
from which it was transcribed (Chen et al., 2016). Through recruitment to the nuclear lamina,
Xist initialises silencing cascades that lead to chromosome condensation and the formation
of the Barr body. Another IncRNA from the X chromosome, FIRRE (functional intergenic
repeating RNA element), regulates chromosomes by acting as a scaffold that facilitates tran-
schromosomal contacts (interchromosomal interactions) (Hacisuleyman et al., 2014). Some
IncRNAs associate with chromatin promote or block the recruitment of chromatin modifiers.
These interactions can be in cis or in trans. For example, Xist interacts with SHARP to recruit
SMART, which activates HDAC3 to deacetylate histones, silencing transcription on the X
chromosome (McHugh et al., 2015). A contrasting example is [ncPRESSI, which interacts as
a decoy with SIRT6, an H3K56 and H3K9 deacetylase, to sequester it away from promoters
(Jain et al., 2016).

Role in transcription

LncRNAs can contribute to regulating transcription both as loci and as RNA molecules. The
transcription of the loci can influence the transcription of nearby genes. The transcription
and splicing of the IncRNA Blustr has cis-activating effects on the expression of downstream
gene sfmbt2 (Engreitz et al., 2016). Conversely, the transcription of IncRNAs that overlap
gene promoters or gene transcripts can silence genes. This phenomenon is often observed
with antisense IncRNAs (asIncRNA) such as IncRNA Air, which coincides with the lgf2r
promoter, thereby suppressing the recruitment of RNA Pol II to that gene (Latos et al., 2012).

The loci can also act as enhancer IncRNAs that facilitate chromatin looping through inter-
actions with scaffolding proteins or chromatin modifiers (Yao et al., 2019). For example,
IncRNA SWINGN interacts with SWI/SNF complex to support transcription of gas6, which
is contained in the same topological domain (Grossi et al., 2020). A IncRNA loci, pvti, com-
petes for enhancer contact in cis with other genes (Cho et al., 2018). LncRNAs can form local
R loops: triple hybrid RNA:DNA:DNA structures. These R loops tether IncRNAs and recruit
transcription cofactors to promoter regions. AslncRNA KhpsI forms an R-loop upstream
of its antisense gene sphkl, which recruits HAT p300 to the sphkl promoter, increasing
the accessibility of the chromatin to enhance expression (Postepska-Igielska et al., 2015).
Similarly, IncRNA TERRA (telomeric repeat-containing RNA) forms DNA-RNA hybrids
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at telomeres to aid in chromosome maintenance by promoting homologous recombination
(Graf et al., 2017). LncRNAs can also interact with transcriptional machinery by acting as
a scaffold for initiation machinery or other binding elements. LncRNA Alu binds the pre-
initiation RNA Pol II transcriptional machinery at promoters to stop transcription (Mariner
et al., 2008). Conversely, IncRNA 7SK suppresses elongation by binding elongation factor B
and diminishing its kinase activity (Yang et al., 2001).

Role in nuclear organisation

Some IncRNAs facilitate the formation of RNA-protein complexes called nuclear bodies.
For example, paraspeckles are formed and maintained by the IncRNA NEAT (Clemson
et al., 2009). Paraspeckles are architectural features where specific proteins are sequestered,
preventing their activity. Another example is snoRNA-ended IncRNAs (sno-IncRNAs), which
form bodies that sequester splicing factors and IncRNA Sat/ll, which creates nuclear stress
bodies (Valgardsdottir et al., 2008; Yin et al., 2012).

Role in post-transcription

LncRNAs can affect post-transcriptional mechanisms by sequestering miRNAs, altering
mRNA stability, or interacting with splicing machinery. Some IncRNAs act as sponges
sequestering miRNAs and abrogating miRNA-mediated RNA silencing, such as ciRS-7, a
sponge for miR-7 (Hansen et al., 2013). LncRNAs can directly regulate mRNA stability
by recruiting degradation proteins or acting as decoys to sequester RNA-binding proteins
involved in mRNA decay. Finally, IncRNAs can regulate splicing by interacting with splicing
proteins, like MALATI, which interacts with SR proteins and alters their phosphorylation,
thereby disrupting their interactions with mRNAs (Tripathi et al., 2010).

Role in translation and post-translation modifications

LncRNAs can be associated with ribosomes, and some IncRNAs can suppress translation by
binding mRNAs and recruiting transcriptional activators or repressors. For example, lincRNA-
p21 binds JunB mRNA and recruits translational repressors like Rck (Yoon et al., 2012).
There is also evidence that some IncRNAs may be translated into small peptides (Xing et al.,
2021). LncRNAs can interfere with phosphorylation, which can impact post-translational
modification. For example, [nc-DC binds transcription factor STAT3 and promotes its
phosphorylation on Tyr705 (Wang et al., 2014). The Inc-DC blocks the interaction of STAT3
with SHP1, which usually facilitates its dephosphorylation.
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1.4.3 Conservation

Unlike coding regions of the genome, IncRNAs may not exhibit sequence conservation.
Instead, they could demonstrate conservation in structure, functionality or syntenic transcrip-
tion. For example, locally conserved structural motifs have been identified in mammalian
IncRNAs; MALATI, HOTAIR and RepA, which share little sequence similarity between
humans and mice (Tavares et al., 2019). Functional conservation has been identified in
mammalian IncRNA JPX, where neither sequence nor structure is conserved (Karner et al.,
2020). Some IncRNAs, referred to as syntologs, are loci of conserved transcription, and
their role is based on their expression and not their sequence or structure. This type of
conservation has been identified between humans and lancelets using microsynteny analyses
(Herrera-Ubeda et al., 2019).

1.4.4 'Tools for studying IncRNAs
Expression

Transcriptomic studies provide a practical approach to detecting IncRNAs. Historically, these
methods consisted of microarrays and serial analysis of gene expression (SAGE), however
now, RNA-Seq is widely-used. Improvements in RNA-Seq technologies have been vital for
high-quality IncRNA annotation, such as generating longer reads and full-length transcripts,
eliminating the requirement for complementary DNA (cDNA) amplification, or allowing
the enrichment for RNAs of interest (rapid amplification of cDNA ends (RACE) or RNA
CaptureSeq) (Mercer et al., 2014; Lagarde et al., 2016). Complementary techniques also
inform the study of IncRNAs, such as IncRNA transcription dynamics (GRO-Seq, global
nuclear run-on sequencing), variation at the single-cell level (scRNA-Seq, single-cell RNA-
Seq) and IncRNA sequence modifications (ICE-Seq, inosine chemical erasing coupled with

sequencing) (Turner et al., 2019).

There are extensive databases, most notably NONCODE, that are devoted to cataloguing
IncRNAs from the literature (in about 40 plant and animal species, not including Plasmodium)
(Liu et al., 2005). These datasets have enabled the development of bioinformatics tools that
can identify IncRNAs from RNA-Seq data, including FEEInc, UCIncR, IncScore, LncADeep,
IncRNAnet, and longdist (Turner et al., 2019). These tools use statistical approaches or deep
learning to analyse various IncRNA features such as neighbouring gene expression, sequence

protein-coding potential, association with gene ontology or predicted pathway involvement.
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Other tools can support IncRNA annotation by predicting secondary structure (RNAfold and
RNAstructure) and evolutionary conservation (EvoFold and RNAz) (Turner et al., 2019).

Interactions

Several high-throughput approaches can capture the interactions of IncRNAs with DNA, RNA
or proteins. DNA interactions can be detected using ChIRP-Seq (chromatin isolation by RNA
purification), CHART (capture hybridization analysis of RNA targets), GRID (global RNA
interactions with DNA by deep sequencing) or MARGI (mapping RNA-genome interactions).
ChIRP-Seq and CHART crosslink RNA with chromatin and use biotinylated oligonucleotides
to purify RNA-DNA complexes for high-throughput sequencing (Simon et al., 2011; Chu
et al., 2012). In comparison, GRID and MARGI use bivalent linkers (ssRNA-dsDNA or
ssDNA-dsDNA, respectively) to capture complexes (Li et al., 2017; Sridhar et al., 2017).
RNA-RNA interactions can be captured using RNA antisense purification (RAP), which
employs probes that tile the target sequence to pulldown binding RNAs (Engreitz et al.,
2015). A higher throughput method, LIGR-Seq (ligation of interacting RNA followed by
high-throughput sequencing), crosslinks RNA-RNA duplexes using a psoralen derivative and
uses RNAse to enrich for duplexes for high-throughput sequencing (Sharma et al., 2016).
Finally, an adaptation of the ChIRP protocol, ChIRP-MS, enables the identification of RNA-
protein interactions (Chu et al., 2015). RNA-protein complexes are pulled down by the
biotinylated oligos, and the proteins are isolated and analysed with mass spectrometry. RNA-
dependent protein complexes specifically can be captured with the R-DeeP method, which
combines density gradient ultracentrifugation with mass spectrometry (Caudron-Herger
et al., 2019). Other RNA immunoprecipitation approaches can be coupled with sequencing
to identify RNA-protein interactions, such as RIP-Seq (RNA immunoprecipitation) and
CLIP-Seq (cross-inking immunoprecipitation) (Turner et al., 2019).

Localisation

The subcellular localisation of IncRNAs can be determined using RNA fluorescence in situ
hybridisation (RNA-FISH). Oligonucleotides labelled with fluorophores bind the RNA and
give a fluorescent signal. However, traditional RNA-FISH may not be sensitive enough
to capture lowly expressed IncRNAs. More sensitive techniques are also used, such as
single-molecule RNA FISH or ultra-sensitive RNA-FISH protocols (Turner et al., 2019).
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Function

The association of IncRNAs with specific phenotypes or genes can be predicted using
bioinformatics. For example, analysing IncRNA expression patterns over differing conditions
can reveal an associated phenotype or comparing IncRNA expression patterns with the
expression of other genes can show incidences of co-regulation. Genome-wide association
studies have also linked IncRNA loci to specific phenotypes; for example, variation in the
IncRNA H19 has been linked to coronary artery disease and ischemic stroke in Chinese
populations (Turner et al., 2019). However, these associations require confirmation through in
vitro or in vivo experimentation. The initial approaches to studying IncRNAs experimentally
are perturbation studies (the approaches are described in Chapter 4). Altering a IncRNA in
some way, such as abrogating expression, and observing the impact of that alteration can
indicate its features or functions. Furthermore, IncRNA perturbation paired with the broad
repertoire of techniques described above (such as sequencing, imaging, and interactome

analyses) can further enable the elucidation of IncRNA function.

1.5 LncRNAs in P. falciparum

Extensive research elucidating the roles of mammalian IncRNAs has uncovered their contri-
bution to disease and inspired new approaches for therapeutics (Lépez-Urrutia et al., 2019;
Rinn and Chang, 2020; Winkle et al., 2021). In parasitic infections, complex host-parasite
interactions can facilitate the transfer of regulatory molecules such as miRNAs and IncRNAs
between organisms. For example, infection with Toxoplasma gondii, Schistosoma mansoni,
Cryptosporidium parvum, and recently, P. yoelli has been shown to alter the expression of
host IncRNAs (Menard et al., 2018; Amaral et al., 2020; Li et al., 2021a; Chen et al., 2022).
Researchers are also endeavouring to identify parasite-derived IncRNAs and define their
functions within the parasite and the host. One example from Cryptosporidium demonstrates
that parasitic IncRNAs can modulate host gene expression, IncRNA Cdg7_Flc_0990 is deliv-
ered into host epithelial cells and recruited to specific host promoter regions with a histone
methyltransferase (Wang et al., 2017). For malaria, research in parasite-derived IncRNAs
has focused on P. falciparum, although some studies have identified IncRNAs in P. vivax
(Boopathi et al., 2013; Kim et al., 2017).
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1.5.1 P falciparum-derived IncRNAs

The first evidence of parasite IncRNAs were antisense transcripts that appeared in cDNA
analyses (Su et al., 1995; Kyes et al., 2003; Gunasekera et al., 2004; Ralph et al., 2005;
Lu et al., 2007). Since then, thousands of putative IncRNAs have been identified in the
parasite using many approaches such as serial analysis of gene expression, DNA microarrays,
tiling arrays, northern blots and RNA-Seq (Chakrabarti et al., 2007; Raabe et al., 2010; Otto
et al., 2010; Sorber et al., 2011; Broadbent et al., 2011; Liao et al., 2014; Siegel et al., 2014;
Broadbent et al., 2015; Chappell et al., 2020; Yang et al., 2021). The annotation of IncRNAs
in P. falciparum is ongoing, no definitive annotation has been established, and few transcripts

have been verified in vitro.

Although different research groups have implemented differing classification and naming
systems (described further in Chapter 3), most P. falciparum IncRNAs can be categorised
by their position relative to genes. LncRNAs can be intergenic, meaning they do not reside
within genes (coding or noncoding) on either strand. LncRNAs residing within genes can be
within a gene transcript (sense IncRNA), antisense to a gene (asincRNAs, natural antisense
transcripts), transcribed from the intron (intronic IncRNA or intron-derived aslncRNAs) or
proximal to a UTR (TSS/5 -associated, 3’-associated). LncRNAs can be generated from the
coding sequence but not encode proteins; these IncRNAs are known as sense IncRNAs. Other
naming conventions classify IncRNAs for their association with certain positions (IncRNA-
TARESs overlapping telomere-associated repetitive elements, bidirectional IncRNAs driven
by bidirectional promoters), predicted structure (circular RNAs or dsRNAs), or related to
their discovery (nascent-IncRNAs) (Raabe et al., 2010; Yin et al., 2020; Alvarez et al., 2021).
ncRNAs that are too short to be categorised under the strict definition of IncRNAs are referred
to as ncRNAs, small ncRNAs or intermediate-size IncRNAs (is-IncRNAs) (Chakrabarti et al.,
2007; Wei et al., 2014).

1.5.2 Characteristics specific to P. falciparum IncRNAs

LncRNAs in P, falciparum share many of the features of mammalian IncRNAs. On a genomic
level, compared to coding genes, IncRNAs contain more repetitive sequences, decreased GC
content and a scarcity of introns (Broadbent et al., 2015). Unlike human studies, IncRNAs
appeared to be conserved within the genus (Otto et al., 2010). On a transcriptome level,
similarly, the IncRNAs exhibit lower transcript expression and stability compared to coding

genes (Broadbent et al., 2015). LncRNAs exhibit tightly-regulated stage-specific expression
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across the IDC mediated by RNA Pol II (Siegel et al., 2014; Broadbent et al., 2015). No
RNA Pol IlI-mediated transcription of IncRNAs has been observed, and there has not been
an investigation of IncRNAs in mosquito or liver stages. Post-transcriptional processing
has been investigated in a few IncRNAs, and 5’ capping and polyadenylation have been
observed (Broadbent et al., 2011). Although some IncRNAs are not polyadenylated, such
as the IncRNAs that are antisense to var genes (Epp et al., 2009). There is evidence that
multi-exonic IncRNAs undergo splicing (Siegel et al., 2014; Broadbent et al., 2015). RNA
fluorescence in situ hybridisation (FISH) has shown that P. falciparum IncRNAs can localise
to the nucleus or cytoplasm. Some IncRNAs are diffused in the nucleus, while others form
perinuclear foci with other proteins (Epp et al., 2009; Raabe et al., 2010; Sierra-Miranda et al.,
2012; Heinberg et al., 2022). Global analysis of asincRNAs revealed no nuclear enrichment
suggesting that localisation is inconsistent within this type of IncRNA (Siegel et al., 2014).

1.5.3 LncRNA-mediated gene regulation in P. falciparum

Only a minority of IncRNAs have been associated with a potential role in the parasite,
and few have been verified as biologically functional. Therefore, our understanding of the

functionality of P. falciparum IncRNAs is limited and based on few individual IncRNAs.

Regarding cis regulation, studies have identified a positive correlation between intergenic
IncRNAs and neighbouring genes (Liao et al., 2014; Broadbent et al., 2015). One proposed
mechanism to facilitate these interactions is the presence of binding motifs; for example,
IncRNA-TARESs contain the SPE2 motif, which interacts with ApiAP2 PfSIP2 (Broadbent
et al., 2011). However, this motif was later found not to be essential for their function (Jing
et al., 2018). Some IncRNAs are driven by bidirectional TSSs in a head-to-head conformation
with a coding gene. Chappell et al. identified 337 mRNA-IncRNA transcript pairs that they
classified as co-regulated due to correlated temporal expression (Chappell et al., 2020).

AsIncRNAs, however, exhibit a bias towards a tail-to-tail conformation, often with initia-
tion occurring in the 3’ UTR of the gene and termination occurring within the gene body
(Broadbent et al., 2015). Tail-tail antisense-sense transcript pairs have been associated with
a negative correlation in expression (Broadbent et al., 2015). However, the relationship be-
tween antisense-sense pairs remains unclear because some exhibit the opposite relationship.
The expression of var genes is positively correlated with the expression of their asincRNAs
(Jiang et al., 2013; Amit-Avraham et al., 2015; Jing et al., 2018). To this end, other studies
have concluded that there is no global effect for these pairs (Siegel et al., 2014).
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Trans gene regulation has not been observed in Plasmodium IncRNAs however, it has
observed in the RUF6 (GC-rich) family of ncRNAs. Using DNA and RNA FISH, Guizetti
et al. determined that these ncRNAs act independently of their gene loci, colocalising to
a specific perinuclear domain with the active var gene (Guizetti et al., 2016). Barcons-
Simon et al. used dCas9-mediated gene knockdown of the RUF6 family to determine that
RUF6 ncRNAs are clonally variant and involved in the regulation of var gene switching
(Barcons-Simon et al., 2020). Fan et al. determined that the accumulation of RUF6 ncRNAs
triggers the activation of the adjacent var gene via chromatin remodelling with H3K9ac
marks (Fan et al., 2020). Furthermore, they demonstrated that RUF6 ncRNAs have global
derepression effects on distant heterochromatin, which the Rrp6 (PF3D7_1449700) protein
regulated. Diffendall et al. used a ChIRP-mass spectrometry to demonstrate that RUF6
ncRNAs also interact directly with RNA Pol II, nucleosome assembly proteins and DDX5
(PF3D7_1445900) (Diffendall et al., 2023).

Additional IncRNA structures have been predicted or detected. Using computational analysis,
Broadbent et al. predicted 1381 circular RNAs in P. falciparum and proposed their potential
function as a sponge for host miRNAs (Broadbent et al., 2015). Recently using duplex
RNA-Seq, Alvarez et al. discovered dsRNA duplexes in the parasite. Some of these dsSRNA
duplexes contained IncRNAs, although the impact of these structures remains unknown
(Alvarez et al., 2021).

1.5.4 Biological processes involving P. falciparum IncRNAs

LncRNAs have been associated with various potential biological processes in P. falciparum
(Figure 1.6). Antisense transcripts were found to play a role in immune evasion via the
regulation of var gene switching. The var multigene family encodes the PFEMP1 surface
variant antigen, which is expressed on infected erythrocytes in a mutually-exclusive manner.
In addition to the RUF6 ncRNA family described above, there are two other var-associated
ncRNAs, which are transcribed from the highly-conserved var intron, which acts as a
bidirectional promoter (Epp et al., 2009; Amit-Avraham et al., 2015). The first is a sense
IncRNA, which is associated with var gene silencing and may play a role in epigenetic
imprinting (Epp et al., 2009). The second is an asIncRNA which is expressed in active
var genes and has been associated with cis activation of var genes (Amit-Avraham et al.,
2015). The aslncRNA diffuses to a var-specific nuclear compartment, incorporates into the
chromatin, localises to the var gene TSS and forms a DNA-RNA hybrid (Epp et al., 2009;
Jiang et al., 2013; Heinberg et al., 2022). Heinberg et al. identified a conserved region
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Fig. 1.6 Proposed biological functions of P. falciparum ncRNAs. LncRNAs have been associated
with various biological processes, including telomere maintenance via the IncRNA-TARESs, antigenic
variation via four types of IncRNAs and sexual commitment via two IncRNAs that are antisense to
genes mediating gametocytogenesis. In addition, a IncRNA has been proposed to regulate a protein
involved in solute transport.
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within var aslncRNAs that encodes a stem and loop secondary structure, which binds RNA
binding proteins that could facilitate var switching. Not all var genes are regulated in this
way because the var2csa intron can be deleted and yet, still be activated and silenced (Bryant
et al., 2017).

Another example of transcriptional control by IncRNAs is regulating sexual differentiation.
gdvl (PF3D7_0935400) is an upstream activator of sexual commitment, and when expressed,
the GDV1 protein evicts the epigenetic silencer HP1 from its specific loci (Filarsky et al.,
2018). The expression of gdv! is negatively regulated by an aslncRNA (PF3D7_0935390)
during blood stages. When the antisense locus is disrupted, the expression of gdvl is
increased, leading to increased dissociation of HP1 from heterochromatin, consequently
increasing the expression of ap2-g, a transcription factor that initiates sexual commitment
(Filarsky et al., 2018). Deletions in other IncRNAs at this locus identified in clinical samples
have revealed that adaptive selection occurs at this locus (Duffy et al., 2018). Recently,
another aslncRNA with a role in determining sexual fate has been discovered in the pfimd1
(PF3D7_1438800) locus (Gomes et al., 2022). Expression of mdI-IncRNA is mediated by
intron 1; however, the expression of mdl and mdIl-IncRNA are mutually exclusive. When the
authors abrogated mdI-IncRNA expression by disrupting intron 1, the number of males was
increased, suggesting mdI-IncRNA may play a role in enhancing sex determination towards

a male fate.

LncRNAs-TARE:S transcribed from 22 chromosome ends have been proposed to be regulators
of telomere maintenance and chromatin remodelling in DNA replication. These relatively GC-
rich IncRNAs have been shown to exhibit coordinated expression with maximal expression
occurring in the schizont stage (Broadbent et al., 2011). Sierra-Miranda et al. determined that
there are two types of IncRNA-TARE transcripts: a IncRNA spanning telomere sequences
and a TARE-3 element and a IncRNA composed of a TAREG6 element (Sierra-Miranda et al.,
2012). Among these, the TARE-6 IncRNA has been shown to localise to a perinuclear
compartment with some telomeres and bind to histone H3 using a hairpin structure. The
authors speculated that the IncRNA could act as a histone chaperone; however, this has not

been further elucidated.

A IncRNA has also been identified that is antisense to clag3.1 (PF3D7_0302500), part of a
gene family involved in solute transport. The clag3.1 and clag3.2 (PF3D7_0302200) proteins
exhibit mutual exclusive expression. It has been proposed that there could be a role for the
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IncRNA in regulating their expression (Rovira-Graells et al., 2015). However, this has not

yet been investigated.

Although the aforementioned studies provide insights into how IncRNAs may regulate
biological processes, many recent reviews highlight that these examples represent only a
small subset of the thousands of IncRNAs identified in P. falciparum (Yeoh et al., 2019; Li
et al., 2020; Lodde et al., 2022; Simantov et al., 2022). Perturbations of more IncRNAs are

needed to assess the scope of the role of IncRNAs in the regulation of the transcriptome.

1.6 Gene perturbation in P. falciparum

Genetic perturbation has provided major biological insights into gene function in P. fal-
ciparum. Perturbations such as an alteration of a gene in vitro or in vivo can allow for
the determination of its essentiality and characterisation of its function. The advent of
CRISPR-based gene editing and its application into P. falciparum has drastically improved
this approach. Since then, advances have been made in these existing tools, and additional
tools have been applied to the parasite. 30% of coding genes and most predicted ncRNAs
still have unknown functions; therefore, the continued development of these tools is needed

to facilitate the characterisation of these genomic features (Cardenas et al., 2022).

1.6.1 Early gene editing approaches

Early approaches to gene manipulation were promising; however, they were limited in their
application due to various factors, including extensive molecular cloning, slow efficiency, lack
of temporal control, and undesired off-target effects (Meissner et al., 2007). Forward-genetics
experiments were completed using transposon-mediated random mutagenesis such as Mini-
Tn5 (Sakamoto et al., 2005) and piggyBac transposon (Balu et al., 2005). Reverse-genetics
experiments were conducted using site-specific recombination to facilitate gene excision
or allelic exchange and tetracycline-based regulation systems that enabled inducible gene
regulation (Carvalho et al., 2004; Meissner et al., 2005). These techniques were followed by
zinc-finger nucleases (Straimer et al., 2012; Singer et al., 2015; Moraes Barros et al., 2015),
which could generate double-stranded breaks (DSB) at specific sites in the genome. Donors
were provided to facilitate gene editing and support the repair of the DSB. As Plasmodium
spp. lack non-homologous end joining (NHEJ) DNA repair, these DSBs are repaired by

homology-directed repair (HDR) or, more rarely, by microhomology-mediated end joining
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(Gardner et al., 2002; Singer et al., 2015). Without NHEJ, which is error-prone and likely to
cause indel mutations, DSBs are not expected to generate mutations without a donor repair
template.

Zinc-finger nucleases were soon made redundant by CRISPR-based tools, which provided
simplified targeting design, reliable cleavage of the target DNA, straightforward off-target
prediction and the potential for multiplexing. CRISPR (clustered interspaced palindromic
repeat elements) technology was adapted from a rudimentary immune defence mechanism
in bacteria and archaea to a powerful gene editing tool. A library of foreign sequences is
maintained, and these sequences are transcribed as RNAs, which guide a CRISPR-associated
nuclease to their complementary sequences, i.e. bacteriophage DNA or RNA, for targeted
degradation. This system was adapted into a three-component molecular tool for gene editing
consisting of a Cas9 nuclease that makes DSB, a guide RNA (gRNA) complementary to the
target sequence that guides the Cas enzyme and a donor sequence to provide a template for
repair and modification. Although many species contain CRISPR-Cas systems and there
are many types of systems, most applications of CRISPR harness Cas9 from Streptococcus

pyogenes, a type II CRISPR system.

1.6.2 CRISPR-based gene editing

CRISPR-Cas9 was first applied to P. falciparum and P. yoelii (Ghorbal et al., 2014; Wagner
et al., 2014; Zhang et al., 2014) in 2014, and has since been applied to P. knowlesi and
P. berghei (Mohring et al., 2019; Shinzawa et al., 2020). The system can facilitate whole
gene knockout through excision, the insertion of selection markers, single-base editing, or
altering the regulation of expression through promoter targeting (Figure 1.7A). The first
tools developed in P. falciparum were two-vector systems (Ghorbal et al., 2014; Wagner
et al., 2014). The systems differ in how they promote the transcription of the gRNA; Wagner
et al. used a T7 phage promoter with a T7 RNA polymerase, and Ghorbal et al. used
a parasite U6 snRNA cassette designed to recruit RNA Pol III from the parasite. Other
versions of the CRISPR-Cas9 system have since been developed, including a suicide-rescue
dual-vector approach (Lu et al., 2016) and a single-vector system (Ng and Fidock, 2019;
Lee et al., 2019; Adjalley and Lee, 2022). A plasmid-free delivery system has also been
established using ribonucleoproteins (recombinant Cas9 complexed with gRNAs) and single-
strand oligodeoxynucleotide donors (Crawford et al., 2017). The need for Cas9 delivery
has also been entirely circumvented by integrating the Cas9 sequence into the P. falciparum

genome. Nishi et al. integrated Cas9 into the karhp locus in the 3D7 strain (Nishi et al.,
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2021). The integration did not appear to cause genomic instability, and the endogenous Cas9

demonstrated robust gene editing.

Cas9 has been used to target many genes in P. falciparum because there are minimal re-
strictions on the target sequence. Cas9 gRNAs targets must be a 20-nucleotide sequence in
the genome, which is followed by a 5'-NGG-3’ protospacer adjacent motif (PAM), where
N is any nucleotide followed by two guanine nucleotides. If gene editing is employed, the
gRNA should target as close to the mutation site as possible. To avoid off-target effects,
the target sequence must be unique and lack significant shared homology with other sites
in the genome. gRNAs are designed using predictive software based on gRNA activity in
large-scale gene-targeting screens in other organisms. As described above, the P. falciparum
genome is highly AT-rich compared to mammalian genomes, and the accuracy of these
predictions for P. falciparum perturbations remain uncertain. Multiple gRNAs need to be de-
signed and tested for certain targets to identify an efficient and specific gRNA. Multiplexing
Cas9 gRNAs has been achieved in P. yoelii through the uses of a ribozyme cassette for gRNA
expression (Walker and Lindner, 2019) and in P. falciparum with an integrated system Cas9
expression system (Zhao et al., 2020). Some efforts for Plasmodium-specific resources have
been made, including a database of gRNAs predicted to be suitable for use P. falciparum
(Ribeiro et al., 2018) and an in silico tool for automated design of donor vectors compatible
with pre-specified vectors (Cardenas et al., 2022). The donor repair templates require at least
250-1000 bp homology to the site of the DSB (Ribeiro et al., 2018; Lee et al., 2019). Silent
shield mutations are placed at the seed regions (nucleotides closest to the PAM site) in the

target sequence contained in the donor to prevent its excision by the Cas9.

1.6.3 Challenges with CRISPR-Cas9

Firstly, the knockout approach cannot be used to study essential genes whose disruption leads
to parasite death. It would be difficult to discern if the gene was successfully knocked out
and essential or if the parasites did not recrudesce for other reasons. Therefore, researchers
have developed conditional knockout systems using dimerisable cre recombinase Figure
1.7B) (Collins et al., 2013; Jones et al., 2016). The cre recombinase is split into two portions
that only dimerise when induced by rapamycin introduced in culture. Once activated, the
cre recombinase selectively completes site-specific recombination of sequences flanked with
loxP sites, resulting in their excision or flipping. Therefore, loxP sites can be inserted on
either side of a target genomic loci or, if used in conjunction with a CRISPR approach, can
be used to conditionally activate the CRISPR system (Knuepfer et al., 2017). Additional
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Fig. 1.7 CRISPR approaches to gene perturbation. (A) In CRISPR gene editing, a Cas enzyme is
guided by an RNA (gRNA) to a complementary target sequence and forms a double-stranded DNA
break. To facilitate repair, a donor sequence can be provided with homology regions. In gene knock-
down, Cas13 enzymes create breaks in target RNA, leading to their degradation. Gene interference
is mediated by dead Cas enzymes, which block the initiation or continuation of transcription. (B)
Inducible gene editing systems are enabled by the DiCre recombinase system. The system is integrated
into the genome, and the cre enzymes are expressed endogenously. LoxP sites are flanked on the
target, which upon the addition of rapamycin, dimerises and activates the cre enzymes to facilitate

excision or flipping of the target.
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targeting methods that enable the study of essential genes are discussed below, such as gene

interference, mRNA destabilising and protein-targeting.

Secondly, certain sequences are more challenging to target with CRISPR-Cas9, such as
repetitive sequences or gene families, where unique gRNAs cannot be identified or super
AT-rich regions, which lack suitable PAM sites. More AT-rich PAM sites have been identified
in an alternative class Il enzyme, Cpfl (Cas12a) (Zetsche et al., 2015; Chen et al., 2018).
The Cpfl system also differs from Cas9 by making DSBs with sticky ends instead of blunt
ends, not requiring trans-activation CRISPR RNA (crRNA), and processing its crRNA array.
Cpf1 from Acidaminococcus sp., which contains a "TTTV" PAM site (where V is an A, G or
C), was adapted for gene editing in P. falciparum by two research groups (Zhao et al., 2020;
Nessel et al., 2020). The increase in AT content in the PAM site increases the number of
possible target sites in the genome by nearly three-fold (Zhao et al., 2020). Nessel et al. also
adapted Cpfl from Lachnospiraceae bacterium ND2006, which has a "TTTN" PAM site.

Both enzymes demonstrated efficient genome editing in both studies.

Thirdly, there are undesired consequences of CRISPR-Cas editing that can occur. Although
off-target effects have not been reported in the literature for CRISPR-Cas9 targeting in P.
Jfalciparum, the methods for quantifying off-target effects are not sufficient, and currently,
only whole-genome sequencing can identify other sites that were also altered. Another
adverse effect that can occur when using vector-based delivery to target non-essential genes,
is that the entire vector can be inserted into the break site. However, this can be easily
checked using PCR amplification of the insertion site. One of the pitfalls of CRISPR-Cas9 is
that it can generate unexpected large deletions, sometimes truncating chromosomes. Bryant
et al. observed this adverse effect in P. falciparum when Cas9 editing the var2csa intron,
which is located in the subtelomeric region (Bryant et al., 2017). Interestingly, CRISPR-Cas9
has been recently used to split chromosomes to study chromosome spacial arrangement and
their role in P. berghei (Addo-Gyan et al., 2022).

1.6.4 CRISPR-mediated gene interference and activation

Another way Cas9 has been utilised for gene disruption is for gene interference by using a
catalytically inactivated (dead) form of the enzyme (Figure 1.7A) (Qi et al., 2013; Larson
et al., 2013). In this case, the CRISPR-Cas9 system localises to the target and binds the DNA
but does not induce a DSB: instead, it physically interferes with transcription by sterically

blocking the binding or progression of RNA polymerase. Furthermore, the Cas9 can be
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fused to other proteins to unlock additional capabilities such as epigenetic repression and
activation. CRISPR-dCas9 was adapted for use in P. falciparum by Xiao et al. by expressing
recombinant dCas9 that harbours two mutations in the catalytic domain (Xiao et al., 2019).
This technique has been used to knockdown gene expression in P. falciparum and P. yoeilii
(Baumgarten et al., 2019; Walker and Lindner, 2019) and interfere with features associated
with var regulation: introns, promoters and GC-rich ncRNAs (Bryant et al., 2020; Barcons-
Simon et al., 2020). Xiao et al. also created fusions to the histone deacetylase Sir2A and
histone acetyltransferase GCNS, which they used to repress eba-174 and pfsetl expression in
vitro or contrastingly, activate rh4 expression, respectfully (Xiao et al., 2019). This approach
has recently been converted into two inducible systems by integrating the TetR-DOZI or
DiCre/loxP systems (Liang et al., 2022). Although the TetR-DOZI system demonstrated
some leaky expression and therefore, the leak-free DiCre systems (one with GCNS5 and one
with Sir2a) were used to activate or repress gene expression in eight target genes, including
six essential genes. Some CRISPR enzymes, such as Cas13, can be used to target RNA
directly for their specific degradation; however, these systems have not yet been applied to P.
falciparum (Figure 1.7A).

1.6.5 Other approaches to perturbation

Other techniques for perturbation target expression at the transcriptional and translational
levels. Most of these strategies predate CRISPR: some have been replaced by CRISPR, and
some are still used today, sometimes integrating CRISPR into their systems. For example, the
glmS ribozyme from bacteria has been co-opted as a method of inducible mRNA degradation
in P. falciparum (Prommana et al., 2013). The glmS ribozyme sequence is inserted in the 3/
UTR of the gene of interest. When glucosamine is added, the glmS ribozyme self-cleaves,
leading to mRNA degradation and expression knockdown. Prommana et al. knocked down
pfdhfr-ts expression, and this strategy is still being used, recently applied to pfip/20 and pfgm1
(Prommana et al., 2013; Sheokand et al., 2021; Tehlan et al., 2022). Also, numerous different
types of small molecules have been designed to bind specific mRNAs directly and promote
their degradation, including morpholino oligomers (Augagneur et al., 2012, 2013; Garg et al.,
2015), phosphorothioate antisense oligodeoxynucleotides (PS-ODNs) (Rapaport et al., 1992;
Barker et al., 1996, 1998; Wanidworanun et al., 1999; Noonpakdee et al., 2003), 2’-OMe
modified PS-ODNs (Razavi Vakhshourpour et al., 2022) and peptide nucleic acids (Kolevzon

et al., 2014). However, these systems have had limited application due to consequences such
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as non-negligible off-target effects, efficiency and challenges with scalability (Stojic et al.,
2018).

CRISPR systems can facilitate the generation of dual-aptamer systems that inhibit translation
in specific mRNAs. An aptamer array is inserted into a gene after the stop codon, which is
transcribed. In the absence of ATc, the aptamer array binds Tet-DOZI, thereby inhibiting the
translation of the mRNA. Moreover, this inhibition can be titrated by the addition of ATc.
The TET-DOZI system was adapted to P. falciparum by (Ganesan et al., 2016), which is
widely used today with the support of CRISPR (Spillman et al., 2017; Rajaram et al., 2020;
Nessel et al., 2020; Nasamu et al., 2021).

Proteins can also be targeted directly. Protein destabilisation has been achieved in P. falci-
parum using ddFKBP (Armstrong and Goldberg, 2007). The destabilisation can be rescued
by adding Shld1 (an analogue of rapamycin). Another strategy for perturbation that has
been adapted to P. falciparum is knocksideways (anchor away), where proteins functions are
disrupted through mislocalisation (Birnbaum et al., 2017). For example, a protein known to
localise to the plasma membrane is mislocalised to the nucleus or vice versa. This process is
permitted by selection-linked integration, where a plasmid is designed with homology to the
target gene and contains FKBP, GFP and a resistance marker separated by a skip peptide.
This plasmid lacks a promoter; therefore, it must be integrated for the parasite to become
resistant. However, due to the skip peptide, the resistance protein does not attach to the target.
The expression of GFP allows protein localisation to be determined, and the dimerisation of
FKBP to FRB facilitates the mislocalisation, where the FRB is targeted to specific anchor

sites such as the nucleus or parasite plasma membrane.

1.7 Summary of the thesis aims and chapters

Due to limited research and the lack of necessary experimental tools, our understanding of the
role of IncRNAs in the malaria-causing P. falciparum parasite remains largely unelucidated.
In this thesis, I endeavour to improve the understanding of the role of IncRNAs in regulating
the P. falciparum transcriptome by enabling the in vitro study of IncRNAs. In the first
research chapter (Chapter 3), 1 generated an improved annotation of IncRNAs in the P.
Jalciparum transcriptome using manual curation of long-read sequencing data and existing
publicly-available datasets. The updated annotation uncovered novel IncRNAs, validated

existing annotations, and identified incorrect annotations. In the second research chapter
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(Chapter 4), I explored CRISPR-based tools to disrupt IncRNAs in P. falciparum in vitro,
including applying novel tools to P. falciparum. In the final research chapter (Chapter 5),
I used tools explored in the preceding chapters to disrupt specific IncRNAs in vitro and

characterise the IncRNA-disrupted P. falciparum lines.






Chapter 2

General Methodology

2.1 Parasite lines

The parasite cell lines used in this work are laboratory-adapted (Table 2.1). These strains
are widely used for in vitro experimentation due to their ability to grow well in a lab
environment. Additional lines have been generated from these strains through cloning and

genetic modification.

2.2 Parasite handling

All parasite handling was completed in a class II microbiology safety cabinet in a derogated

Containment Level 3 laboratory.

Table 2.1 Lab-adapted P. falciparum lines used in this work

Line Region Origin Source

NF-54 Africa Obtained from a patient in the Netherlands  (Ponnudurai et al., 1981)
NE-5438 Africa Genetically-modified NF54 (Adjalley et al., 2011)
NEF-54camEGEP Africa Genetically-modified NF54 Marcus Lee

3D7 Africa Clone from NF54 (Walliker et al., 1987)
3D7aB Africa Genetically-modified 3D7 (Nkrumabh et al., 2006)
3D7 DiCre Africa Genetically-modified 3D7 (Collins et al., 2013)
3D7 DiCre-attB Africa Genetically-modified 3D7 (Knuepfer et al., 2017)
Dd2 Southeast Asia Clone from W2-MEF (Oduola et al., 1988)

' (Guinet et al., 1996)
Dd2PiPGFP Southeast Asia Genetically-modified from Dd2 (Baragaia et al., 2015)
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2.2.1 Cell culture

Asexual blood-stage P. falciparum parasites were cultivated in complete media (CM, recipe in
Table 2.2) with 2.5-3% human red blood cells (RBCs) (Trager and Jensen, 1976). Leukocyte-
depleted RBCs were obtained weekly from anonymous donors from National Health Services
Blood and Transplant. Their use was in accordance with relevant guidelines and regulations,
with approval from the NHS Cambridgeshire Research Ethics Committee and the Wellcome
Sanger Institute Human Materials and Data Management Committee. O+ blood was used
when available because it is compatible with any serum type and some P. falciparum parasites
show a preference for this blood type in culture (Read and Hyde, 1993; Theron et al., 2018).
Before use, blood was washed twice with CM and diluted to 50% haematocrit (the proportion
of red blood cells in a volume). An anticoagulant, citrate-phosphate-dextrose with adenine
(Sigma-Aldrich), was added at 10% to prolong RBC integrity. Parasites were maintained in
continuous culture with 2-3% haematocrit and incubated in a gaseous environment of 3%
CO,, 1% O, and 96% N, at 37°C.

2.2.2 Enumeration
Light microscopy

The quantification of P. falciparum in culture is described by the term "parasitaemia", which
is the percentage of RBCs that are parasitised. The parasitaemia and distribution of life stages
in cultures were monitored regularly using light microscopy, and cultures were maintained
at 0.5-5% parasitaemia unless stated otherwise. For light microscopy, a thin blood smear
was prepared with 2L of infected RBCs. Smears were fixed in 100% methanol and stained
in 10% Giemsa (Sigma-Aldrich) for 10 minutes, which stains DNA and, therefore, only
parasites (free-living and intraerythrocytic) as RBCs are anucleate. Slides were visualised
with 100x objective on a compound microscope with oil immersion. At least 1000 cells
were counted, and parasitaemia was calculated by dividing infected RBCs by total RBCs and
multiplying by 100. The distribution of P. falciparum intraerythrocytic stages was recorded

(i.e. rings, trophozoites and schizonts).

Flow cytometry

When the precise measurement was required, flow cytometry was used to quantify para-
sitaemia by staining with SYBR® Green I (Thermo Fisher), a green-fluorescent dye that
stains double-stranded DNA and MitoTracker™ Deep Red FM (MitoDR, Thermo Fisher),
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Fig. 2.1 Schematic of gating for two-colour flow cytometry. The flow cytometry events were first
gated using the forward scatter area vs. side scatter area. Single cells were then obtained from
this population using forward scatter area vs. forward height. Fluorescence within this single cell
population was then quantified with FITC area (representing green fluorescence or SYBR® green) vs.
APC area (representing MitoTracker™ Deep Red).

a red-fluorescent dye that stains mitochondria. In cases where parasites expressing green
fluorescence were quantified, only MitoDR™ was used. 3-5uL of culture was added to
200nM MitoDR™ solution (in NaCl 0.9%/Dextrose 0.2%), and SYBR® Green (1X, Thermo
Fisher) prepared in phosphate-buffered saline (PBS) and incubated for 30 minutes in the
dark at 37°C. After a 1/40 dilution in PBS, parasites were analysed with a flow cytometer
(CytoFLEX S, Beckman Coulter), and at least 20 000 events were recorded for each experi-
ment. The blue 488nm laser was used to detect green fluorescence, and the red 638nm laser
was used to detect MitoDR. Quantification of green-fluorescent+ (GFP or mNeonGreen) and
MitoDR+ cells was performed using FlowJo (v10) or FCS Express (v7). The gating strategy

is described in Figure 2.1.

2.2.3 Synchronisation

In synchronous cultures, parasites transition through the stages of IDC at the same time.
Both synchronous and asynchronous infections have been observed in P. falciparum-infected
patients (Hawking et al., 1968). In addition to mimicking in vivo infection, inducing syn-
chronicity can also facilitate experiments in which specific stages are required. Synchronisa-
tion was completed using two methods: sorbitol ring enrichment to isolate early stages and

Percoll gradient separation to enrich for late stages.
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Ring enrichment

Sorbitol bursts RBCs containing trophozoites and schizonts, thereby enriching for RBCs
containing ring-stages (Lambros and Vanderberg, 1979). Ring-staged cultures were cen-
trifuged (2000RPM, 5 minutes), resuspended using 0.5X culture volume of 5% D-sorbitol
(Sigma-Aldrich, filtered with a 0.2uM filter) and incubated for 10 minutes at 37°C. The
pellet was centrifuged, washed with 10mL of CM and centrifuged again. The pellet was

resuspended in CM and RBCs returning the culture to 2-3% haematocrit.

Schizont isolation

Percoll® can separate RBCs containing schizonts

from other stages via a density gradient (Kramer et al.,

. 1982). 63% Percoll® (Cytiva) was prepared in RPMI
Complete Media with 7% 10X PBS and filtered. Cultures containing
- schizonts were centrifuged (1600g, 3 minutes) and re-

suspended in RPMI to 40% haematocrit. The culture

63% Percoll

was carefully layered on 7.5mL of pre-warmed 63%
Percoll® in a 15mL centrifuge tube and centrifuged
vi e s (1300g, 11 minutes, break 0). The top layer was as-
pirated then the middle layer was transferred into a

Fig. 2.2 Schematic of 63% Percoll gradi- 50mL centrifuge tube with 20mL of pre-warmed CM
ent. Three layers form on top of a pellet
containing early-stage parasites and un-
infected RBCs. The top layer is CM, the
middle layer is purified schizonts, and RBCs to return the culture to 2-3% haematocrit.
the bottom layer is Percoll®.

(Figure 2.2). The resulting culture was centrifuged
(600g, 3 minutes) and resuspended with CM and

2.2.4 Parasite storage

P. falciparum cultures can be frozen and preserved for
long-term cold storage (Radfar et al., 2009; Scherf et al., 2013). To be suitable for freezing,
cultures had to be at least 3% parasitaemia in 5-10mL and mostly ring-staged. Cultures
were centrifuged (1600RPM, 3 minutes) and resuspended dropwise in 2X pellet volume
of filter-sterilised glycerolyte solution 2.2 and transferred into a cryovial and stored in a
-80°C freezer. Cryovials were thawed at room temperature (RT) and transferred into a 50mL
centrifuge tube. 500uL of 12% NaCl (Sigma-Aldrich) solution followed by SmL of 1.6%
NaCl solution was slowly added drop-wise while swirling the tube gently. The tube was
incubated at RT for 5 minutes and centrifuged (1600RPM, 3 minutes). The supernatant was
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discarded, the pellet disturbed, and SmL of 0.9%NaCl/0.2%dextrose solution was added
dropwise while swirling. The tube was incubated at RT for 5 minutes and centrifuged (1600
RPM, 3 minutes). The tube was washed with CM, centrifuged (1600RPM, 3 minutes) and
resuspended in CM and fresh blood to re-establish 2-3% haematocrit.

2.2.5 Parasite cloning

Cloning is a technique used to obtain homogeneous (clonal) cultures from a mixed culture.
Cultures are grown from a single parasite. Cultures were diluted and seeded into a 96-well
plate to obtain 0.5-0.8 parasites per well in 200uL at 3% haematocrit. Cultures were fed
once a week with CM and fresh RBCs at 0.4% haematocrit. Parasite growth was monitored
every 2 days beginning on day 14. 30uL of SYBR® Green I (2X, Thermo Fisher) was mixed
with 30uL culture and incubated at 37°C for 30 minutes, then read with a microplate reader

using a 485nm excitation filter and 523nm emission filter.

2.2.6 Transfection

Transfection is a method to transfer nucleic acids into P. falciparum parasites. By passing
an electric current through the culture (electroporation), the plasma membranes of the RBC,
parasitophorous vacuole and parasite become porous, which leads to the uptake of materials
in the media. This protocol is modified from a previously described method (Wu et al., 1995;
Fidock and Wellems, 1997), which utilises a buffer with a pH 7.6 called cytomix (Table 2.2)
(van den Hoff et al., 1992).

Cultures containing 5% ring-stage parasites were harvested in 15mL centrifuge tubes (3-5mL
of culture per transfection), spun (1500rpm, 3 minutes, RT), washed with cytomix and spun
again (1500rpm, 3 minutes, RT). 100uL of the pelleted cells was mixed with 50-100 ug
of plasmid and cytomix to a final volume of 500uL and transferred to a 2mm cuvette. The
cuvettes were electroporated (Gene Pulser Xcell, Bio-Rad) at 0.31kV for 10 milliseconds.
Immediately, 1mL of pre-warmed CM was added to the cuvette. Then to aid in recovery,
the contents were transferred to a 15mL tube, an additional 4mL of CM was added, and the
culture was incubated (37°C, 1 hour). To remove debris, cultures were spun (1500rpm, 3
minutes, RT) and resuspended in SmL of CM and 150uL of RBCs. Post-transfection cultures
were fed fresh media every day for 7 days, with drug selection (if applicable to the construct)
beginning on the first day following transfection and continuing as required. On day 5 or
6, 4/5ths of the culture was discarded and replaced with fresh media and RBCs, as this has
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been observed to improve recrudescence in the lab. Cultures were then fed every second or
third day, and once a week, 1/5th of the culture was discarded and replaced. Cultures were

monitored with microscopy at least once a week to check for recrudesced parasites.

2.3 Molecular cloning

2.3.1 Plasmid propagation and storage

Plasmids were propagated in competent E. coli (XL-10 Gold Ultra-competent cells, NEB)
using bacterial transformation. 2-50ng of plasmid was incubated with S0uL of competent
cells for 20 minutes on ice and then heat-shocked for 30 seconds at 42°C. The cells were
cooled on ice for 1 minute and recovered in 450uL of SOC media for 30 minutes at
37°C with shaking. 100uL of the transformation was plated and spread on LB agar plates
containing ampicillin (100pg/mL) and incubated overnight at 37°C. The following day,
individual colonies were inoculated into 2-200mL of LB broth supplemented with ampicillin
(100ug/mL) and incubated overnight (37°C with shaking). Bacterial cultures were harvested
the next day using centrifugation (30 minutes, 4000-10000g, 4°C). Plasmids were isolated
from bacterial cultures using mini or midi preparation (prep) kits (Macherey-Nagel). When
small quantities of plasmid were required, mini preps were used, while when large quantities
were required, midi preps were completed. For molecular cloning purposes, preps were
resuspended in elution buffer or water, although for transfections, elutions were resuspended
in cytomix. Plasmid concentrations were measured with a NanoDrop spectrophotometer
(Thermo Fisher). Plasmids were stored at -20°C. For long-term storage, glycerol stocks were
made from bacterial cultures. 700uL of culture was combined with 300uL of glycerol (50%)

in a cryovial and stored at -80°C.

2.3.2 Polymerase chain reaction

Polymerase chain reaction (PCR) is a means of amplifying fragments of DNA using sequence-
specific primers, DNA polymerase, and thermocycling. DNA fragments can be used for
molecular cloning, such as for ligation reactions and to confirm sequence composition by
sequencing or length of the sequence by separation on agarose. PCR invokes thermocycling
to denature DNA (95°C), anneal primers to specific loci (55-70°C depending on the primers’
Tm), and extend the sequence with polymerases (72°C) to generate complementary sequences
which amplify the sequences in subsequent cycles. For most reactions, to accommodate the

AT-rich P. falciparum genome, the extension temperature was lowered to 62 °C. Polymerases
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have varying levels of fidelity and proofreading activity, which were appropriate depending
on the requirement of the PCR: GoTaq® Green (Promega) was used to check plasmids
propagated in bacterial colonies, CloneAmp™ HiFi (Takara) was used to check parasite
pellets genomic DNA, and Kapa HiFi™ (2X, Roche) was used for high-quality PCR for
cloning. The temperature cycling timing varied depending on the enzyme used and the length

of the desired product.

2.3.3 PCR purification

PCR products were purified with PCR purification kits (Macherey-Nagel) or when needed,
separated with gel electrophoresis. Gel electrophoresis enabled the visualisation of DNA
bands and the separation of these bands by size. 1-2% agarose gels were prepared by
dissolving agarose (Sigma-Aldrich) into TAE (tris-acetate-ethylenediaminetetraacetic acid)
buffer, adding either ethidium bromide or SYBR™ Safe gel stain to stain the DNA and
pouring the solution into a tray with a ladder to set. The trays were submerged in 1X TAE
buffer in an electrophoresis chamber, and the DNA and 1kB DNA ladder (HyperLadder,
Meridian Bioscience) was loaded into the wells (5-30uL). Gels were run at 210V for 0.5-
2 hours and observed under UV light using a gel reader (iBright 1500, Thermo Fisher).
When necessary, bands were excised, dissolved and purified using a gel purification kit
(Macherey-Nagel).

2.3.4 Ligation

To modify cloning vectors, fragments of DNA were prepared using restriction digests and
PCR, and then combined using ligation. Vectors were digested with the appropriate restriction
enzymes and, if required, isolated using gel electrophoresis and gel extraction. Vectors were
also dephosphorylated by adding 2uL shrimp alkaline phosphatase (rSAP) and incubating at
37°C for 30 minutes. T4 DNA ligase (Promega) with 10X ligase buffer (Promega) was used
to ligate insert and vector DNA fragments together. The proportion of insert to vector DNA
was determined from the NEB website (https://nebiocalculator.neb.com/#!/ligation). The
reaction was incubated for 10 minutes - 1 hour and then transformed into competent cells

and incubated overnight.
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Annealing oligonucleotides

Before inserting oligonucleotides (oligos) like gRNAs into a plasmid, the forward and reverse
oligos must be annealed for efficient ligation. Both oligos (100uM) were annealed with T4
Polynucleotide Kinase (NEB) in 10X ligation buffer and water. The reaction was incubated
in a thermocycler at 37°C for 30 minutes, then 94°C for 5 minutes and ramped down to 25°C
at 5°C/min.

Gibson assembly

Gibson ligation was used when multiple fragments needed to be ligated or when basic ligation
failed. Pre-digested vector and the insert(s) were combined with 2X NEBuilder® HiFi mix
(NEB) containing TS5 exonuclease, Phusion DNA polymerase and Taq DNA ligase. The NEB
calculator was used to calculate the amount of vector and inserts using a 2:1 insert:vector
mass ratio for 2-3 fragments and 1:1 for 4-6 fragments. The reaction was incubated for 50

°C for 15 minutes or 1 hour if >3 fragments and transformed using bacterial transformation.

2.3.5 Sequence verification

Gel electrophoresis can be used to verify the size of a sequence fragment and, when com-
pleted in combination with restriction digest, can confirm the composition of the plasmid.
Restriction enzyme reactions were prepared in a volume of 10uLL with CutSmart® buffer
(NEB), enzymes, plasmid and nuclease-free water. The quantities and conditions of restric-
tion digests were determined using NEB (https://nebcloner.neb.com/#!/redigest), although
often a 37°C incubation for 1 hour to overnight. To verify sequences at the base level, DNA
fragments or plasmids were sent to GATC for Sanger sequencing with primers. Sequences
were analysed using Lasergene (DNASTAR), Benchling or SnapGene (Benchling, 2020;
SnapGene, 2022).

2.4 Genotyping

2.4.1 Genomic DNA extraction

0.1% saponin was added to 10mL of culture in a 15mL centrifuge tube, incubated for 5-10
minutes at RT and spun (3000g, 3 minutes). The supernatant was removed and the pellet
was washed with 10mL of PBS and then 1.5mL of PBS and transferred to a microcentrifuge

tube. The solution was spun (6000g, 3 minutes) and the supernatant was removed and stored
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at -20°C. If purified DNA was required, a DNAeasy kit (Qiagen) was used. Briefly, the
pellet was resuspended in 200u L of PBS and mixed by inversion with 20uL Proteinase K
and 200uL of buffer AL. The mixture was incubated at 70°C for 10 minutes then mixed
200uL of 100% EtOH and transferred to a spin column. Spun (8000rpm, 1 min), washed
with 500uL of buffer AW, and 500uL of buffer AW2, transferred to a tube and eluted with
50uL AE buffer. Sequence verification was completed as described above.

2.5 Phenotyping

2.5.1 Expression
RNA isolation and purification

10mL of culture at 5-15% parasitemia was centrifuged (1800rpm, 4 minutes). The pellet was

resuspended in 10-20X pellet volume of pre-warmed TRIzol™

reagent (Thermo Fisher),
shaken vigorously and incubated for 5 minutes at 37°C to facilitate cell lysis. The mixture was
transferred into phase-lock gel tubes (Quantabio). To promote phase separation, chloroform
(Sigma-Aldrich) was added at a 1:5 chloroform:TRIzol™ ratio and tubes were mixed by
inverting and incubated at RT for 3 minutes. The phases were separated by centrifugation
(12000g, 15 minutes, 4°C, brake=0). The tubes were placed on ice and the upper aqueous
layer was transferred into microcentrifuge tubes. An RNeasy mini kit with on-column DNase
treatment (Qiagen) was used to further purify the RNA. Briefly, 1 volume of 100% ethanol
was added to the isolated RNA, mixed gently, and then loaded into a spin column. The
column was spun (>8000g, 15 seconds) and flow-through discarded, followed by washes
and spins with 700uLL Buffer RW1 and twice with 500uLL Buffer RPE. An additional spin
(>8000g, 2 minutes) was completed to dry the column, and the column was eluted into a
microcentrifuge tube with 30-50uL RNase-free water incubated at RT for 1-2 minutes and
then spun (>8000g, 1 minute). RNA quantity and quality were measured using a NanoDrop
spectrophotometer (Thermo Fisher).

RT-qPCR

RNA can be quantified by using reverse transcription to generate complementary DNA
(cDNA), which can be measured using quantitative PCR (qPCR). Isolated RNA (with DNase
treatment) was transformed into cDNA using the SuperScript™ IV First-Strand kit (Thermo
Fisher). RNA (up to Sug) was combined with 1uL of oligo-dTs (0.5ug/uL), 0.2uL of
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random primers/hexamers (3ug/uL), 1ul. ANTPs (10mM) and water, then incubated at 65°C
for 5 minutes and cooled on ice for 2-3 minutes. Meanwhile, a reaction was prepared to
contain 4uL of First-Strand buffer (5X), 1uL of DTT (0.1M), 1uL of ribonuclease inhibitor
and 1uL of Superscript IV RT (reverse transcriptase or nuclease-free water for -RT (controls
lacking reverse transcriptase). The reverse transcriptase reaction was combined with annealed
RNA and ran on a thermocycler (MJ Research) for 10 minutes at 23°C, 1 minute at 50-
55°C and 10 minutes at 80°C. To remove any residual RNA, 1uLL RNase H was added and
incubated for 20 minutes at 37°C. The resulting cDNA was aliquoted and stored at -20°C.

DNA was diluted to 3.5ng in 1L and combined with 0.6uL of primer 1, 0.6uL of primer 2,
10uL of PowerUp™ SYBR™ Green Master Mix (2X, Thermo Fisher) and 7.8uL water.
Samples were prepared in optical plates (Thermo Fisher), sealed with optical adhesive
tape (Thermo Fisher) and centrifuged. qPCRs were run using a real-time PCR system
(QuantStudio5, Thermo Fisher) with the following program: 50°C for 2 minutes, 95°C for 2
minutes, and then 40 cycles of 95°C for 15 seconds, annealing at 55-65°C (depending on
the primer melting temperature) for 20 seconds and extending at 60°C for 1 minute. For
each plate, samples were run alongside two control samples (3D7 and a control line with
ineffective dCpf1 repression) using 3 sets of primers: 1 for the IncRNA of interest and 2 for
housekeeping genes (cyclophilin and 18S rRNA). All samples were run in triplicate, -RT
controls were included for each reaction, and a no-template control was included for each

primer.

Primers (18-30 bp in length) were designed to target sequences and generate 80-150 bp
products. Primer efficiencies were determined by running a qPCR with a 10-fold serial
dilution of a control sample (3D7) in triplicate. Average Ct was calculated from triplicates,
and the slope of the regression between average Ct values and log(Sample dilution values)
was determined. Primer efficiency was calculated using Equation 2.1, an efficiency of
90-110 was deemed suitable. For the qPCR assays, average Ct values from technical
replicates were obtained from the QPCR machine software, Design and Analysis 2 (v.2.6.0,
AppliedBiosytems, Thermo Fisher) and relative gene expression was calculated using the
Pfaffl method (Pfaffl, 2001). This method uses Equation 2.2, where E stands for primer
efficiency, GOI stands for gene of interest, and HKG stands for housekeeping gene. ACt
values are calculated by subtracting avgCt values from the control average (average obtained
from biological controls). Both housekeeping genes were incorporated into this equation
by obtaining a geometric mean for both denominator calculations. Standard deviation and

statistical significance (two-tailed t-tests) were also determined.
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Primer efficiency (E) = (10ﬁ —1)%100 2.1

(EGOI)ACIGOI
(EHKG)ACIHKG

Gene expression ratio = ( 2.2)

RNA-Seq

DNase-treated RNA was sent to Sanger DNA Pipelines for library prep and RNA sequencing.
Further sequencing and library prep details are outlined in Chapter 3 and Chapter 5. For
annotation, sequences were mapped with minimap2 against Pf3D7 (v3) reference or for P.
knowlesi, also mapped with HISAT?2 against the PKNH (v2) reference (Li, 2018; Kim et al.,
2019; Amos et al., 2021). Sequences were visualised using Artemis (Carver et al., 2012).

For expression profiling, reads were processed using samtools (Li et al., 2009), trimmed with
cutadapt (Martin, 2011) and mapped with STAR against the P. falciparum 3D7 reference
genome (Dobin et al., 2013; Amos et al., 2021). Quality control was completed using
fastqc, and multigc (Andrews, 2010; Ewels et al., 2016). Feature counts were obtained
using featurecounts (Liao et al., 2013). Differential expression analysis was completed with
DEseq2 was used to determine differential expression using a negative binomial general
linear model (Love et al., 2014). Shrunken log fold changes were estimated using the ashr
program (Stephens, 2016). Genes with a log 2-fold change greater than 0.5, and an FDR

(false discovery rate) less than 5% were considered deferentially expressed.

2.5.2 Fitness

Fitness was measured in two ways: growing parasites in parallel cultures in a growth assay or
competing parasites against fluorescent parasites in the same culture in a competition assay.

The flow cytometry data was analysed in FlowJo (v10) or FCS Express (v7).

Growth assay

ImL of each culture was seeded into 24-well plates at 0.5% parasitemia in triplicate and
confirmed by flow cytometry. Every following day or other days for 2 weeks, parasitaemia
was measured by flow cytometry, and cultures were cut to maintain parasitaemia between

0.25-5%. Growth curves were generated using mean cumulative parasitaemia. Cumulative
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parasitaemia was calculated by multiplying measured parasitaemia by the fractions by which

cultures were cut and adding to the previous day’s parasitaemia.

Competition assay

0.5mL of each culture was seeded into 24-well plates at 0.5% parasitemia and combined
with an equivalent volume of fluorescent parasites (NF-54°2mGFP pbipGFP 1y qppareNeon ¢y
3D7pPareNeon) at 0.59% parasitaemia. Immediately after and every following day or other days
for 3 weeks, the proportion of fluorescent parasites was measured by flow cytometry and
cultures were cut to maintain parasitaemia between 0.25-5%. Competition assay graphs were

generated using averages between replicates.

Stagel —— Stagell —— Stagelll —— StagelV —— StageV
Days 0-1 Days 2-3 Days 4 -6 Days 7-9 Day 10+
Trends in Parasitology

Fig. 2.3 P. falciparum gametocyte stages. Gametocytogenesis is formed of five stages (stages I to V),
which over 10 days, transform asexual parasites into male and female gametocytes. The figure was
obtained with permissions from McLean and Niles (2022).

2.5.3 Gametocytogenesis

Gametocytes can be obtained by inducing sexual commitment of asexual blood stages using
stress (Carter and Miller, 1979; Ogwan’g et al., 1993). Trophozoite-staged cultures with
high parasitemia (5-8%) were fed 2/3 of fresh media and 1/3 of conditioned media (day 0).
Starting 24 hours later (day 1) and every following day, cultures were fed with pre-warmed
media supplemented with 5% inactivated horse serum (Gibco), which supports gametocyte
growth and 1uL/mL heparin (Sigma-Aldrich, 20U/mL in PBS, 0.2uM filtered), which blocks
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new invasions (Fivelman et al., 2007). Gametocytes were visible from day 2. To assess
gametocyte conversion rate, cultures were prepared in triplicate in a 24-well plate, rings were
counted on day 1 and gametocytes (stage III) were counted on day 4. Gametocyte stages are
shown in Figure 2.3. Conversion rate = (gametocytes on day 4)/over rings on day 1). To
assess the proportions of each sex: male and female gametocytes were counted on days 10

and 13. The reported gametocyte sex ratio is the proportion of males to all gametocytes.

2.5.4 Drug sensitivity

The susceptibility of parasites to antimalarial drugs was quantified with a drug dose-response
assay, where the read-out is the half-maximal effective concentration (ECsg, referred to as
ICs0 in the malaria field) can be determined, which is the drug concentration required for
50% of the maximal response (where the maximal response is killing the parasites). 96-well
plates were prepared with two-fold serial dilutions of the drug from columns 1-10 and
designed to reach the ICsy around wells 4-6 (Figure 2.4). The drugs were dispensed either
manually or using a digital dispenser (D300e, Tecan). CM was dispensed into column 11 as
a no-drug negative control and into the top and bottom rows to counter edge effects. Cultures
were seeded into columns at 1% haematocrit and 1% parasitaemia, excluding column 12,
which was seeded with only RBCs. Cultures were maintained at normal conditions and then
lysed and stained three days later with an equal volume of 2X SYBR lysis buffer (Table
2.2). The plate was incubated for 30 minutes in the dark and measured with a microplate
reader (FLUOstar® Omega, BMG Labtech) using a 485/535 nm excitation and emission
filter. The fluorescence data were analysed in GraphPad Prism 8 where parasite survival
was assessed by comparison between the fluorescence of drug and no-drug treatment groups.
Background fluorescence was also subtracted using the RBCs-only wells. A non-linear
regression model for log(inhibitor) and variable(slope) was used to calculate ICsq values, and

standard deviation and statistical significance (two-tailed t-tests) were also determined.

2.5.5 Fluorescence

Parasites engineered to express fluorescent markers were visualised using fluorescent mi-
croscopy. 200uL of parasite culture was harvested at 5% parasitemia, spun at 3000rpm for 30
seconds in a centrifuge tube and washed with 0.5mL of PBS. Parasites were fixed in 4% (v/v)
paraformaldehyde + 0.0075% glutaraldehyde, incubated for 30 minutes and washed twice
with ImL of PBS. Parasite DNA was stained with 1mL of Hoechst stain (10 g/mL, Thermo

Fisher) for 5 minutes and resuspended in 1mL of PBS. The stained parasites were transferred
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Fig. 2.4 Schematic of drug dose-response assay set-up. In a 96-well plate, a two-fold serial dilution
of a drug was set up across columns 1-10 of the plate, excluding the top and bottom rows. No drug
was added to columns 11 and 12 as these were the no-drug and RBC-only controls. Row A and H
were given media instead of the drug. Cultures containing parasites were also seeded into the plate in
columns 1-11 from rows B-G, while RBCs-only were seeded into column 12. Final volumes were
100uL at 1% haematocrit and 1% parasitemia.

to a 4-well chambered coverglass (M-Slide, Ibidi) that was pre-treated with 0.25mL of poly

L-lysine (0.2mg/ml, Sigma-Aldrich) for 10 minutes. The coverglass was transferred to an

inverted fluorescence microscope (DMi8, Leica). Blue and green-filtered fluorescence mi-

croscopy as well as bright-field microscopy with a 100x objective (total 1000x magnification)

was used to image infected erythrocytes and fluorescent parasites. Image processing and

analysis were completed with Leica Application Suite X.

Table 2.2 Solutions

Solution Components

RPMI 1640 with serum substitute AIbuMAX® (Gibco) and supplemented with
Complete media (CM) L-glutamine substitute GlutaMax® (Gibco), antibiotic gentamicin (Gibco) and

buffering agent HEPES (20mM, equilibrated to pH 7.0)
Glveerolvie 576mL 99% glycerol, 16g L-sodium lactate, 300mg KCl, 1g NaH,POy, 2.366g
y y Nay;HPOy, 424mL deionised water, equilibrated to pH 6.8
Cvitomix 120mM KCl, 0.15mM CaCl,, 10mM K,HPO4/KH,PO4, 25mM Hepes, 2mM
y EDTA, 5mM MgCl,, equilibrated to pH 7.6

2X SYBR lysis buffer 2X SYBR® Green, 20mM Tris-HCI, 5 mM EDTA, 0.1% w/v saponin, and 1%

v/v Triton X-100




Chapter 3

Generating a manually-curated IncRNA

annotation in Plasmodium falciparum

3.1 Overview

A substantial limitation to studying IncRNAs in the Plasmodium falciparum parasite is the
lack of a comprehensive and updated annotation. An annotation provides the locations
of IncRNAs in the genome and the sequences of the transcribed RNAs, which is valuable
information for experimental and computational research. In this chapter, I generated an
improved IncRNA annotation for P. falciparum. By generating long-read RNA sequencing
data and integrating information extracted and curated from multiple sources, I annotated
IncRNAs, evaluated supporting evidence, and characterised their features. The content of this
chapter has been published in BMC Genomics as A manually curated annotation characterises
genomic features of P. falciparum IncRNAs (Hoshizaki et al., 2022a). The sequencing data
used to generate annotation was generated and processed by Dr Sophie Adjalley, Sanger
DNA pipelines and Dr Adam Reid; these colleagues are cited in the relevant sections for
their contributions. Additional P. falciparum and P. knowlesi sequencing datasets were
obtained from Dr Vandana Thathy and Dr Chris Newbold (University of Oxford), and Dr Lia
Chappell (Wellcome Sanger Institute). Proteomics analysis was completed by collaborators
Dr Scott Chisholm and Dr Ross Waller (University of Cambridge). Supplemental data and

acknowledgements are in Appendix A.
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3.2 Introduction

Modern research in malaria studying the biology of the parasite relies heavily on the genome
assembly and its annotation (Bohme et al., 2019). For example, molecular approaches such as
PCR amplification, gene disruption, and gene tagging require precise start and stop locations
of gene features. Similarly, bioinformatics analyses such as multiple gene alignment, structure
prediction, and coding potential prediction analyses require accurate sequence information.
While certain genomic features, such as protein-coding genes, are relatively well-annotated,

the role of non-coding transcription in the parasite’s biology remains poorly understood.

3.2.1 Current P. falciparum IncRNA annotations

There is no definitive IncRNA annotation for P. falciparum, instead, annotations or transcript
lists must be extracted from various publications. LncRNAs have been largely excluded from
the P. falciparum 3D7 genome annotation (Bohme et al., 2019). The only ncRNA annota-
tions included are snRNAs, snoRNAs, spliceosomal RNA, the RUFs (RNAs of Unknown
Function) and one IncRNA, GDV 1-asIlncRNA, which has been experimentally validated and
demonstrates biological function (Filarsky et al., 2018). Boehme et al. state that previously
annotated ncRNAs were discarded from the annotation due to the lack of supportive evidence
as these annotations have not been verified in vitro as bona fide transcripts or associated with

biological function.

LncRNAs were initially identified through early transcriptomic techniques such as serial
analysis of gene expression, DNA tiling arrays, microarrays and northern blotting (Su et al.,
1995; Patankar et al., 2001; Kyes et al., 2003; Gunasekera et al., 2004; Ralph et al., 2005;
Lu et al., 2007; Li et al., 2008; Epp et al., 2009; Broadbent et al., 2011). Additionally,
computational techniques were used to predict putative IncRNAs such as comparative ge-
nomics (Upadhyay et al., 2005; Chakrabarti et al., 2007), genomic-wide secondary structure
prediction (Mourier et al., 2008) and through the analysis of existing cDNA and expression
sequencing tag datasets (Raabe et al., 2010). However, the development of RNA sequencing
(RNA-Seq) revolutionised genome-wide annotation of IncRNAs. Otto et al. applied RNA-
Seq to P. falciparum and identified 107 novel ncRNA transcripts and additional antisense
transcripts, which were supported by subsequent RNA-Seq studies (Otto et al., 2010; Sorber
et al., 2011; Lépez-Barragédn et al., 2011; Liao et al., 2014). However, early RNA-Seq
methods did not facilitate strand-specific resolution. Therefore, the next advancement in

annotation arrived with strand-specific RNA-Seq and when PCR-amplification was improved
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Table 3.1 RNA sequencing-based approaches capturing ncRNAs in P. falciparum

Sequencing Methodology Output Reference
Short-read RNA-Seq Islel::mma RNA- 310 AS events (Sorber et al., 2011)
Strand-specific .
RNA-Seq 1204 AS events (Siegel et al., 2014)

1134 IncRNAs & 1381 circR-

NAs annofations (Broadbent et al., 2015)

2252 nascent-ncRNAs (Yin et al., 2020)
Bespoke RNA-
Seq (DAFTseq) 5000 ncRNA events (Chappell et al., 2020)
Long-read RNA-Seq ggf direct RNA- 1 1 15 AS events (Lee et al., 2021)
PacBio SMRT
RNA-Seq 3623 ncRNA events (Yang et al., 2021)
ONT & PacBio 491 AS and 167 intergenic iso- (Shaw et al.. 2022)

forms

Table modified from (Simantov et al., 2022).

by using polymerases with less sequence bias that better captured AT-rich ncRNAs. Two
studies applied this technology to P. falciparum across numerous timepoints: Siegel et al.
identified 1247 genes with evidence of antisense transcription, and Broadbent et al. generated
an annotation of 660 intergenic IncRNAs, 474 antisense IncRNAs (220 of which are novel)
and 1381 circRNAs (Siegel et al., 2014; Broadbent et al., 2015). Recently, Yin et al. explored
the dynamics of nascent transcription by using EU labelling with RNA-Seq and identified
2252 putative nascent-transcribed ncRNAs (Yin et al., 2020). Other recent transcriptomic
studies using improved methodologies, such as long-read sequencing, have captured more
ncRNA transcripts (Table 3.1). However, these datasets have not been used to generate new
IncRNA annotations, i.e. with collapsed reads and consensus start and stop coordinates or
compared with existing annotations (Chappell et al., 2020; Lee et al., 2021; Yang et al., 2021;
Shaw et al., 2022). Collating and repurposing existing RNA-Seq datasets for the annotation
of IncRNAs has recently proven effective in another apicomplexan, Cryptosporidium sp.,
where 396 novel IncRNAs were identified (Li et al., 2021b).

3.2.2 Challenges in annotating IncRNAs in P. falciparum

The annotation of P. falciparum IncRNAs, which have reduced G + C content and increased
repetitive sequences, have been made difficult by low coverage of short reads that map to low-
complexity regions. Long-read RNA sequencing technology is more suitable for detecting

and annotating P. falciparum IncRNAs. Pacific Biosciences (PacBio) and Oxford Nanopore
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Technologies (ONT) have extended RNA sequencing lengths while maintaining high-fidelity
sequencing. Even further, in the case of ONT, RNA sequencing can be completed directly
(direct RNA-Seq) without the need for cDNA generation, amplification, or fragmentation.
Recent studies have applied long-read RNA-Seq to P. falciparum, which has proven effective
for refining the annotation of untranslated regions (UTRs) and analysing transcript isoforms
(Chappell et al., 2020; Lee et al., 2021; Shaw et al., 2022). Additionally, when generating
or re-purposing sequence data for IncRNA annotation, another consideration is library
preparation. As some P. falciparum IncRNAs are not poly-adenylated, such as var-asincRNAs,

poly-A enrichment may not capture all IncRNAs (Amit-Avraham et al., 2015).

Due to pervasive transcription in P. falciparum, another challenge in IncRNA annotation
is the complexity of resolving overlapping expression from neighbouring transcriptional
units. The boundaries of gene features must be well-defined. Since existing annotations were
developed, the UTRs have extended considerably for many genes across the P. falciparum
3D7 genome (Chappell et al., 2020). Previous annotations must be revisited to determine
the impact of the changed UTR boundaries. Distal UTR reads may have been interpreted as

separate transcriptional units and labelled intergenic IncRNAs.

The current annotation pipeline is often limited to transcript assembly and basic filtering.
However, other types of datasets could inform and curate a IncRNA annotation. For example,
powerful evidence for the presence of a transcribed sequence is an associated transcriptional
start site (TSS). Studies have comprehensively mapped out TSSs across the genome using
specialised approaches that improve the capture of intact 5’ ends (Adjalley et al., 2016;
Chappell et al., 2020). Additionally, epigenetic data sets describing the accessibility of the
chromatin (ATAC-Seq) have been generated, which could also provide supportive evidence
of transcription at putative IncRNA loci (Ruiz et al., 2018; Toenhake et al., 2018). A collation

and curation of publicly available datasets can provide context and evidence for IncRNAs.

In this chapter, I created an updated and improved IncRNA annotation for blood-stage
P. falciparum 3D7. I developed a high-quality annotation by generating long-read direct
RNA sequencing and integrating the updated UTR annotations. Uniquely, I manually
curated collated datasets from the literature to provide supportive evidence for each IncRNA
annotation. I compared the annotation to existing annotations to verify existing IncRNAs and

identify novel IncRNAs and characterised the features of P. falciparum IncRNAs.



3.3 Objective and Aims 5§

3.3 Objective and Aims

To generate a high-quality, updated annotation of IncRNAs in P. falciparum using long-read

sequencing and manual curation of existing datasets.
1. Verify previously-annotated P. falciparum IncRNAs
2. Identify novel IncRNAs in P. falciparum

3. Characterise the genomic and sequence features of annotated IncRNAs

3.4 Results

3.4.1 The generation of a manually curated IncRNA annotation
Long-read RNA sequencing of asexual intraerythrocytic P. falciparum

The annotation was developed using a two-pronged approach of generating new RNA
sequencing and harnessing existing datasets. Asexual intraerythrocytic-staged P. falciparum
3D7 parasites were sequenced using long-read ONT direct RNA sequencing (Table 3.2).
Mixed stages were sequenced to capture the broad scope of IncRNA expression in the
intraerythrocytic development cycle. ONT was chosen over other long-read sequencing
technology for the unique advantages of direct-RNA-Seq, specifically the ability to generate
full-length RNA transcripts without any cDNA generation, amplification, or fragmentation
step, making this particularly suited for the capture of full-length IncRNAs. Libraries were
prepared with and without TEX to obtain a library enriched with primary transcripts. TEX
(5’-monophosphate-dependent exonuclease) treatment degrades rRNAs and other processed
RNA transcripts, thereby enriching primary (unprocessed) transcripts, which can improve
the capture of transcriptional start sites. The RNA was extracted by Dr Sophie Adjalley, the
library prep and sequencing were completed by Sanger DNA pipelines, and sequence QC
and mapping were conducted by Dr Adam Reid (sequencing information in Appendix: Table
A.l).

Assembling and curating existing datasets from the literature

Preliminary observations revealed low read depth at IncRNA loci, likely due to their di-

minished expression. Therefore to improve read depth and gain additional confidence in
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Fig. 3.1 Flow diagram depicting the approach for manual curation and annotation of IncRNAs

detecting IncRNA transcripts, long-read RNA-Seq data from the present study was collated
with data from Lee et al. (Table 3.2) (Lee et al., 2021). Unlike the other existing P. falciparum
3D7 long RNA-Seq datasets (from Yang et al. and Chappell et al.), the Lee et al. dataset
was generated using the same sequencing approach (Chappell et al., 2020; Yang et al., 2021;
Lee et al., 2021). I also obtained stage-specific short-read RNA sequencing of asexual P.
falciparum 3D7 parasites to support the annotations made from the long-read data (provided
by Dr Vandana Thathy and Dr Chris Newbold, University of Oxford). Furthermore, to
provide contextual support, datasets from TSS and chromatin accessibility studies as well as
existing IncRNA annotations were extracted and compiled from numerous sources (Table
3.2) (Broadbent et al., 2015; Kensche et al., 2016; Adjalley et al., 2016; Ruiz et al., 2018;
Chappell et al., 2020). These sources can be subdivided into two groups: those that were
used for contextual support during annotation and those that were later used for comparative

analysis.

Manual annotation

Annotation was completed by visualising and evaluating the datasets in a genome browser
(Figure 3.1). LncRNAs were defined as noncoding RNAs of at least 200 nucleotides in
length that were not otherwise annotated as another type of noncoding RNA (rRNAs, tRNAs,
snRNAs and snoRNAs). One exception was IncRNAs that contained other ncRNAs; however,
these transcripts had to differ distinctly from the annotated ncRNAs. The IncRNA boundaries
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Table 3.2 Datasets used for manual curation of P. falciparum IncRNA annotation

Use Dataset Type Reference
Annotation Pf nanopore 1 Nanopore long read This work
Pf nanopore 2 Nanopore long read Lee et al. (Lee et al., 2021)
Pf short read Illumina short read This work
Pf TSS-seq 1 Ilumina short read (Chappell et al., 2020)
Pf TSS-seq 2 Illumina short read (Kensche et al., 2016)
Contextual Pf TSS-seq 3 [lumina short read (Adjalley et al., 2016)
support Pf ATAC-seq Illumina short read (Ruiz et al., 2018)
Pf ncRNA calls Illumina short read (Chappell et al., 2020)
Pf IncRNA annotation Annotation (Broadbent et al., 2015)
Pf ncRNA annotation Annotation PlasmoDB (Amos et al., 2021)
Pf IncRNA annotation Annotation (Liao et al., 2014)
Comparative Pf antisense transcripts Gene list (Siegel et al., 2014)
analysis Pf ncRNA calls Predicted transcripts (Chappell et al., 2020)
Pf IncRNA calls Predicted transcripts (Yang et al., 2021)

were defined as the outermost read in the collated long-read sequencing. An evidence-based
ranking was assigned to each annotation, with a 1 signifying the most supportive evidence
and 9 the least (Figure 3.2, supplemental data). LncRNAs were scored based on three criteria:
the presence of the IncRNA in the long-read RNA-Seq datasets (one or both), the number of
reads (single vs multiple) and finally, evidence of a distinct TSS in the TSS datasets (none,
single or multiple datasets). The rankings reflect the level of confidence for each annotation

and can be used to subset the dataset.

3.4.2 The P. falciparum transcriptome contains over two thousand IncR-
NAs

I identified a total of 2369 IncRNAs in P. falciparum, of which 1119 were novel to this
study. The remaining 1250 were previously annotated by Broadbent et al. or Liao et al.,
listed on PlasmoDB (from various sources) or were predicted by Siegel et al., Chappell et
al. or Yang et al. (Figure 3.3A, Table 3.2, supplemental data) (Liao et al., 2014; Siegel
et al., 2014; Broadbent et al., 2015; Chappell et al., 2020; Yang et al., 2021; Amos et al.,
2021). Previous annotations were updated; for example, long-read sequencing enabled
the extension of IncRNAs that were previously partially annotated and the fusion of those
previously annotated as multiple IncRNAs (Figure 3.3B). The long-read sequencing also
expanded most IncRNA boundaries (start and stop positions), although some boundaries

were reduced (Table 3.3). The new UTR boundaries provided by the current 3D7 genome
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Fig. 3.2 Evidence ranking based on supportive evidence of IncRNA annotations. LncRNAs were
ranked from 1-9, 1% representing IncRNAs with the most evidence and 9™ representing IncRNAs with
the least evidence. Three criteria were used to define the ranking: 1- Presence in both vs one of the
long-read RNA-Seq datasets (this study and Lee et al.) (Lee et al., 2021); 2- the presence of multiple
reads vs a single read; 3- evidence of a distinct TSS from multiple datasets vs a single dataset vs no
evidence of a TSS (Adjalley et al., Kensche et al. and Chappell et al. datasets) (Adjalley et al., 2016;
Kensche et al., 2016; Chappell et al., 2020). A Sankey plot shows how these criteria were used to
determine rank.

annotation led to significant changes to previously annotated IncRNAs. These IncRNAs
were either misannotations or wrongly categorised but are encompassed by genes or UTR
sequences (Figure 3.3B, Table 3.3). Also, some previously annotated IncRNAs were not

captured in this study’s collated long-read RNA sequencing.

3.4.3 LncRNAs are produced from distinct genomic contexts

The genomic context was determined based on the presence of overlapping (on the same
strand), antisense (on the opposing strand) or nearby (associated) genomic features. LncR-
NAs were classified into eight subtypes: intergenic, antisense (to genes, UTRs, introns, or
IncRNAs), UTR-associated, intronic and sense (within an exon) (Figure 3.4, supplemental
data). The most common subtypes were antisense-to-gene (44%), followed by antisense-
to-UTR (24.7%) and intergenic (11.9%) (Figure 3.5A). The remaining subtypes were less
common: UTR-associated (8.9%), antisense-to-IncRNA (6.4%), antisense-to-intron (2.5%),
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Fig. 3.3 Verification of previous P. falciparum IncRNA annotations in the literature. Of the 2369
IncRNAs, 1119 were unique to this study, and 1250 were previously annotated by Broadbent et al. or
Liao et al. or predicted by Siegel et al., Chappell et al., Yang et al., and/or listed by PlasmoDB from
various published studies (Broadbent et al., 2011; Liao et al., 2014; Siegel et al., 2014; Chappell et al.,
2020; Yang et al., 2021; Amos et al., 2021). (A) An upset plot shows the number and membership
of the previously annotated IncRNAs as well as the size of the set. Gene IDs from the Siegel et al.
dataset were intersected with gene IDs of genes antisense to IncRNAs in this work (Siegel et al., 2014).
(B) Snapshots demonstrate examples of changes to previous annotations.
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Table 3.3 Comparison of previous annotations to new P. falciparum IncRNA annotation

Difference with new annotation Number of previous annotations

Broadbent Chappell PlasmoDB

intergenic— UTR-asc. 64
intergenic— antisense-to-gene 42
Change of subtype intergenic—antisense-to-UTR 108 N/A N/A
antisense-to-gene— UTR-asc. 38
antisense-to-gene—intergenic 1
start site expanded 433 327 17
Chanee of position start site reduced 211 33 7
£ P stop site expanded 315 310 20
stop site reduced 332 49 4
Change in number of single—multiple 1 0 0
annotations multiple—single 49 543 4
reannotated as gene 3 0 0
Misannotated reannotated as UTR 180 39 4
less than 200 bp 15 4 3
Not observed 240 4493%* 14

The new annotations were compared against the Broadbent et al. IncRNA annotations (Broadbent et al., 2015),
Chappell et al. ncRNA calls (Chappell et al., 2020), and PlasmoDB ncRNA annotations (Amos et al., 2021).
*Represents the number of ncRNA calls in place of annotated IncRNAs.

sense (1.5%) and intronic (0.04%). While the other subtypes required a direct overlap of
the IncRNA with the genomic feature, the UTR-associated IncRNAs were evaluated from
a 150 bp proximity. One hundred fifty was selected based on previous methods suggesting
some UTRs may extend 100 nucleotides or more beyond the position predicted by sequence
coverage (Chappell et al., 2020). Of the UTR-associated IncRNAs, 65% were associated with
a5’ UTR, 32% were associated with a 3’ UTR, and 3% were spanning two genes, associated
with a 5" and 3’ UTR (Figure 3.5B).

3.4.4 LncRNA loci are ubiquitous in the P. falciparum genome

The IncRNAs were distributed ubiquitously throughout the 14 P. falciparum chromosomes.
A cluster analysis with Clustor Locator identified that IncRNA subtypes occasionally formed
location-based clusters of 3-5 IncRNAs (Figure 3.5C, Table 3.4). There was no apparent
strand preference for the production of IncRNAs, with 49% on the negative strand and the

remaining 51% on the positive strand (Figure 3.5D).

Previous research has suggested that the vast majority of promoters in P. falciparum are
bidirectional, suggesting that the majority of IncRNAs are driven by gene promoters (Adjalley
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Fig. 3.4 Schematic representation of the classification of IncRNA into genome context-based subtypes.
Annotations were categorised by genomic context using a decision tree. LncRNAs overlapping a gene
on the same strand were classified as either intronic if contained within the intron or sense if contained
within a single exon. No IncRNAs were annotated that spanned multiple exons in a gene. LncRNAs
that overlapped a UTR and IncRNAs nearby genes (within 150 bp of an annotated UTR or exon
or read from the gene) were flagged as potential UTR-associated IncRNAs. A careful examination
of collated data was performed to delineate UTR-associated IncRNAs from UTR transcripts (that
could be fragmented due to drops in GC content or alternative start sites). This included an analysis
of the level of overlap between reads from the putative IncRNA and gene/UTR, the presence of a
unique transcriptional start site (distinct from the gene) and the lack of evidence of a drop in GC
content. LncRNAs that were antisense (opposite strand) to genomic features were classified based on
the type of antisense genomic feature: antisense-to-gene, antisense-to-intron, antisense-to-UTR and
antisense-to-IncRNA. The antisense-to-intron IncRNAs were contained within the intron boundaries
(with little to no overlap with the exon). The antisense-to-UTR IncRNAs only overlapped the UTR,
not the exons, and the level of overlap varied. Some IncRNAs could be classified as more than one
subtype if overlapping multiple features—the classification has a hierarchy starting with: intronic, sense,
UTR-associated, antisense-to-intron, antisense-to-gene, antisense-to-UTR and antisense-to-IncRNA.
LncRNAs that were not overlapping, antisense to, or nearby (150 bp) any feature were classified as
intergenic.
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Fig. 3.5 Genomic features of P. falciparum IncRNAs. (A) The majority of IncRNAs were antisense-
to-gene IncRNAs or antisense-to-UTR IncRNAs, followed by intergenic IncRNAs, UTR-associated
IncRNAs and antisense-to-IncRNA IncRNAs. A minority were antisense-to-intron, intronic or sense
IncRNAs. (B) Antisense-to-UTR IncRNAs were most commonly (65%) associated with a 5" UTR,
followed by 32% associated with a 3’ UTR and a small subset (3%) were nestled between 5’ and 3’
UTRs. (C) LncRNAs and their genome-context subtypes were distributed throughout the genome.
(D) LncRNAs were equally distributed between positive and negative strands, and their abundance in
chromosomes was relative to chromosome size. (E) For IncRNAs with an associated transcriptional
start site, 70% had evidence of bidirectionality (transcription in both directions in the same location
and timepoint).
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Table 3.4 Genomic location-based clustering of P. falciparum IncRNAs by subtype

Cluster Number Number Percentage of IncRNAs

Subtype size of clusters of Per cluster Total (%) p-value
IncRNAs (%) v
. 3 7 21 7.42
Intergenic 4 ) 3 783 34.28 3.09e-07
3 47 141 13.43
Antisense-to-gene 4 23 92 8.76 87.90 2:99e-02
5 2 10 0.95
Antisense-to-intron 3 1 3 6.13 18.37 3.73e-05
4 2 8 2.83
3 30 90 15.31
Antisense-to-UTR 4 3 12 2.04 39.80 9.07e-02
5 2 10 1.70
3 5 15 9.93
Antisense-to-IncRNA 4 1 4 2.65 63.55 1.00e-10
5 1 5 3.31

Cluster Locator was used to identify positional-based clusters of IncRNAs based on genome position
(Pazos Obregoén et al., 2018). A max gap, the number of genes between cluster elements, was assigned a value
of 2. Clusters of two IncRNAs were excluded. The intronic subtype was not included as it only contains one
IncRNA. The p-value was calculated in comparison to random clustering.

et al., 2016). For the 2199 IncRNAs with evidence of an associated TSS, 70% had evidence
of bidirectionality with 65% potentially sharing a promoter with genes, and 5% with other
IncRNAs (Figure 3.5E). I determined if a promoter was bidirectional by assessing if a TSS
was on the opposite strand at the exact location and same stage (timepoint) using the Chappell
et al. dataset (Chappell et al., 2020).

3.4.5 LncRNA subtypes are associated with specific gene ontology terms

I observed that the sense and antisense-to-intron IncRNAs were almost exclusive to var
genes, where this configuration has been previously shown to be functionally relevant (Jing
et al., 2018; Amit-Avraham et al., 2015). I, therefore, completed a Gene Ontology (GO)
term-enrichment analysis to investigate functional similarity between the genes contextually
associated with the IncRNAs (genes that overlapped for sense and UTR-associated IncRNAs,
and antisense genes for antisense-to-gene/UTR/intron IncRNAs). GO enrichment analysis
calculates statistical significance based on the frequency of a GO term in a sample compared
to the frequency of the term, in the full set of genes, in this case the P. falciparum genome.
The generated p-value represents the likelihood of obtaining a particular GO term in the

set of genes as a result of chance. For each subtype, significant enrichment (p<0.01) of
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Fig. 3.6 GO term enrichment of genes contextually-associated with P. falciparum IncRNA subtypes.
Gene ontology (GO) term enrichment was completed on PlasmoDB using biological process ontology
for genes associated with each IncRNA subtype: for sense and UTR-associated IncRNAs, these were
the overlapping genes (same strand), and for IncRNAs antisense to genomic features, these were the
antisense genes (Amos et al., 2021). Enrichment was determined based on the fold change and odds
ratio calculated from the occurrence of GO terms in the set compared to the background. The p-value
cut-off selected was 0.01. The GO terms were reduced using REVIGO (Supek et al., 2011).

multiple GO terms was observed (Figure 3.6). Matching my observations, genes associated
with the terms adhesion, response to other organisms, and modulation by symbiont of host
process (mainly var genes as well as other genes encoding surface-exposed proteins) were
enriched in sense IncRNAs and antisense-to-intron IncRNAs. Antisense-to-gene IncRNAs
(the most abundant class) were enriched for genes involved in nucleoside and nucleotide
metabolic and catabolic pathways along with protein metabolism, adhesion and movement in
the host environment. Antisense-to-UTR IncRNAs were enriched for genes associated with
chromatin organisation and translation machinery. UTR-associated IncRNAs were enriched
for genes relating to stress granule and P-body assembly, telomere capping and translocation

of proteins in the cytoplasm.
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3.4.6 Some IncRNAs contain structural RNA sequences

Searches against the RNA families database (Rfam) revealed that 19 IncRNAs contained
sequences associated with 22 unique described RNA families (Figure 3.7A, Table 3.5),
including those encoding known structural RNAs such as the signal recognition particle RNA,
the ribozyme ribonuclease P and several RNAs of unknown function (RUFs) (Chakrabarti
et al., 2007). Additionally, some IncRNAs contained sequences corresponding to smaller
RNAs (usually shorter than 200 nucleotides), including 13 snoRNAs, four tRNAs and one
snRNA that I describe respectively as sno-IncRNAs, tRNA-IncRNAs and sn-IncRNAs (Figure
3.7B). LncRNAs containing structural RNA sequences have been previously identified in
other organisms, including humans (sno-IncRNAs) and plants (IncRNA containing a tRNA-
like molecule) (Yin et al., 2012; Wu et al., 2016; Plewka et al., 2018). I also identified
examples of more than one structural RNA sequence within a single IncRNA. There were
three examples where two snoRNAs flanked the ends of a single IncRNA, which resembles
the structure of sno-IncRNAs in humans (Figure 3.7B). There was also one example of
multiple snoRNAs, a RUF and ncRNA forming a single RNA product (PF3D7IncRNA_2170)
(Figure 3.7B). Co-transcription of snoRNAs at this locus has been previously suggested by
Chakrabarti et al. (Chakrabarti et al., 2007).

3.4.7 Several IncRNAs may code for small proteins

P. falciparum IncRNAs have an average length of 1146 bp (ranging from 200 bp to 7452
bp) and average GC content of 16%. The GC content is lower than that of the overall P.
falciparum genome, which is 19.4% but less than that of all non-coding regions, which
approaches 10% (Hamid et al., 2014). Transcript lengths and GC content vary between
subtypes (Figure 3.7C, D). Sense IncRNAs, i.e. located within gene exons, displayed a clear
bias towards higher length distributions and greater average GC content. Similarly, antisense-
to-gene IncRNAs had a higher average GC content than those IncRNAs found in non-coding
regions of the genome. Like the Broadbent et al. study, I noted that it is uncommon for P.
falciparum IncRNAs to contain introns, with only 5% detected in the analysis (Broadbent
et al., 2015). Of these IncRNAs, most were antisense-to-gene IncRNAs (59%), and the rest
consisted of other subtypes. Broadbent et al. previously highlighted IncRNAs that contain
multiple introns as notable due to the rareness of this property (Broadbent et al., 2015). In
addition to the three examples that they highlighted (IncRNAs associated with gdvl, etramp9
and rRNA methyltransferase), I identified a further 25 IncRNAs that share these features
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Fig. 3.7 Sequence features of P. falciparum IncRNAs. (A) 26 RNA families aligned to annotated
IncRNA sequences: 13 snoRNAs, 5 RUFs, 4 tRNAs, ribonuclease P, signal recognition peptide and U6
spliceosomal snRNA using Rfam (Kalvari et al., 2018). (B) Visual representation and IDs of IncRNAs
containing snoRNAs, snRNAs and tRNAs. (C) LncRNA lengths ranged from 200-7452 bp, and the
distribution of lengths differed between subtypes (AS:antisense to). (D) LncRNAs were AT-rich with
an average GC content of 15.97%, and the distribution of GC content differed between subtypes
(AS:antisense to). (E) 16 IncRNAs were identified as putatively coding by sequence feature-dependent
coding potential analysis with CPC2 (Kang et al., 2017). The distributions of the measures used
to determine coding potential (peptide length, isoelectric point and Fickett score) are presented for
putative coding and noncoding IncRNA annotations.
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Table 3.5 Noncoding motif analysis of P. falciparum IncRNAs

Feature Family ID Family Total Hits LncRNAs
Sional » iqe  RF00017  Metazoa SRP 1 Pf3D7IncRNA_2143
18nal recogniiion bepiee  pr01856  Protozoa_SRP 1 Pf3D7IncRNA_2143
Ribonuclease P RF01577 RNase P 1 Pf3D7IncRNA_0134
RF01578 RUFI 1 Pf3D7IncRNA_ 1888
. RF01579 RUF2 1 Pf3D7IncRNA_0135
RNA of unknown function  p 6 5¢- RUF4 1 Pf3D7IncRNA_2170
Pf3D7IncRNA_0063
RFO1581 RUF6-5 2 Pf3D7IncRNA_0501
U2 snRNA RF00004 U2 1 Pf3D7IncRNA_ 1480
RF01583 snoRO1 1 Pf3D7IncRNA_0135
RF01585 snoR07 1 Pf3D7IncRNA_1370
RF01590 snoR 14 1 Pf3D7IncRNA_1597
RF01591 snoR15 1 Pf3D7IncRNA_1632
RF01593 snoR16 1 Pf3D7IncRNA_1801
RF01598 snoR23 1 Pf3D7IncRNA_2167
snoRNAs RF01599 snoR24 1 Pf3D7IncRNA_2167
RF01602 snoR27 1 Pf3D7IncRNA_2168
RF01604 snoR28 1 Pf3D7IncRNA_2168
RF01603 snoR29 1 Pf3D7IncRNA_2170
RF01605 snoR30 1 Pf3D7IncRNA_2170
RF01606 snoR31 1 Pf3D7IncRNA_2170
RF00133  SNORD33 1 Pf3D7IncRNA_0198
Pf3D7IncRNA_0301
{RNA RF00005 tRNA 4 Pf3D7IncRNA_0667

Pf3D7IncRNA_1995
Pf3D7IncRNA_2226

LncRNAs containing known RNA families were identified using Rfam batch search (Kalvari et al., 2018).
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(supplemental data). Two examples, which are antisense to PF3D7_1115200 (set7) and
conserved protein PF3D7_0918400 (unknown function), are shown here (Figure 3.8).

Some apparent IncRNAs might be protein-coding genes missed in previous annotations.
In particular, open reading frames (ORFs) encoding small proteins or peptides are hard
to identify (Ruiz-Orera and Alba, 2019). Therefore, I calculated the coding potential of
each IncRNA using the coding potential calculator algorithm CPC2, which can be used for
non-model organisms without retraining the model (Kang et al., 2017). CPC2 uses four
sequence-intrinsic features to predict the coding probability of RNA transcripts: Fickett
score, ORF length, ORF integrity and isoelectric point. As expected, most IncRNAs were
predicted to be noncoding transcripts. However, 16 IncRNAs were determined to have the
potential to encode proteins and warrant further investigation (Figure 3.7E, Table 3.6). Most
of these putative proteins were 100—150 amino acids in length, and when queried in the Caro
et al. P. falciparum ribosomal profiling dataset, most had some modest evidence of ribosomal
footprints, although often not spanning the length of the IncRNA and would require further
experimental validation (Table 3.6) (Caro et al., 2014). Only two shared similarities with other
proteins: PF3D7IncRNA_1391, a IncRNA antisense to PF3D7_1116500 (folate transporter
2), and PF3D7IncRNA_0624, an intergenic IncRNA, shared similarity with predicted proteins
in other P. falciparum strains like Dd2 (Figure 3.9). To further evaluate their potential coding
capacity, the 16 putative peptide sequences were sent to collaborators (Dr Scott Chisholm
and Dr Ross Waller, University of Cambridge) with expertise in Plasmodium proteomics.
They ran an analysis of human and Pf3D7 predicted proteomes, with and without the putative
sequences, against mass-spectrometry data. No peptide matches were identified against our

sequences.

3.4.8 LncRNAs secondary structures can be predicted

The secondary structures of the IncRNAs were predicted using RNAfold, a thermodynamic-
based RNA prediction method, which demonstrates strong (50-70%) prediction performance
for IncRNAs (Gruber et al., 2008; Bugnon et al., 2022). The predicted secondary structures
contained an average of 16.7 hairpins, 31.8 inner loops and 6.5 multi-loops, although this
varied between subtypes (Figure 3.10A). The secondary structures had an average minimum
free energy (MFE) calculation of -188.84 kcal/mol (Figure 3.10B). It is well-reported in the
literature that MFE is negatively correlated with RNA length and, to a lesser extent, GC
content, which was recapitulated in this dataset (Figure 3.10C, D) (Trotta, 2014). An example
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Table 3.6 Sequence intrinsic features of P. falciparum IncRNAs determined to have coding potential

Peptide Fickett Isoelectric ORF Coding Ribosomal
LncRNA length . . . o .

(AA) score point integrity  probability  footprints
Pf3D7IncRNA_0624 576 0.28 9.32 1 1.00 No
Pf3D7IncRNA_0937 255 0.35 5.21 1 1.00 Yes
Pf3D7IncRNA_0817 150 0.40 6.14 1 0.93 Yes
Pf3D7IncRNA_0229 174 0.34 6.70 1 0.92 Yes
Pf3D7IncRNA_0892 134 0.40 7.71 1 0.76 Yes
Pf3D7IncRNA_1445 167 0.34 9.06 1 0.74 Yes
Pf3D7IncRNA_1714 116 0.35 4.58 1 0.69 Yes
Pf3D7IncRNA_0100 103 0.40 4.52 1 0.68 Yes
Pf3D7IncRNA_1391 95 0.39 3.79 1 0.66 Yes
Pf3D7IncRNA_2030 143 0.37 10.08 1 0.62 Yes
Pf3D7IncRNA_0682 87 0.25 3.91 1 0.58 Yes
Pf3D7IncRNA_0260 140 0.35 8.66 1 0.55 Yes
Pf3D7IncRNA_0275 155 0.39 12.33 1 0.55 Yes
Pf3D7IncRNA_1822 121 0.37 6.79 1 0.54 Yes
Pf3D7IncRNA_1890 132 0.37 9.55 1 0.53 Yes
Pf3D7IncRNA_0262 119 0.37 6.51 1 0.52 Yes

LncRNAs with coding potential were identified using Coding Potential Calculator (CPC2) (Kang et al., 2017).
The features used to make the prediction: peptide length, Fickett score, isoelectric point, ORF length and
coding probability, are listed here for the 16 IncRNA determined to have coding potential. Ribosomal
footprints from Caro et al. were viewed in PlasmoDB and MochiView (Homann and Johnson, 2010; Caro et al.,
2014; Amos et al., 2021). A result of “yes” was reported if a mark was present for any timepoint; otherwise, a
result of “no” was reported. AA: amino acids.
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Fig. 3.8 Examples of IncRNAs that contain multiple introns. Schematic of the loci of three IncRNAs
that contain multiple introns: PF3D7IncRNA_1051, PF3D7IncRNA_1384 and PF3D7IncRNA_1590.

of a predicted IncRNA secondary structure for PEF3D7IncRNA_0120 is shown here (Figure
3.10E).

3.4.9 A subset of IncRNAs may be essential

Intersecting the IncRNA sequencing dataset with that of the piggyBac transposon mutagenesis
study from Zhang et al. determined that 68% (1602) of IncRNAs are predicted to be non-
essential in asexual blood stages (Figure 3.11) (Zhang et al., 2018). In contrast, no piggyBac
insertions were found in the remaining 32% (767) IncRNA sequences, suggesting these
IncRNAs may be essential. Among these, 433 are antisense to or overlapping genes deemed
essential, meaning that the essentiality of the protein-coding gene and the IncRNA cannot
be disentangled. The remaining 335 IncRNAs are not associated with essential genes and
thus may have potentially critical functions for parasite growth and viability. However, the

absence of insertions does not definitively demonstrate essentiality.
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Fig. 3.9 Putative proteins from IncRNAs with predicted coding potential share sequence similarity
with hypothetical proteins from other P. falciparum strains. Sequences were obtained from an NCBI
BLASTYp search and were aligned using Clustal Omega (ClustalW with character counts) (Johnson
et al., 2008; Camacho et al., 2009; Sievers et al., 2011). (A) Pf3D7IncRNA_1391 shared sequence
similarity with hypothetical proteins PFLG_00935 from P. falciparum RAJ116 (e-value: 8e-35) and
PFDG_04709 from P. falciparum Dd2 (e-value: 3e-28). (B) Pf3D7IncRNA_0624 shared sequence
similarity with many hypothetical proteins, a few of which are shown here: PFDG_04022 and
PF3D7_01724 from P. falciparum Dd2 (e-value: 0), Keratin KB40 from P. falciparum RAJ116 (e-
value: 0) and Thr-Ser protein P. falciparum IGH-CR14 (e-value: 0). The NCBI IDs for these sequences
are KNC35879.1, KOB89161.1, KOB87748.1, KOB86616.1, KNC36782.1 and KNG78363.1.
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Fig. 3.10 Secondary structure prediction of P. falciparum IncRNAs. (A) The distribution of minimum
free energy calculations for predicted IncRNA secondary structures. (B) The average number of
multi-loops, inner loops and hairpins predicted for each IncRNA genomic context subtype. The
distribution of minimum free energy calculations for predicted IncRNA secondary structures by
(C) IncRNA length and (D) GC content. (E) An example of a predicted secondary structure for
PF3D7IncRNA_0120.
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m LncRNAs with piggyBac insertions
432 LncRNAs without piggyBac insertions that are antisense to or overlapping essential genes

LncRNAs without piggyBac insertions (not antisense to or overlapping essential genes)

Fig. 3.11 The majority of IncRNAs can be disrupted by the piggyBac transposon system. The IncRNA
annotations were intersected with insertion site positions from surviving mutants in the Zhang et
al. piggyBac transposon mutagenesis screen (Zhang et al., 2018). 1602 IncRNAs overlapped with
insertion positions suggesting that these IncRNAs are not essential, while the remaining 767 IncRNAs
did not have any insertions. Of these 767 IncRNAs, 432 are antisense to or overlapping with genes
identified as essential in the Zhang et al. study and, therefore, cannot be discerned for essentiality.
The remaining 335 are potentially essential IncRNAs.

3.4.10 The level of conservation of P. falciparum IncRNAs remains un-

clear

An aspect of IncRNAs that can indicate biological relevance is conservation within strains or
species. To assess the conservation of P. falciparum IncRNAs, a preliminary investigation
was completed exploring approaches using whole genome alignment tools (Goujon et al.,
2010; Hickey, 2021). A pilot investigation using BLAST was completed exploring the
conservation of the 335 putatively essential IncRNAs identified in the piggyBac analysis in
seven strains (3D7, 7G8, Dd2, GB4, HB3, KHO1 and CNO1). 293 IncRNAs had hits in all
strains, 36 IncRNAs were not conserved in all strains, and 7 IncRNAs were not conserved in
any other strain. The conserved IncRNAs demonstrated a high level of sequence conservation,
with 99.3% of IncRNAs having e-values approaching zero (<1071%). It became evident that
an analysis of IncRNA conservation would require a more complex approach beyond the
time scale of this thesis. For instance, the sequence conservation of IncRNAs needs to
be compared with the sequence conservation of non-coding sequences that do not encode

ncRNA molecules.

I also endeavoured to create a P. knowlesi IncRNA annotation from PacBio ISO-Seq RNA
sequencing using a congruent manual annotation approach supported by short-read RNA
sequencing and updated UTR annotations (obtained from Dr Adam Reid and Dr Lia Chappell,

unpublished). However, the sequencing could not be reliably mapped to the correct strand.
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The strand mapping was improved by trialling different mappers (minimap2 and HISAT?2)
but was insufficient to enable IncRNA annotation (HISAT2 mapping was completed by Dr
Adam Reid) (Li, 2018; Kim et al., 2019). In addition, the sequencing was more fragmented
than the ONT sequencing used for the P. falciparum annotation, which also posed a challenge

to the annotation of longer RNAs.

3.4.11 Two novel IncRNAs associated with var genes

Three types of var-associated ncRNAs have been described in P. falciparum: an antisense-to-
intron IncRNA, a sense IncRNA (overlapping exon 2) and a GC-rich RUF6 ncRNA (usually
in a head-to-head configuration and 135 bp in length) (Figure 3.12A) (Epp et al., 2009;
Amit-Avraham et al., 2015; Barcons-Simon et al., 2020). Previous research has suggested
that these ncRNAs are widespread in var genes. To understand if they are expressed at all var
loci in mixed asexual blood stages, I analysed each var locus. Antisense-to-intron IncRNAs
were identified in 51 var genes, while sense IncRNAs were found in only 36 var genes. Only
2 GC-rich RUF6 ncRNAs were detected (Figure 3.13A). Through CRISPR-interference
knockdown, these ncRNAs have been shown to activate the expression of 15 var genes in
trans through predominant transcription of a single member adjacent to the active var gene
(Barcons-Simon et al., 2020; Fan et al., 2020). GC-rich RUF6 ncRNAs PF3D7_071270 and
PF3D7_1240800 were detected in the Lee et al. ONT long-read sequencing dataset and the
latter was adjacent to the single active var gene (PF3D7_1240900) (Lee et al., 2021). No
RUF6 ncRNAs were detected in the sequencing data generated in this study. However, the
active var gene (PF3D7_1200600, also known as var2csa) is not proximal to a RUF6 ncRNA
(Guizetti et al., 2016). I also identified two additional IncRNAs at var loci that had not been
previously described. A downstream intergenic IncRNA was detected close to 31 var genes,
and an antisense-to-gene IncRNA (antisense to exon 2) was detected in 28 var genes (Figure
3.12A). Examples of IncRNAs at specific var gene loci are shown here (Figure 3.12B).

3.4.12 Most IncRNA-TAREs were not detected in this dataset

Other studies have found IncRNAs that are transcribed from subtelomeric regions of the
P. falciparum genome. LncRNAs-TAREs have been detected on 22 chromosome ends
in schizont-staged parasites and associated with telomere maintenance during replication
(Broadbent et al., 2011; Sierra-Miranda et al., 2012). LncRNAs were not fully captured by
the long-read RNA sequencing generated in this study and obtained from Lee et al. (Lee et al.,
2021). Only three reads overlapped with three different IncRNA-TAREs: IncRNA-TARE-4L,
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Fig. 3.12 LncRNAs present at var gene loci. (A) Schematic of IncRNAs found at var gene loci and
the number of loci containing each subtype in this study. Bar charts denote the distribution of var
gene subtypes for these loci by colour (A-red, B-blue, C-green and E-orange). The GC-rich (RUF6)
family, antisense-to-intron, and sense IncRNAs are well-established var-associated IncRNAs. This
study observed two additional IncRNAs, a downstream intergenic IncRNA and an antisense-to-gene
IncRNA. (B) Examples of IncRNAs at five var gene loci.
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IncRNA-TARE-5L and IncRNA-TARE-13L (Figure 3.13B). As this group of IncRNAs are
most highly expressed during schizogony, I investigated if the RNA sequencing used in
this study adequately captured IncRNAs expressed in schizont stages. I obtained the stage-
specific expression data from Broadbent et al., which assigned a max-expression timepoint
for each IncRNA. I then determined for each timepoint the proportions of stage-specific
IncRNAs that were captured in this study (Broadbent et al., 2015) (Figure 3.13C). LncRNAs
from each stage were represented in similar proportions, verifying that the parasite cultures
used to generate the RNA sequencing datasets included all stages in the intraerythrocytic

development cycle and were not biased towards specific stages.

3.5 Discussion and future outlook

Long noncoding RNAs are involved in regulating developmental pathways and immune
evasion strategies in the malaria parasite Plasmodium falciparum (Amit-Avraham et al.,
2015; Filarsky et al., 2018; Gomes et al., 2022). Evidence suggests that thousands of genes
encode IncRNAs, but due to limited research and the lack of necessary experimental tools,
our understanding of their broader role remains poor (Broadbent et al., 2015; Yang et al.,
2021). In this study, I sought to provide a basis for future research into these elements by
improving their annotation in the P. falciparum genome. I employed manual curation, an
approach not previously used for P. falciparum IncRNAs, in combination with long-read
sequencing, to generate a more comprehensive annotation. Long-read sequencing provided a
clear improvement in capturing full-length IncRNAs, by enabling the accurate determination
of IncRNA boundaries and providing sequence coverage for IncRNAs not captured previously
by short-read sequencing. For instance, I identified several IncRNAs that had previously been
annotated as multiple IncRNA units. I also expanded the annotation significantly, suggesting
the total number of IncRNAs in P. falciparum is over two thousand, which aligns with
recent transcriptomic studies that have predicted thousands of ncRNA transcripts (Chappell
et al., 2020; Yang et al., 2021). Furthermore, manual curation allowed me to harness the
plethora of publicly available datasets to create high-quality genome annotations. Context
and supportive evidence were investigated to facilitate each annotation and reduce errors

common to automated annotation.

The characterisation of the genomic and sequence features of IncRNAs in this work pre-
dominantly validates the findings in the literature. LncRNAs are widespread throughout the

genome, often found at sites with bidirectional promoters, and their sequences are AT-rich,
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Fig. 3.13 GC-rich var-associated ncRNAs and IncRNA-TAREs were not fully captured by the long-
read sequencing (A) Two members of the GC-rich var-associated ncRNA family were captured in the
long-read sequencing, snapshots from Artemis show these ncRNAs (Carver et al., 2012; Amos et al.,
2021). (B) The long-read sequencing compiled in this study did not fully capture IncRNA-TARE:s.
Three IncRNAs were found in the subtelomeric region (antisense to the TARESs); however, their length
and location differed from the Broadbent annotation. Snapshots from Artemis show these IncRNAs
(Carver et al., 2012; Broadbent et al., 2015). (C) The proportion of Broadbent et al. IncRNAs that
were captured in this study for each max-expression timepoint (Broadbent et al., 2015).
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vary in length and contain few known RNA motifs. I introduced a genome context-specific
classification system instead of the simplified intergenic and antisense IncRNA system. This
allows rich information on the genome context of each IncRNA, which provides a helpful tool
for wet lab applications. For instance, off-target effects are of utmost concern in experiments
targeting IncRNAs for genetic modification. Presenting contextual subtypes may enable
differing approaches to be refined for in vitro study. The subtype classification also allowed
genes associated with specific IncRNA subtypes to be identified using gene ontology. It is
evident that sense and antisense-to-intron IncRNAs are subtypes almost exclusive to var
genes, barring nine additional genes with antisense-to-intron IncRNAs, three of which are
rifins and one is a var pseudogene. The other subtypes are associated with various genes but
are enriched for certain biological processes. Interestingly, the antisense-to-gene IncRNA
subtype was enriched for genes involved in multiple nucleoside and nucleotide processes,
with almost all genes labelled with these and related GO terms contextually associated with
a IncRNA of this subtype. Genes involved in protein processes and cell-cell adhesion were
also enriched in the antisense-to-gene IncRNA subtype, such as the new IncRNAs I identified
at var loci. Genes enriched in the antisense-to-UTR IncRNA subtype were involved in
cytoplasmic translation, immune system processes, chromatin organisation and transport,
which included most proteins involved in translation, such as the elongation initiation factor
genes, ribonucleoproteins and epigenetic proteins like histones. LncRNAs could regulate
these biological processes and others, although due to the nature of significance testing in
gene ontology enrichment, poorly represented GO terms can lead to spurious associations if
they are represented in a sample. Further studies on transcriptional expression and biological

interactions are required to define these possible roles.

Most of the well-studied IncRNAs from the literature were verified in this study, although 1
did not fully capture the IncRNA-TAREs. These IncRNAs could have been absent due to
the stage-specificity of their expression. LncRNA-TARE expression peaks during parasite
invasion, and therefore, a mixed culture would not be expected to contain large numbers
of these parasites (Broadbent et al., 2011, 2015). There could also have been challenges in
mapping their highly repetitive sequences. The three IncRNA-TARESs observed were much
shorter than expected (Figure 3.13). However, alternative transcription or post-transcriptional
processing could explain these short transcripts, which has been observed in IncRNA-TAREs
(Broadbent et al., 2011; Sierra-Miranda et al., 2012). Sequencing more deeply with long
reads and from a wide range of life stages would likely capture these IncRNAs and improve

the annotation further. Moreover, high-quality datasets should continue to be mined as
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a resource for IncRNA annotation or supportive evidence. For example, since this work
was completed, a long-read RNA-Seq dataset has become available that combines both
ONT and PacBio sequencing (Shaw et al., 2022). Another group of IncRNAs that I did
not verify in this study is the circRNAs that were previously predicted by Broadbent et
al. (Broadbent et al., 2011). However, in this case, no circRNA prediction was completed.
Moving forward, bioinformatics tools could be used to examine if the annotated IncRNAs

form circular structures (Lépez-Jiménez et al., 2018).

It has been suggested that some P. falciparum genes resembling IncRNAs could encode
short polypeptides (Yang et al., 2021). But it is unclear how effective coding potential tools
developed using mammalian or bacterial systems are for the P. falciparum transcriptome.
I identified a small subset of 16 IncRNAs with a high coding probability however, these
peptides cannot be found in P. falciparum mass spectrometry data and most lacked any
sequence similarity to any known proteins. This suggests that these sequences are not likely
to be coding and that protein-coding prediction tools used in isolation are not sufficient to

predict the coding potential of P. falciparum IncRNAs.

I also identified IncRNAs that could be classified based on containing shorter structural
ncRNAs, such as snoRNAs, snRNAs and tRNAs. Although these structural ncRNA-IncRNAs
hybrids have not been previously reported in P. falciparum, they have been observed in other
species. In humans, snoRNAs at the Prader-Willi Syndrome locus have been shown to exist
as sno-IncRNAs (IncRNA flanked by two snoRNAs) and SPA-IncRNAs (5" snoRNA capped
and 3’ polyadenylated IncRNA), which play a role in post-transcriptional processing of
snoRNAs and regulate mRNA metabolism through association with RNA-binding proteins
(Yin et al., 2012; Wu et al., 2016), respectively. The IncRNAs identified in this study could
play a similar role in regulating these structural ncRNAs involved in mRNA metabolism and
protein synthesis. Or even more simply, these IncRNAs could be processed into snoRNAs
in a way similar to genes that contain snoRNAs that splice out and process the snoRNAs
from pre-snoRNAs. Further investigation is needed to determine if there is a role for these
IncRNAs.

To further the impact of the annotation, transcriptomic data from other stages in the lifecycle
and other P. falciparum strains and Plasmodium species should be analysed. Like coding
genes, IncRNAs display dynamic regulation across asexual blood stages, but little is known
about their regulation across other stages of the parasite lifecycle (Broadbent et al., 2015).

Studies examining IncRNA expression in other stages, such as gametocyte and liver stages,
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are necessary to provide a complete IncRNA annotation and better understand their regulation
and potential functional roles. A recent preprint has indicated that more IncRNAs with roles
in gametocytogenesis are being discovered (Batugedara et al., 2022). It is more difficult to
predict the conservation of noncoding RNAs than that of coding RNAs, where the amino
acid code restricts sequence variation. I was unable to sufficiently analyse the inter and
intra-species conservation of P. falciparum IncRNAs. Further investigation is needed to

enable a comprehensive analysis of IncRNA conservation in P. falciparum.

I examined many characteristics that may indicate that a IncRNA is biologically relevant
or has a biological function such as essentiality, secondary structure and GO term analysis.
However, these data are not sufficient to define a role for IncRNAs in the regulation of the P.
falciparum transcriptome. Extensive in vitro studies are required to validate the presence of
these IncRNAs and, subsequently, characterise their features and elucidate their functions.
LncRNAs have many possible mechanisms to regulate gene expression, and new advances in
CRISPR technology may enable the deciphering of the specific functions of P. falciparum
IncRNAs. This IncRNA annotation will support future studies by providing high-quality
sequence annotations that can facilitate functional characterisation, which is demonstrated in
Chapter 5.

3.6 Additional methodology

3.6.1 Long-read RNA-Seq

Two long-read libraries (with and without exonuclease treatment) were prepared by running
the Pf3D7 RNA samples (prepared by Dr Sophie Adjalley) on the Oxford Nanopore GridlON
using the direct RNA-Seq protocol, avoiding PCR amplification. Exonuclease treatment
(TEX) with exonuclease 2 spiked in was used to enrich primary transcripts as sequencing
from both libraries was later combined. Raw data from exonuclease treated and untreated
RNA samples in .fast5 files were converted into fastq files of reads using the base caller Guppy
v3.1.5. The exonuclease-treated (TEX plus) sample yielded 55130 reads. The untreated
(TEX minus) sample yielded 377999 reads. The reads were then mapped against Pf3D7 v3
reference (plus the enolase 2 gene sequence, which is spiked into samples as a control) using
minimap2 (Li, 2018; Amos et al., 2021) (completed by Dr Adam Reid). The two sets of
reads were then merged and used for annotation. The median length of the combined read
set was 852 bp, with the longest read being 12084 bp.



3.6 Additional methodology 81

3.6.2 Short-read RNA-Seq

Unpublished mapped short-read RNA sequencing was obtained from Dr Vandana Thathy
and Dr Chris Newbold (University of Oxford). The short-read libraries had been prepared
using the Illumina TruSeq kit. They were sequenced using Illumina HiSeq (ENA project
ERP104547) as 150 bp paired-end reads and mapped to the Pf3D7 (v3) reference genome
using HISAT2 (v2.0.0).

3.6.3 Data collection, curation and visualisation

Previous IncRNA annotations were obtained from Liao et al., Broadbent et al. and PlasmoDB
(Liao et al., 2014; Broadbent et al., 2015; Amos et al., 2021). The predicted transcripts from
the Chappell et al. and Yang et al. studies were obtained from the supplemental material
and the authors, respectively (Chappell et al., 2020; Yang et al., 2021). The gene IDs of
genes with natural antisense transcripts were derived from the Siegel et al. publication due to
the absence of antisense transcript coordinate information (Siegel et al., 2014). Additional
RNA sequencing datasets were downloaded from PlasmoDB (Amos et al., 2021). Sequences
were viewed using Artemis, with separate windows created for GC content, long-read and
short-read sequencing datasets, TSS datasets, and genome annotations (Carver et al., 2012).
The plot for supportive evidence was generated with webserver sankeyMATIC, and the
comparative annotation analysis plot was generated with UpSetR (v1.4.0) (Conway et al.,
2017; Bogart, 2022).

3.6.4 Sequence, structure and coding potential analyses

The comparative analyses with other annotations were completed using Bedtools (Quinlan
and Hall, 2010). Location-based clustering of IncRNAs by subtype was completed using
Cluster Locator (v2) with max-gap = 2 (Pazos Obregén et al., 2018). Gene ontology (GO)
enrichment analyses for antisense and overlapping genes were completed in PlasmoDB (v56)
and visualised using REVIGO (v1) (Supek et al., 2011; Amos et al., 2021). A motif and
RNA families search was completed using Rfam (v14.7) batch search (Kalvari et al., 2018).
Seqkit was used to obtain AT content information and length, and the presence of exons
was determined during annotation (Shen et al., 2016). Coding-potential, based on intrinsic
sequence features, was analysed using Coding Potential Calculator (v2) and putative proteins
were queried in BLAST against all other proteins (blastp and tblastn, v2.12.0) and Pfam
(v35.0) and aligned using Clustal Omega (Camacho et al., 2009; Sievers et al., 2011; Kang



82 Generating a manually-curated IncRNA annotation in Plasmodium falciparum

et al., 2017; Mistry et al., 2020). RNAfold was used to predict RNA sequence structures and
obtain dot-bracket notations and MFE calculations (Gruber et al., 2008). A python script was
used to count hairpins, loops and multi-loops (Schudoma, 2018). Ribosomal footprints were
observed in MochiView (v1.46) (Homann and Johnson, 2010). Plots were created in R using
ggplot2 (v3.3.5) and idiogramFISH (v1.16.1) packages (Lex et al., 2014).

3.6.5 Conservation analysis

Sequences for P. falciparum strains 3D7, 7G8, Dd2, GB4, HB3, KHO1 and CNO1 were
obtained from PlasmoDB (Amos et al., 2021). BLAST multiple sequence alignments were

run for each putatively essential IncRNA from the command line (Goujon et al., 2010).

3.6.6 P. knowlesi sequencing

RNA was extracted from asexual mixed intraerythrocytic stages of P. knowlesi by Dr Sophie
Adjalley. The samples were sequenced with PacBio Iso-Seq sequencing and mapped with
minimap2 and HISAT2 (by Dr Adam Reid and myself) to the PKNH v2 reference (Li, 2018;
Kim et al., 2019; Amos et al., 2021). The sequences, along with short-read RNA-Seq and

UTR annotations, were viewed in Artemis (Carver et al., 2012).



Chapter 4

Developing molecular tools to study

Plasmodium falciparum IncRNAS in vitro

4.1 Overview

Molecular tools are needed to enable the efficient and scalable study of IncRNAs in Plasmod-
ium falciparum. In this chapter, I discuss the development of two tools: one for perturbation
and one to facilitate phenotypic assays. I explored using CRISPR-based approaches to
disrupt IncRNA expression in vitro by attempting to adapt Cas13b and Cas13d for use in
P. falciparum. To support the characterisation of IncRNA-disrupted mutants, I developed a
system to rapidly generate fluorescent P. falciparum lines to facilitate competition assays

with strain-matched fluorescent parasites.

Portions of this chapter have been published in Frontiers in Cellular and Infection Microbiol-
ogy as Efficient generation of mNeonGreen Plasmodium falciparum reporter lines enables
quantitative fitness analysis (Hoshizaki et al., 2022b). This work contains data obtained from
plasmids created by colleagues: CRISPR-Cas9 (Adjalley and Lee, 2022), CRISPR-Cas13b
(Dr Marcus Lee, unpublished), CRISPR-dCas9-loxP-attP plasmid (Dr Sophie Adjalley, un-
published), and pfpare-targeting CRISPR-Cas9 (Dr Hannah Jagoe, unpublished). These
colleagues are cited in the relevant sections for their contributions. Supplemental data and

acknowledgements are in Appendix B.
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4.2 Introduction

Reverse genetics entails targeting specific genes for modification and then observing the
phenotypic consequences. Reverse genetics has allowed scientists to elucidate the biological
functions of particular IncRNAs and comment on their role more broadly in organisms (Gao
et al., 2020). Few P. falciparum IncRNAs have been studied experimentally due to the
absence of an efficient and scalable reverse genetics approach. Two tools that would facilitate
this approach but require further development are tools for IncRNA disruption and the rapid
generation of fluorescent lines that would enable the phenotyping of IncRNA-disrupted

mutants.

4.2.1 Challenges with developing molecular tools in P. falciparum

Plasmodium species vary biologically from other eukaryotes, particularly from the species
considered in the design and testing of molecular tools. Firstly, Plasmodium parasites
are deficient in RNA interference machinery, eliminating the possibility of co-opting an
endogenous RNAI pathway for RNA targeting (Baum et al., 2009). Secondly, the parasites
lack a major DNA repair pathway used by eukaryotes, canonical non-homologous end joining
(NHEJ), which facilitates the repair of double-stranded DNA breaks in the absence of a
template (Kirkman et al., 2014). Instead, the parasites primarily use the other major DNA
repair mechanism: homology-directed repair (HDR). Thirdly, the time to recrudescence after
transfection is longer than other protozoans, approximately 4-6 weeks compared to 1 week in
other protozoans (Beneke et al., 2017; Zhang et al., 2017; Bryant et al., 2019). Furthermore,
to study P. falciparum specifically, there are additional challenges unique to this species. P.
falciparum exhibits lower transfection efficiency compared to other Plasmodium species
(Skinner-Adams et al., 2003; Caro et al., 2012; Moon et al., 2013; Bushell et al., 2017).
Also, the extremely AT-rich P. falciparum genome limits the selection of targets, impacts the
design, specificity and efficacy of oligonucleotide primers, guide RNAs and donor sequences
and the stability of transfection plasmids. For these reasons, the application of molecular

tools into P. falciparum has been challenging.

4.2.2 Current approaches for targeting P. falciparum IncRNAs in vitro

The literature has four examples of IncRNA-targeting in P. falciparum, all of which use a
CRISPR-Cas9 deletion approach. The deletion is either in the part of the IncRNA that does

not overlap an antisense gene or, in the case of intron-derived IncRNAs, in the intron that acts
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as a promoter or TSS to the antisense IncRNA. In 2018, Filarsky et al. disrupted the gdvI-
IncRNA through CRISPR-Cas9 insertion of the human dihydrofolate reductase (hDHFR)
or blasticidin S deaminase (BSD) resistance cassettes in the F12 strain and 3D7 conditional
AP2-G mutants (Filarsky et al., 2018). gdvI-IncRNA transcripts were undetectable in these
mutants. A recent preprint describes the disruption of a IncRNA on chromosome 14 by
inserting a BSD resistance cassette (Batugedara et al., 2022). Bryant et al. disrupted the
intron-derived antisense IncRNA of var2csa using CRISPR-Cas9 in the 3D7 strain (Bryant
et al., 2017). Complete deletion of the var2csa intron, the IncRNA’s promoter, resulted in the
abrogation of transcription. In 2022, Gomes et al. also disrupted an intron-derived antisense
IncRNA using complete intron deletion using Cas9 but in the NF54 strain (Gomes et al.,
2022). Removing the md1-IncRNA transcriptional start site within intron 1 of md! resulted
in a 5-fold reduction in the expression of the IncRNA.

It is necessary that current P. falciparum CRISPR tools are evaluated based on their potential
application to the study of IncRNAs, and new alternative CRISPR tools are explored. The
Cas9-deletion approach has limited application as it is only suitable for the minority of
IncRNAs that are intergenic or IncRNAs that have promoters in non-coding sequences, where
a perturbation at the genome level will be less likely to impact neighbouring genes. The
deletion of promoters, UTRs or a change in chromosome conformation could affect the
expression of neighbouring genes. The Cas9 approach also often requires the design of
donor sequences, which adds a layer of complication to genome-wide disruption screens.
Another major issue with only using gene knockout approaches for IncRNA disruption is that
the impact of transcribing the IncRNA and the functionality of the IncRNA molecule itself
cannot be distinguished. CRISPR interference approaches that use catalytically-inactived
enzymes like dCas9 (dead Cas9) provide suitable replacements for RNAi and have been used
for studying IncRNAs (Stojic et al., 2018).

dCas9 has been used to interfere with the transcription of the GC-rich ncRNA family in the
3D7 strain (Barcons-Simon et al., 2020). Although these ncRNAs are too short (135 bp)
to be classified as IncRNAs, they exemplify another disruption approach. Barcons-Simon
et al. targeted a homologous region common to all 15 members of the RUF6 family. They
demonstrated enrichment of dCas9 at all the target loci and at least 3-fold downregulation of
ncRNA expression. In the Gomes et al. study, they also used dCas9 to target the promoter of
md1 but not the IncRNA (Gomes et al., 2022). They do not report if this gene interference
approach interfered with the expression of the IncRNA.
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Recent reviews have suggested that new CRISPR tools like Cpfl and Cas13 should be
investigated as strategies for CRISPR disruption in Plasmodium (Lee et al., 2019; Bryant
et al., 2019; Quansah et al., 2023). Cpfl (Casl12) was recently adopted to P. falciparum
for diagnostics. It functions like Cas9, although has the advantage of a "TTTN" PAM site
that can enable the targeting of extremely AT-rich sequences, such as IncRNAs (Zhao et al.,
2020; Nessel et al., 2020). Meanwhile, Cas13 enzymes are a type VI CRISPR system
that contains a programmable single-effector RNA-guided ribonuclease (Abudayyeh et al.,
2017). Cas13 enzymes have recently been applied to IncRNA disruption to target HOTTIP,
MALAT, GACAT3 and the new class of very long (>50 kb) intergenic ncRNAs (vlincRNAs)
(Konermann et al., 2018; Xu et al., 2020; Zhang et al., 2021). There are multiple classes
of Cas13 enzymes; Cas13b was initially identified as the most efficient Cas13 ortholog for
RNA knockdown with high specificity and no detectable off-target interactions (Smargon
et al., 2017; Cox et al., 2017). Whereas Cas13d (also known as CasRx) was discovered later
and demonstrated some advantages over Cas13b, such as a more compact structure while
maintaining high efficiency and specificity in RNA targeting in human cells (Konermann
et al., 2018). In this chapter, I explored the application of novel RNA-targeting CRISPR
enzymes, Cas13b and CasRx, into P. falciparum while also evaluating current CRISPR

approaches such as Cas9 and catalytically-inactive Cpfl (dCas12a).

4.2.3 Developing tools for phenotyping IncRNA -disrupted mutants

The generation of fluorescent Plasmodium lines has been instrumental in interrogating gene
function and providing biological insights into drug activity, life cycle, and host-parasite
interactions (Frischknecht et al., 2006; Talman et al., 2010; Wilson et al., 2010; Portugaliza
et al., 2019; Voorberg-van der Wel et al., 2020; Thommen et al., 2022). An important use is
for quantifying parasite fitness via competitive head-to-head growth assays. A line containing
an engineered mutation of interest, such as a IncRNA knockout or knockdown, is queried
against a fluorescent isogenic wild-type parasite. The change in relative abundance over time
between the queried and fluorescent lines provides a measure of the fitness impact of the
mutation (Baragaia et al., 2015; Gabryszewski et al., 2016; Ross et al., 2018; Stokes et al.,
2021).

The first Plasmodium reporter lines expressed the exogenous proteins firefly luciferase and
chloramphenicol using episomes (Goonewardene et al., 1993; Wu et al., 1995; Horrocks and
Kilbey, 1996). Shortly after, green fluorescent protein (GFP) from Aequorea victoria was

developed as a reporter and adapted into P. falciparum. GFP became widely used and is
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still the predominant fluorescent marker today as it provides stable and strong fluorescence
without requiring a cofactor (Chalfie et al., 1994; VanWye and Haldar, 1997). The reporter
lines enabled functional and genetic analyses, particularly the bioluminescent and fluorescent
reporters, which supported imaging. The application of other reporters such as mCherry
and yellow fluorescent protein and the transition to integrated reporters were gradual due
to hindrances with homologous recombination-based integration (Armstrong and Goldberg,
2007; Engelmann et al., 2009).

The advent of CRISPR-Cas9 genome editing and its application in P. falciparum made
the development of reporter lines straightforward, allowing for the selective integration of
fluorescent markers into specific genomic sites (Mogollon et al., 2016; Kuang et al., 2017;
Miyazaki et al., 2020). Favourable integration sites could be selected based on the essentiality
and phenotype of the gene and its expression profile, allowing for the development of
reporter lines with stage-specific or multi-stage expression (Marin-Mogollon et al., 2019;
Miyazaki et al., 2020). Furthermore, reporters in different strains would support phenotypic
analyses where the reporter line must be the same strain or parental line as the queried strain.
Especially in the use case of competition assays, where different P. falciparum strains or
lab-adapted lines can vary substantially in fitness. Although, the diversity of the current

repertoire of Plasmodium fluorescent reporters is limited to the Dd2 and NF54 strains.

In this chapter, I developed an efficient CRISPR-Cas9 approach for the rapid generation
of fluorescent P. falciparum lines and explored the application of mNeonGreen, a newly
developed fluorescent protein, in P. falciparum. Recently developed fluorescent proteins like
mNeonGreen and mGreenLantern could generate better performing Plasmodium reporter
lines as these proteins have a 3- and 6-fold increase in brightness compared to GFP, respec-
tively (Shaner et al., 2013; Campbell et al., 2020). Compared to standard fluorescent proteins,
these fluorescent reporters exhibit faster maturation, improved acid tolerance, increased
photostability, and enhanced thermostability. mNeonGreen has been successfully applied to
protozoans, including apicomplexans, trypanosomes and Toxoplasma (Beneke et al., 2017;
Glushakova et al., 2018; Markus et al., 2019).

4.3 Objective and Aims

To develop molecular tools to facilitate the study of P. falciparum IncRNAs in vitro.

1. Generate a Cas13 tool for RNA knockdown in P. falciparum
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2. Apply existing CRISPR-based approaches to IncRNA disruption in P. falciparum

3. Develop a tool for the rapid generation of mNeonGreen-fluorescent lines

4.4 Results

4.4.1 Evaluation of CRISPR approaches for targeting P. falciparum
IncRNAs

The CRISPR toolkit has unlocked many approaches to gene disruption: gene editing, gene
knockout, gene interference and gene knockdown; however, these tools are not equally suited
to IncRNA targeting (Figure 4.1). To evaluate CRISPR strategies, IncRNA features such as
sequence features, genomic context, and potential functionality must be considered. Firstly,
P. falciparum IncRNAs are highly AT-rich and contain regions of low complexity, features
that are not amenable to all Cas enzymes. Some Cas nucleases require specific sequences
in certain positions to facilitate their activity. For example, Cas9 requires the protospacer
adjacent motif (PAM) NGG, which could limit target selection more than enzymes like Cpfl
with an AT-rich motif (TTTN) or those that lack any required motif like Cas13. Secondly,
IncRNAs with many repetitive sequences could cause challenges in designing gRNAs or
primers. These sequences could provide few gRNA options, require longer gRNAs to
diminish off-target hits or be non-targetable. In terms of functionality, gene editing is not
an appropriate general strategy to disrupt IncRNAs because precise nucleotide edits may
not invoke a change in function. The alteration of a limited number of nucleotides in a long
transcript may not dramatically affect the secondary structure or activity of the IncRNA.
Gene knockout, by contrast, would likely lead to a phenotype. However, P. falciparum
IncRNAs often are found in complex genomic contexts leading to only a minority that can
be knocked out without affecting other nearby gene features. In these contexts where other
genes or ncRNAs could be impacted, it would be difficult to decipher which disruption led to
a phenotype. Furthermore, donor templates for targeting IncRNAs could be highly AT-rich,
which leads to plasmid instability. AT-rich sequences are susceptible to local melting in

supercoiled plasmids, which reduces torsional strain (Benham, 1979).

Gene interference could also provide a solution: by disrupting the transcription of IncRNAs,
their function in the parasite would be disrupted without altering the genome. Like gene

knockout, this approach does not target the IncRNA directly. Gene knockdown or direct RNA
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Table 4.1 Features of CRISPR-Cas enzymes relevant to IncRNA disruption

Feature Cas9 Cpfl dCas9 dCpfl Casl3
Disruption strategy knockout knockout interference interference knockdown
Molecular target DNA DNA DNA DNA RNA
PAM motif NGG TTTN NGG TTTN none
Target essential sequences X X v v v
Target antisense IncRNAs X X v v VY
Established in Pf v v v v/ (unpublished) X

targeting would be the ideal approach to target at the RNA level. When used in parallel with
gene interference, it could delineate the effects of transcription of the IncRNA versus the
action of the IncRNA itself. None of the CRISPR tools available for P. falciparum, including
Cas9, dCas9 and the latest addition, Cpfl (Cas12a), can facilitate RNA knockdown. One
RNA-targeting CRISPR enzyme, LwCas13a, has been recently applied to malaria research,
although for diagnostic use, for the detection of P. falciparum and P. vivax 18S rRNA in
clinical isolates (Cunningham et al., 2021). Therefore, I prioritised the development of a
Cas13 RNA-targeting CRISPR enzyme for P. falciparum while also exploring the application
of Cas9 and dCpf1Sir2a, newly developed by our lab, to IncRNA targeting.

4.4.2 CRISPR-Cas: a single-vector plasmid system

Each CRISPR experiment in this chapter uses a plasmid-based expression system derived
from the single-vector CRISPR-Cas9 plasmid developed for P. falciparum gene disruption
(Figure 4.1) (Adjalley and Lee, 2022). Although the Cas enzymes and U6 cassettes are unique
in each plasmid, many principal components remain consistent. Selection markers included
an ampicillin resistance cassette for plasmid propagation in bacterial cultures and an hDHFR
or blasticidin S resistance cassette to select for plasmid uptake in transfected parasites. For the
plasmid features translated in the parasite, namely the Cas enzyme and the selection marker,
5" UTRs or promoters and 3’ UTRs from Plasmodium genes are added to improve their
expression. The Cas enzyme was driven by a calmodulin (cam) promoter (PF3D7_1434200)
positioned upstream and followed by the 3’ UTR from pfhsp86 (PF3D7_0708400). The 5’
UTR of pcdt (PCHAS_0728300) and 3’ UTR of pfhrp2 (PF3D7_0831800) were positioned
before and after the selectable marker. The Cas enzymes obtained from bacterial systems can
have different amino acid usage and frequencies compared to P. falciparum. Recodonisation
that mirrors P. falciparum amino acids frequencies can support the expression of a bacterial
protein in the parasite, and therefore, Cas enzymes were recodonised using a Python script

from Dr Adam Reid. A nuclear localisation signal was also added to ensure the localisation
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Fig. 4.1 CRISPR-Cas delivery system in P. falciparum. (A) This vector was developed by Dr Marcus
Lee (Adjalley and Lee, 2022). The Cas enzyme includes a nuclear localisation signal and a 3X HA tag
and is often recodonised for P. falciparum. The enzyme is driven by a calmodulin (CAM) promoter
(PF3D7_1434200 and followed by the 3’ UTR of pfhsp86. A U6 snRNA cassette was included for
the insertion and expression of gRNAs. A selectable marker for selection in the parasite is included
and flanked by the P. chabaudi DHFR-TS promoter and 3’ UTR of pfhrp2. An ampicillin resistance
cassette was included for propagation in bacterial culture. (B) The plasmids used in this work with
their unique features noted.
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of the protein to the nucleus, where it is active. Hemagglutinin (HA) tags have 9 amino acids
to enable the isolation of the protein with an anti-HA antibody. The U6 cassette included
in the plasmid is specific to the species of the Cas enzyme, as it drives the expression of
small RNAs such as gRNAs. The U6 cassette also contains a BbsI restriction site for gRNA

insertion.

4.4.3 RNA knockdown in P. falciparum using CRISPR-Cas13

I created expression systems for two different Cas13 enzymes: Cas13b from Prevotella sp.

and Cas13d from Ruminococcus flavifaciens.

Expression of Cas13b in P. falciparum and knockdown of endogenous GFP

To determine if a new Cas enzyme could be expressed in P. falciparum using a plasmid system
and that this enzyme was capable of RNA knockdown in the parasite, a target was selected
with an easily quantifiable phenotype when knocked down. The target chosen was GFP,
which is expressed endogenously in the NF54™EGFP Jine from the cg6 (PF3D7_0709200)
locus, a nonessential gene in the intraerythrocytic cycle. The level of green fluorescence,
which is representative of GFP expression, is quantifiable by flow cytometry. Furthermore,
the gfp sequence is more GC-rich than P. falciparum sequences, resembling more closely the

Prevotella sp. and the mammalian applications of the technology.

To target GFP RNA, I used a PspCas13b expression system (pDC2-cam-PspCas13-U6psp-
hDHFR, designed and generated by Dr Marcus Lee). The 4.4kb Cas9 sequence was replaced
by a smaller 3.27 kb PspCas13b with Avrll and Xhol digestion. Site-directed mutagenesis
was used to remove an internal BbsI site from PspCas13b to enable BbsI-mediated gRNA
insertion into the U6 cassette. PspCas13b was also recodonised, and a nuclear localisation
signal, HIV nuclear export signal and 3xHA tag were added. The U6 was replaced with
a U6bpsp cassette which contained a direct repeat specific to PspCas13 downstream of the
cloning site to facilitate the expression of gRNAs. Although Cas13 guides are also known
as crRNAs (as they do not require tractrRNA that is usually included in the gRNAs), in
this work, I will refer to them as gRNAs. Nine 30 bp gRNAs (8 GFP-targeting and 1
control non-targeting) were designed using Benchling and DNAstar, and BLAST was used
to check for off-target hits in the P. falciparum 3D7 reference genome (Johnson et al.,
2008; Benchling, 2020). Given that Cas13 requires single-stranded substrates, RNAfold was

used to predict RNA folding and regions with predicted secondary structures were avoided
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(Gruber et al., 2008). Although there are a few constraints in the protospacer flanking site
requirements, some preferences were identified in bacteria assays (Cox et al., 2017). For
example, a slight preference for GG at the 5’ protospacer flanking sequence (PFS) in bacterial
assays and an association of a 3’ G with increased off-target motifs in HEK93FT cells (Cox
et al., 2017). Each gRNA was ligated into a separate pDC2-cam-PspCas13-U6psp-hDHFR
plasmid. The control gRNA targeted foreign DNA that did not map to any region in the P.
falciparum genome to assess non-specific targeting. Plasmids were transfected individually
into NF54°2mEGFP and WR99210 (1nM) drug pressure was applied on the following day and
maintained continuously to select for plasmid uptake and maintenance (Figure 4.3A).

The first round of transfections did not result in recrudescence after 40 days, and the cultures
were not maintained longer due to contamination (Table 4.2). However, due to molecular
cloning of the PspCas13b expression plasmid for concurrent experiments, I discovered that
the Cas13 sequence in this plasmid was truncated. Upon Xhol and AvrlI digestion of the
plasmid and gel electrophoresis, I did not observe the expected 3456 bp band; instead, a band
reflecting a lighter fragment was present (Figure 4.2A). Single-enzyme digestions confirmed
that both restriction enzymes were functional, and further double-enzyme digests confirmed
that the plasmids with other gRNAs also were truncated. Returning to the glycerol stocks
of the two original clones of the plasmid (before gRNA insertion), 1 of the 2 clones had
truncations (digest, gel and sequencing completed by Dr Sophie Adjalley), including the
clone that was used to create the GFP-targeting plasmids (Figure 4.2B). However, an intact
sequence had been observed in the CRISPR-Cas13 plasmid clones prior to midi-prep by
PCR and sequencing (Dr Sophie Adjalley). Therefore, I hypothesised that the truncation

might have occurred during the propagation in E. coli.

Therefore, the GFP gRNAs were re-ligated into the correct clone (clone 2). I was concerned
about the potential instability of the plasmid in bacterial culture; therefore, I ensured that
overnight incubation times were dropped to 10 hours and that restriction digests were
completed at every step. 6 gRNAs (all but gRNA 2 and 6) were confirmed correct with
sequencing and could be midi prepped. In this round of transfection, both a negative
control (non-targeting gRNA) and positive transfection control (CRISPR-Cpf1 plasmid) were
included. One GFP transfection (labelled Tx6-1) re-emerged after 43 days (Table 4.2). This
transfection was expanded, and GFP fluorescence was quantified using flow cytometry. No
change in the GFP+ parasite population was observed between TX6-1 and NF54°amEGFP
line (Figure 4.3B). To check if the Cas13 plasmid was present in the parasite and WR99210

resistance was not acquired through an unusual event such as recombination, DNA was
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Fig. 4.2 Initial PspCas13b plasmid contained a truncation in PspCas13b. (A) Gel electrophoresis
of Xhol and Avrll single and double-enzyme digestions of the GFP-targeting PspCas13b plasmid
(pDC2-Cas13-U6-hDHFR-GFPgRNA). 1kB Plus ladder (NEB) was used instead of HyperLadder.
(B) Gel electrophoresis of Xhol and Avrll double-enzyme digestions of two original clones from the
generation of the PspCas13b plasmid (clone 1 and 2) and two preps (MLB1064-1 and MLLB1064-2)
from a glycerol stock of clone 1. This gel was completed by Dr Sophie Adjalley.

extracted from the parasite, and primers were used to amplify the PspCas13b. PspCas13b
DNA was detected in the parasite (Figure 4.3C). Due to the HA tag, the PspCas13b protein in
the parasite can be quantified from a parasite pellet. However, the protein was undetectable
by western blot with an anti-HA antibody (completed by Mukul Rawat). The transfections
were repeated with the same gRNAs, to see if any transfectants expressing PspCas13b could

be obtained; however, no transfections recrudesced (Table 4.2).

Conditional expression of Cas13b in P. falciparum

Given the poor recovery rate following transfection with the PspCas13b expression plasmids,
including transfections containing non-targeting gRNAs, I hypothesised that Cas13 could be
toxic to the parasite. Thus, I designed a strategy to investigate and potentially circumvent any
toxicity of Cas13 using conditional expression. The rationale was to establish an inducible
system with Cas13b coding sequence integrated into the genome whose expression could be
regulated using the dimerised cre (DiCre) recombinase-based system. By integrating Cas13
into the genome, this line would only require the delivery of gRNAs and rapamycin to induce

cre dimerisation to knockdown any target.

To generate this line, I exploited the 3D7 DiCre-attB line, which expresses the DiCre
recombinase in the P230 (PF3D7_0209000) locus and contains an attB site for site-specific
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Fig. 4.3 GFP-targeted knockdown using CRISPR-PspCas13b does not enable result in decreased
GFP expression. (A) Transfectant 6-1 (TX6-1) was obtained by transfecting NF54°2mEGFP wjth
a PspCas13b-expression plasmid containing a GFP-targeting gRNA and selecting for the plasmid
with WR99210 (1nM, continuous). To assess Casl3b-mediated knockdown of endogenous GFP
in NF54°2mEGFP " flow cytometry was completed with TX6-1, NF54°2mEGFP - the parent line and
non-fluorescent control NF54%*B and a control containing RBCs-only. (B) The distribution of GFP
fluorescence revealed no difference when comparing TX6-1 (blue) with NF54¢amEGFP (green). Parasite
DNA was extracted, and plasmid DNA was amplified using the p1786 and p1787 forward Cas13b
primers with the p1788 reverse Cas13b primer. (C) Gel electrophoresis of the amplified fragments
confirmed the presence of the CRISPR-PspCas13b plasmid. (D) The strategy for conditional CRISPR-
Cas13b expression in P. falciparum. The construct was co-transfected with the pINT plasmid into
3D7-DiCre-attB. Selections were completed with blasticidin S and G418. The construct would
integrate into the attB site. If transfectants returned, rapamycin would be added to induce the inversion
of the CAM promoter and Cas13 expression.
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Table 4.2 Summary of PspCas13b and RfxCas13d transfections in P. falciparum

Total TX Pheno-

Plasmid Line Selection TX  recru.  type
trCRISPR-PspCas13b-GFPgRNA1 1 0 N/A
trCRISPR-PspCas13b-GFPgRNA2 1 0 N/A
trCRISPR-PspCas13b-GFPgRNA3 1 0 N/A
trCRISPR-PspCas13b-GFPgRNA4 WR99210 1 0 N/A
trCRISPR-PspCas13b-GFPgRNAS ~ NF54¢amEGFP 1nM cont. 1 0 N/A
trCRISPR-PspCas13b-GFPgRNAG6 1 0 N/A
trCRISPR-PspCas13b-GFPgRNA7 1 0 N/A
trCRISPR-PspCas13b-GFPgRNAS 1 0 N/A

trCRISPR-PspCas13b-NTgRNA 1 0 N/A
CRISPR-PspCas13b-GFPgRNA1 2 1 No Kd
CRISPR-PspCas13b-GFPgRNA3 2 0 N/A
CRISPR-PspCas13b-GFPgRNA4 WR99210 2 0 N/A
CRISPR-PspCas13b-GFPgRNAS NF54camEGFP 1nM cont. 2 0 N/A
CRISPR-PspCas13b-GFPgRNA7 2 0 N/A
CRISPR-PspCas13b-GFPgRNAS 2 0 N/A
CRISPR-PspCas13b-NTgRNA 2 0 N/A
Blasticidin S
Condltlonal-SlI()IISN P:FR-PspCas 13b 3D7 DiCre-at(B 2u g/c?f; 8cont. 4 0 N/A
250ug/mL 30d
CRISPR-RfxCas13d-GFPgRNA1 3 0 N/A
CRISPR-RfxCas13d-GFPgRNA2 3 0 N/A
CRISPR-RfxCas13d-GFPgRNA3 3 0 N/A
CRISPR-RfxCas13d-GFPgRNA4 3 0 N/A
CRISPR-RfxCas13d-GFPgRNAS 3 0 N/A
CRISPR-RfxCas13d-GFPgRNA6  NF54camEGFP WR99210 3 0 N/A
CRISPR-RfxCas13d-GFPgRNA7 1nM cont. 3 0 N/A
CRISPR-RfxCas13d-GFPgRNAS 3 0 N/A
CRISPR-RfxCas13d-NTgRNA 3 0 N/A
Pool 1 (gRNAs 1+2+3) 2 0 N/A
Pool 2 (gRNAs 4+5+6) 2 0 N/A
CRISPR-RfxCas13d-pfparegRNA1 2 0 N/A
CRISPR-RfxCas13d-pfparegRNA2 3 0 N/A
CRISPR-RfxCas13d-pfparegRNA3 3 0 N/A
CRISPR-RfxCas13d-pfparegRNA4 WR99210 3 0 N/A
CRISPR-RfxCas13d-pfparegRNAS Dd2 5nM cont. 3 0 N/A
CRISPR-RfxCas13d-pfparegRNA6 3 0 N/A
CRISPR-RfxCas13d-NTgRNA 3 0 N/A
Pool 1 (gRNAs 1+2+3) 2 0 N/A
Pool 2 (gRNAs 4+5+6) 2 0 N/A

TX: transfection; recru.: recrudesced; trCRISPR-PspCas13b: truncated CRISPR-PspCas13b plasmid; NT:
non-targeting gRNA; cont.:continuous; d:days; Kd: knockdown; N/A: not applicable. The CRISPR-Cpf1
plasmid was used as a positive transfection control in WR99210 selections, and the mRFP plasmid was used as
a transfection control in blasticidin S selections.
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integration of transgenes at the cg6 locus. While the addition of rapamycin activates the
DiCre recombinase to mediate recombination between loxP sites, co-transfection with the
pINT plasmid (Addgene) that encodes the BxB1 phage integrase enables genome-integration
of an attP plasmid via recombination between the attP and attB sites (Nkrumabh et al., 2006;
Knuepfer et al., 2017). Therefore, I designed a PspCas13b plasmid containing an attP site
for genome integration and a promoter in reverse orientation with loxP sites so that DiCre
recombination induced a promoter flip and, thereby, the transcription of Cas13b. I inserted
PspCas13b into a plasmid designed to integrate inducible dCas9 (generated by Dr Sophie
Adjalley) using Xhol and Avrll digestion and Gibson assembly. The conditional PspCas13b
plasmid was co-transfected into 3D7 DiCre-attB with pINT, and dual-drug pressure was
added. G418 (250 pug/ml) was maintained for 30 days to select for pINT uptake, and
blasticidin S (2 ng/ml) was maintained continuously to select for uptake and maintenance of
the conditional PspCas13b plasmid (Figure 4.3D). In four transfections, I could not recover
any transfectants after 50 days (Table 4.2). A positive transfection control (mRFP plasmid)
was included for each transfection, 50% recrudesced. Four additional transfections were also
completed without the inclusion of the pINT plasmid. One culture had evidence of surviving
parasites at 44 days post-transfection; however, the parasites did not expand, and the culture

did not recrudesce.

In parallel, I also generated a version of this plasmid that contained gRNAs, instead of relying
on external gRNA delivery. A U6psp cassette was synthesised and inserted into the plasmid
using BamHI digestion and T4 ligation. Site-directed mutagenesis was used to remove a bbsl
site from the BSD sequence, as this restriction enzyme is required to insert gRNAs into the U6
cassette. I designed Cas13 gRNAs to target an endogenous gene, pfpare encoding a prodrug
activation and resistance esterase for RNA knockdown. Disruption of pfpare has no apparent
fitness cost; however, it confers resistance to the antimalarial compound MMV011438, which
can pulse for low-abundance mutants and is used to confirm a disruption phenotype. Due
to the exploration and prioritisation of a different enzyme, Cas13d, the transfection of this

plasmid was not attempted.

Expression of RfxCas13d in P. falciparum and knockdown of endogenous GFP

Due to the lack of success with PspCas13b, I explored the application of another type of
Cas13 enzyme, RfxCas13d (CasRx), into P. falciparum, which was shown to exhibit efficient
RNA knockdown but with a smaller-sized enzyme (Konermann et al., 2018). The plasmid
was generated similarly to the CRISPR-PspCas13b plasmid by completing a Gibson ligation
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into the CRISPR-Cas9 plasmid backbone. The RfxCas13d was recodonised, and a nuclear
localisation signal, and 3xHA tag were added to the end of the RfxCas13d sequence. The
normal U6 was replaced with the U6 from Ruminococcus flavefaciens. The RNA cleavage
facilitated by RfxCas13d has no dependence on the PFS; therefore, no additional gRNA
considerations were required (Konermann et al., 2018). The gRNAs sequences from the
PspCas13b were also used for RfxCas13b, although the gRNAs required different Bbsl
overhangs for insertion into the U6 cassette (from (5'-CACC-forward/5’-AAAC-reverse) to
(5'-CAAC-forward/5’-AAAA-reverse)).

Similarly, I looked to GFP knockdown as a proof-of-concept experiment. 8 GFP-targeting
gRNAs and 1 non-targeting gRNA were designed and inserted into the CRISPR-RfxCas13d
plasmid using Bbsl. Plasmids were transfected individually and in pools of three gRNAs into
NF54amEGFP 3 selected with continuous WR99210 (1nM) (Figure 4.4A). No parasites
recrudesced in these initial transfections, although the cultures had to be discarded early (Day
24) due to yeast contamination. However, the set of transfections was completed twice more,
and still, no parasites recrudesced except the positive control (CRISPR-Cpf1 plasmid) (Table
4.2).

In parallel, I also targeted an endogenous target from P. falciparum genome, pfpare (PF3D7_0-
709700). pfpare encodes a prodrug activation and resistance esterase that is not essential
(Istvan et al., 2017). In addition to the dispensable nature of pfpare, loss-of-function mutations
in pfpare confer resistance to the antimalarial compound MMVO011438, which requires
pfpare for its activation. Drug resistance can be used to quantify the RNA knockdown of
pfpare. 6 pfpare-targeting gRNAs were designed and inserted into the CRISPR-RfxCas13d
plasmid using Bbsl. These plasmids and the plasmid containing a non-targeting gRNA were
transfected individually and in pools of three gRNAs into Dd2 and selected with continuous
WR99210 (5nM) (Figure 4.4B). Because the cultures from the first round of transfections
were kept in proximity to the GFP experiment, they also succumbed to contamination.
These transfections were repeated twice, and no parasites recrudesced Table 4.2. Except

discordantly, the positive control did not recrudesce.

4.4.4 Knockout of IncRNAs using Cas9

Because new tools are often low or difficult to develop in Plasmodium, I explored using the

readily-available Cas9 enzyme for IncRNA disruption in P. falciparum. Although Cas9 is
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Fig. 4.4 No transfectants could be obtained from GFP- or pfpare-targeted knockdown using CRISPR-
RfxCas13d. (A) GFP was targeted with CRISPR-RfxCas13d in NF54 parasites endogenously express-
ing GFP. The knockdown of GFP expression can be quantified by measuring parasite fluorescence.
(B) pfpare was targeted with CRISPR-RfxCas13d in Dd2 parasites. The knockdown of pfpare is
anticipated to affect drug sensitivity to MMV011436, which can be quantified with drug assays.
The CRISPR-RfxCas13d requires continuous selection with WR99210 (1nM in NF54-background
parasites and 5SnM in Dd2).

unsuitable for most IncRNA targets, it could provide an option for the small minority that are

truly intergenic or studied on a small scale, where knockouts can be carefully designed.

Selection of IncRNA targets

Three IncRNAs were selected for Cas9 targeting from the Broadbent et al. IncRNA an-
notation because the annotation in Chapter 3 was not yet completed (Broadbent et al.,
2015). The annotation was intersected with a list of intergenic mutations identified in whole
genome sequencing for drug-resistant lines generated by labs in the Malaria Drug Accelerator
(MalDA) consortium (SNP and InDel list obtained from Dr Madeline Luth (University of
California San Diego). 16 mutations were identified in IncRNAs. From this list, three
IncRNAs identified as targets by considering the distance from expressed genes (ideally
> 1 kb), the feasibility with considerations for gRNA and donor designs and associated
drugs in terms of their known mechanisms and availability. Although the mutations may not
necessarily be responsible for the drug resistance as they were not found in isolation, drug
resistance could still be a potential consequence of IncRNA knockout and phenotype. The
three IncRNAs selected for this pilot study were PE3D7IncRNA_0019, PF3D7IncRNA_0337
and PF3D7IncRNA_0567.
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The first IncRNA target, PF3D7IncRNA_0019, is located in a cluster of three IncRNAs
nestled between PF3D7_0104200 (STAR-related lipid transfer protein) and PF3D7_0104300
(ubiquitin carboxyl-terminal hydrolase 1), where a switch of transcriptional direction oc-
curs. The mutation in PF3D7IncRNA_0019 was an 8 bp deletion mutation (TTTTTATTA
—T) at position 373, which was identified in a parasite resistant to MMV668399. The
target of MMV668399 is an FHA domain-containing protein (PF3D7_1307800) (Cowell
et al., 2018). However, mutations in other proteins such as amino acid transporter pfaat!/
(PF3D7_0629500 and pffhd (PF3D7_0909700) and pfsulp (PF3D7_1471200) have been
associated with MMV 668399 resistance (Cowell et al., 2018). The neighbouring protein of
PF3D7IncRNA_0019 is involved in ubiquitin processing, a pathway implicated in artemisinin
tolerance in P. chabaudi (Hunt et al., 2007).

PF3D7IncRNA_0337, the second IncRNA target, is located between PF3D7_0420200 (holo-
[acyl-carrier-protein] synthase) and PF3D7_0420300 (putative AP2). Both genes are ex-
pressed on the forward strand, while the IncRNA is expressed on the reverse strand. Two
SNPs were identified in the IncRNA, both adenine to thymine changes that occurred in close
proximity (5 bp apart at positions 382 and 387). These SNPs were identified in atovaquone-
resistant lines, a drug known to target the CytBC1 (Siregar et al., 2015). The neighbouring
AP2 gene was implicated in the regulation of pfcrt in chloroquine-resistant recombinant
progeny (Siwo et al., 2015). The other neighbouring gene was identified as a gene undergoing

balancing selection in P. falciparum in Mali, Western Africa (Coulibaly et al., 2022).

The mutation in the third IncRNA target, PF3D7IncRNA_0567, was also identified in
atovaquone-resistant lines and was an adenine to thymine change at position 1159. The
IncRNA is located between PF3D7_0617000 (mitochondrial import receptor TOM40) and
PF3D7_0617100 (AP-2 complex subunit alpha). Like the first IncRNA target, this IncRNA
exists at a switch of transcriptional direction. Of the three targets, this IncRNA has the
greatest distances (1500+ bp) from other gene features. SNPs associated with artemisinin
resistance have been identified in the neighbouring AP-2 complex gene (Rocamora et al.,
2018).

Disruption of IncRNA targets

To disrupt IncRNAs, I completed a knockout approach by inserting a selectable marker.
This approach is necessary when targeting newly identified IncRNAs that may not have a

known or observable phenotype to ensure complete disruption of the IncRNA and selection
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of the mutants. To form the hDHFR-containing donor sequences: the 5’ and 3’ HRs for
each IncRNA were amplified using PCR and inserted into an EcoRI/Aatl and Apal-digested
CRISPR-Cas9 plasmid (pDC-cam-Co.Cas9-hdhr) using Gibson ligation. The plasmid was
digested with Bbsl and gRNAs were inserted. Three to four gRNAs were designed for each
IncRNA and ligated into separate plasmids. The plasmids were transfected in pools of 3
different gRNAs (at 30-50u g each) into NF54 and 3D7 (Figure 4.5A). Plasmid uptake and
insertion were selected using WR99210 (1nM) for 7 days. Of the three targets, only one
could be knocked out, PF3D7IncRNA_0567 (Table 4.3). Another CRISPR-Cas9 plasmid
targeting the MD1 gene (PF3D7_1438800) was included as a positive control; however,
it did not recrudesce. Single gRNA transfections were then completed in case one of the
pooled gRNAs was toxic and prevented parasite recrudescence. However, even with the
individual gRNA approach, only PF3D7IncRNA_0567 could be disrupted (Table 4.3). To
confirm the disruption of PF3D7IncRNA_0567, gDNA was extracted from both transfectants
(A567.1 and A567.2), and the donor region and IncRNA loci were amplified using primers
and visualised using gel electrophoresis. Initially, primers amplified regions within the donor
and confirmed their presence in the parasite: PcDT & 3’ homologous region (p675 & p2015),
HRP?2 to the 5" homologous region (p282 & p2012) and the hDHFR fragment (p261 & p365)
(Figure 4.5B). However, to confirm that donor sequences were inserted in the genome, a
primer pair from inside (p675) and outside the donor sequence (the 3’ UTR of the IncRNA,
p2173) was used. The expected 1105 bp fragment was observed, and the knockout was

further confirmed with Sanger sequencing (Figure 4.5C).

I then assessed the susceptibility of the A567 mutants to atovaquone, the antimalarial drug
that the drug-resistant lines containing the mutations were selected against. Dose-response
curves were generated for every replicate, representative curves are presented in Figure 4.5D,
and ICsg values for each replicate in Figure 4.5E. A significant increase in ICsg (P<0.01)
values was observed in both A567.1 and A567.2. Drug assays were also completed for six
other drugs (chloroquine, dihydroartemisinin, mefloquine, KDU691, KAE609, MM V008434
and MMV 020746), but no significant changes in ICsy were observed.

4.4.5 Interference of IncRNAs using dCpf1Sir2a

Additionally, I explored using another CRISPR enzyme that is functional in P. falciparum,
LbCpf1 (Casl2a). LbCpf1 has been used in diagnostic testing (Lee et al., 2020) and for gene
interference by our lab (unpublished). Like Cas9, when Cpfl1 is catalytically inactivated,
it can disrupt transcription at target sites, although, unlike dCas9, dCpf1 has an AT-rich
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Fig. 4.5 CRISPR-Cas9-mediated knockout of P. falciparum IncRNAs. (A) LncRNAs were targeted
with CRISPR-Cas9 in Dd2 parasites. Donor sequences contained the hDHFR gene, which enabled
the selection of knockouts with WR99210 (1nM continuous). (B) Gel electrophoresis demonstrates
that the donor fragments are present in the transfectants A567.1 and A567.2. PcDT & 3’ homologous
region (p675 & p2015), HRP2 to the 5" homologous region (p282 & p2012) and the hDHFR fragment
(p261 & p365). (C) Using a primer (p2173) in the 3’ UTR outside the donor sequence with one in
PcDT (p675), it was determined that the donor sequence had been inserted into the target sites and
that the IncRNA was disrupted. (D) Drug assays for A567.1 and A567.2 were completed in duplicate
against atovaquone. A non-linear regression model for log(inhibitor) and variable(slope) was used
to generate a dose-response curve from technical replicates, a representative dose-response curve is
shown here. (E) ICsq values were calculated from dose-response curves, a line representing the mean
ICsp. Two-tailed t-tests were completed for every line versus the control (3D7). Significant p-values
are denoted with representative asterisks: **(0.001 to 0.01).
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Table 4.3 Summary of Cas9 IncRNA-targeting transfections in P. falciparum

Total TX Pheno-

Plasmid Line Selection TX  recru. type
CRISPR-Cas9-IncRNA_0019(gRNA 1-3) 2 0 N/A
CRISPR-Cas9-IncRNA_0337(gRNA 1-3) NF54 WR99210 1nM 7d 2 0 N/A
CRISPR-Cas9-IncRNA_0567(gRNA 1-3) 1 0 N/A
CRISPR-Cas9-IncRNA_0019(gRNA 1-3) 1 0 N/A
CRISPR-Cas9-IncRNA_0337(gRNA 1-3) 1 0 N/A
CRISPR-Cas9-IncRNA_0567(gRNA 1-3)  3D7  WR99210 1nM 7d 1 1 Edited

CRISPR-Cas9-IncRNA_0337gRNA1 1 0 N/A
CRISPR-Cas9-IncRNA_0567gRNA3 1 1 Edited
CRISPR-Cas9-IncRNA_0019gRNA1 1 0 N/A
CRISPR-Cas9-IncRNA_0019gRNA2 1 0 N/A
CRISPR-Cas9-IncRNA_0019gRNA3 1 0 N/A
CRISPR-Cas9-IncRNA_0337gRNAI NF54 WR99210 InM 7d 1 0 N/A
CRISPR-Cas9-IncRNA_0337gRNA2 1 0 N/A
CRISPR-Cas9-IncRNA_0337gRNA3 1 0 N/A
CRISPR-Cas9-IncRNA_0337gRNA4 1 0 N/A

TX: transfection; recru.: recrudesced; d:days; N/A: not applicable.

PAM site (TTTN). Previous lab members generated a CRISPR-dCpf1 plasmid (Dr Sophie
Adjalley) with and without the fusion of dCpf1 to the epigenetic modifier, Sir2a deacetylase.
Preliminary evidence showed that the plasmid facilitated gene interference: a 40-60%
decrease in GFP fluorescence was achieved when targeting GFP in NF54°2MEGFP with
CRISPR-dCpf1Sir2a (unpublished, Dr Sophie Adjalley). Instead of completing a pilot study,
I apply this approach directly on a more extensive IncRNA target set, described in Chapter 5.

4.4.6 Rapid generation of mNeonGreen P. falciparum reporter lines

Regardless of the method of perturbation, one of the key questions will be whether IncRNA-
disrupted lines will have an observable phenotype. Parasite fitness is an important character-
istic to quantify because the disruption of a molecule of biological significance often impacts
parasite survival and reproduction, manifesting as a slow-growth phenotype. Competition
growth assays offer a more sensitive readout than measuring parasitemia. In these assays,
parasite lines are competed against a fluorescent line, and the proportion of fluorescent
parasites is quantified using flow cytometry. However, due to substantial variances in growth
rates between strains, the fluorescent line used should be strain-matched. Thus, I developed a
vector for the rapid generation of mNeonGreen-expressing reporter lines and generated Dd2

and 3D7 mNeonGreen-expressing lines.
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Selection of the pfpare locus for fluorescent markers integration in P. falciparum

The pfpare locus was identified as an optimal safe-harbour site for integrating the mNeon-
Green fluorescent marker. In addition to the dispensable nature of pfpare, loss-of-function
mutations in pfpare confer resistance to the antimalarial compound MMV011438, which
requires pfpare for its activation. pfpare is expressed during blood stages; therefore, its
promoter would facilitate the expression of a fluorescent marker throughout the intraerythro-
cytic life cycle. In addition, I included a BSD resistance cassette in the inserted sequence,
which would only be expressed from the pfpare promoter once integrated. Thus my strategy
would permit both positive and negative selection options for the efficient isolation of a
homogeneous culture of mNeonGreen-tagged parasites without cloning. To identify if pfpare
is suitable as an integration site across multiple P. falciparum strains, a multiple sequence
alignment of the pfpare locus for eight geographically diverse strains (3D7, HB3, 7G8,
GB4, CDO1, GAOI, IT and Dd2) was completed. A highly conserved gRNA target site
was identified that had no mutations in the guide RNA or PAM sequences (Figure 4.6A).
Examination of the flanking upstream and downstream sequences that would constitute the
donor homology regions revealed no mutations in the 5’ homology region and 2-3 single
nucleotide polymorphisms in the 3’ homology region of the donor sequence of the plasmid
(Figure B.1). This level of sequence diversity would not be expected to strongly impact
editing. I validated this prediction below using a 3D7-based donor sequence to edit Dd2,
which has three polymorphisms relative to 3D7.

Construct design, generation, and transfection of Dd2pP2reNG

To design a construct to integrate mNeonGreen into pfpare, 1 co-opted a pfpare-targeting
CRISPR-Cas9 plasmid (generated by Dr Hannah Jagoe), which expresses Cas9 driven by
the calmodulin promoter and transcribes a gRNA targeting pfpare. 1 subcloned a codon-
optimised mNeonGreen into the donor region, which also contained a BSD resistance cassette
and flanking 5" and 3’ pfpare (3D7) homology regions of 255 bp and 466 bp respectively
(Figure 4.6B). Plasmids were transfected into three independent P. falciparum Dd2 parasite
cultures and continuous selection with blasticidin S selected for plasmid uptake and the
insertion of the donor into pfpare by HDR (Figure 4.6C). WR99210 could also be used to
select for plasmid uptake alone because an hDHFR resistance cassette is in the CRISPR-
Cas9 plasmid but not in the donor region. This was not required in my experiments as
blasticidin S selection alone was sufficient. Edited parasites were obtained from two of

three transfections at around three weeks post-transfection, referred to as Dd2pareNG.1 4559
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Dd2rareNG2  pCR-amplification of the pfpare locus using primers p2174 and p2175 (Figure
4.6C) and gel electrophoresis demonstrated successful donor integration with no wild-type
locus detectable (Figure 4.6D). This indicated that positive selection was sufficient to deplete
any unedited parasites, obviating the need for clonal isolation. Sanger sequencing confirmed
the exact sequence and correct insertion. To further confirm the applicability of this construct
to other strains, I also transfected the construct into P. falciparum 3D7 and both transfections,
3D7PareNG.1 514 3D7PareNG2 pocrudesced and were resistant to blasticidin S.

4.4.7 Dd2PareNG flyorescence is comparable to existing GFP lines

To determine if the integrated mNeonGreen yields fluorescent parasites, I first examined
the transgenic lines by fluorescence microscopy. Infected erythrocytes were detected using
Hoechst DNA stain, which does not stain uninfected erythrocytes because they are anu-
cleate, unlike Plasmodium parasites. Erythrocytes infected with either of the Dd2P2eNG
lines showed strong green fluorescence, unlike the parental Dd2 line (Figure 4.7A). Flow
cytometry was used to quantify the level of fluorescence and distribution within the popu-
lation of a mixed-stage culture. The fluorescence profiles of Dd2P¥ NG and Dd2pareNG.2
were highly similar and are comparable to the profiles of other green-fluorescing lines used
for competition assays, including Dd2PPEGFP and NF54°amEGFP “wwhich express GFP from
the strong constitutive promoters of ER-Hsp70 (BiP, PF3D7_0917900) and calmodulin
(PF3D7_1434200) respectively (Adjalley et al., 2011; Baragafa et al., 2015). The peaks
of the Dd2P2*NG Jines were modestly shifted left in comparison to the GFP lines, which
means that the bulk of Dd2P2NG parasites in mixed culture are less fluorescent than the bulk
of GFP-expressing parasites but still readily distinguishable from non-fluorescent parasites
(Figure 4.7B). The bimodal peaks suggested that subpopulations expressed different levels
of fluorescence. Fluorescence was also observed in the 3D7P¥ NG and 3D7PareNG-1 Jineg
(Figure 4.7C).

4.4.8 DdA2PeNG flyorescence varies between asexual blood stages

In a healthy asexual intraerythrocytic P. falciparum culture, the sub-populations include
briefly free-roaming merozoites and intraerythrocytic ring, trophozoite and schizont stages.
To assess the level of fluorescence in specific stages, I enriched Dd2P2NG cyltures for
different stages using synchronisation. Stage-specific levels of fluorescence were observed,
with schizonts producing the highest fluorescence, followed by trophozoites and, lastly,

ring stages (Figures 4.8A, C). This pattern was consistent with transcriptomic studies that
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Fig. 4.6 Generation of a P. falciparum Dd2 reporter line expressing mNeonGreen under the control of
the highly conserved pfpare locus. (A) DNA sequences for pfpare (PF3D7_0709700) in P. falciparum
3D7, HB3, 7G8, GB4, CD01, GAO1, IT and Dd2 strains were obtained from PlasmoDB, and Clustal
Omega was used to create a multiple sequence alignment (Goujon et al., 2010; Sievers et al., 2011;
Amos et al., 2021). (B) Schematic of the CRISPR-Cas9 pfpare-targeting approach. The plasmid
encodes a guide RNA cassette containing a guide targeting pfpare and a donor region containing a
BSD selectable marker flanked by 2A linkers with mNeonGreen downstream. The payload is flanked
by two homology regions for the pfpare locus. The construct was transfected into Dd2 and 3D7,
and blasticidin S was used to select for plasmid uptake. Successful transfectants fluoresced. (C)
Upon transfection of the pDC2-coCas9-pare-BSD-mNeonGreen plasmid into P. falciparum Dd2,
the pfpare-targeting gRNA directs Cas9 to make a site-directed cut of pfpare. The donor region
facilitates homology-directed repair and the insertion of BSD and mNeonGreen. (D) The pfpare locus
of blasticidin-resistant recrudesced parasites (Dd2PaeNG-1 and Dd2PaeNG-2) was PCR-amplified using
5" and 3’ UTR primers (p2174 and p2175) to check for correct insertion of mNeonGreen. Lengths
of PCR products were quantified using gel electrophoresis. No detectable wild-type product was
observed in the transfected bulk culture.
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Fig. 4.7 mNeonGreen fluorescence in P. falciparum is comparable to GFP fluorescent lines. (A)
Mixed-staged parasites (Dd2, Dd2pareNG.1 'pyqppareNG.2 1y qpbipEGFP | NE54camEGFPy were fixed, stained
with Hoechst DNA stain, and visualised using bright-field and fluorescence microscopy at 1000x mag-
nification. Flow cytometry of mixed-stage parasites (B) (Dd2, Dd2PareNG-1 pppareNG.2 1y (pbipEGEP.
NF54¢mEGFPy anq (C) (3D7, 3D7PareNG.1 | 31y7pareNG.2y - paragites were stained with MitoTracker
DeepRed and analysed on a flow cytometer. Quantification of green fluorescent (GFP and mNeon-
Green) and MitoTracker+ cells was performed using FlowJo. All single-cell, parasitised RBCs
(MitoTracker+) were gated, and histograms of green fluorescence were generated (GFP+ or mNeon-
Green+).
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demonstrate that the expression of pfpare peaks at 32-40 hours post-erythrocyte-invasion,
which would suggest that the expression of mNeonGreen from the pfpare locus would also
peak during late trophozoite and schizont stages (Figure 4.8B) (Chappell et al., 2020; Amos
et al., 2021). Further, I induced gametocytogenesis and observed fluorescence in all the

gametocyte stages (I-V) (Figure 4.8C).

4.4.9 DdA2P2eNG demonstrates robust fitness

To assess the fitness of the Dd2P¥NG lines, competition assays were performed against Dd2
and 3D7. The two populations were seeded at a 1:1 ratio of fluorescent to test line and
maintained for three weeks. The ratio of fluorescent (Dd2P&eNG) to non-fluorescent (Dd2
or 3D7) populations was measured every 2-3 days using flow cytometry to quantify the
competition between the two populations. Dd2PPECFP wag also included as a control, which
has a slight fitness defect from the GFP integration (Baragaiia et al., 2015). The Dd2p2eNG
lines showed nearly comparable fitness to their parent line, Dd2, over three weeks (Figure
4.9A). Contrastingly when competed against 3D7, a slower-growing lab line, the Dd2pP2eNG
lines outcompeted 3D7, which demonstrates the value of strain-matched competitor lines

(Figure 4.9B).

4.5 Discussion and future outlook

4.5.1 Development of CRISPR-Cas13 RNA knockdown tools

I was unsuccessful in developing a functional CRISPR-Cas13 system in P. falciparum with
either of the PspCas13b or RfxCas13d enzymes. Recent reviews have proposed Cas13
as a promising strategy, although there is no evidence of their successful application in
P. falciparum for RNA knockdown (Bryant et al., 2019; Lee et al., 2019; Quansah et al.,
2023). Multiple challenges have been associated with adopting CRISPR-Cas9-based tools
in Plasmodium; therefore, it is unsurprising that there would be similar difficulty adopting
CRISPR-Cas13 (Bryant et al., 2019; Lee et al., 2019).

There are many potential reasons why the transfections with CRISPR-Cas13 plasmids did not
result in recrudesced parasites. In order to continue pursuing the application of PspCas13b
and RfxCas13d into P. falciparum each should be explored. Firstly, it is possible that the
Cas13 enzyme was toxic to the parasite. I tried to explore this possibility by designing an

inducible system to control the expression of Cas13. However, no recrudesced parasites
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Fig. 4.8 Dd2Pa°NG flyorescence varies between different asexual blood stages. (A) D(2pareNG.2
parasites were sorbitol-synchronised, and microscopy was used to confirm stages. Flow cytometry
with MitoTracker DeepRed was used to enumerate parasites expressing green fluorescence in ring,
trophozoite and schizont-staged cultures. FlowJo was used to gate single-cell, parasitised RBCs,
quantify green fluorescence, and generate histograms. Dd2P2*NG schizonts demonstrated the greatest
fluorescence, followed by trophozoites and rings. (B) Stage-specific RNA sequencing obtained
from PlasmoDB shows that pfpare is expressed throughout the entire 48hr intraerythrocytic life
cycle, and expression peaks at late trophozoite and schizont stages (Chappell et al., 2020; Amos
et al., 2021). (C) Fluorescence microscopy of synchronised Dd2P2NG parasites at the asexual ring,
trophozoite and schizont stages, and gametocyte stages II-V (obtained through gametocytogenesis
induction). Cultures were fixed, stained with Hoechst DNA stain, and visualised using bright-field
and fluorescence microscopy at 1000x magnification.
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Fig. 4.9 Dd2P2°NG Jines demonstrate comparable fitness to Dd2°PECFP when competed against Dd2
or 3D7. Fluorescent lines (Dd2PaeNG-1 ' D2pareNG-2 and DA2PPEGEP) were competed against (A) Dd2
or (B) 3D7 in triplicate biological replicates. The two populations were seeded at a 1:1 ratio at 1%
parasitaemia and maintained for 3 weeks. The parasitaemia and fluorescence were measured using
flow cytometry every 2nd or 3rd day from day O to day 21. The percentage of green fluorescent
parasites over total parasites was averaged between the triplicates and graphed over time for each line.
The error bars represent the standard deviation between triplicates. The three fluorescent lines did
not outcompete Dd2 and remained close to the seeded percentages over three weeks. However, the
fluorescent lines quickly outcompeted 3D7.
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could be generated, which, if Cas13 is toxic, could indicate that the DiCre system was leaky.
To assess the toxicity of the Casl3 protein, an experiment delivering the Casl3 protein
directly into the parasite (as is or enzymatically-inactivated) would be essential. I was unable
to demonstrate that the PspCas13b protein was expressed in TX6-1, the single recrudesced
PspCas13b transfection. This could have been due to challenges with capturing the large
protein (124 kd) on the western blot. In future, western blot protocols specific to large
proteins should be trialled, and also, RNA could be extracted from TX6-1 to determine if
Cas13b RNA is transcribed from the CRISPR-Cas13b plasmid. TX6-1 may have a significant
fitness defect, encumbering recrudescence; thus, a fitness assay should be completed to assess

the costs of carrying the plasmid.

It may be worth exploring the application of LwaCas13a to RNA targeting as Cunningham et
al. have already demonstrated that it can be used in vitro with P. falciparum (Cunningham
et al., 2021). This enzyme was not explored due to its inferior RNA targeting efficiency and
increased collateral activity, which is useful in ultrasensitive nucleic acid detection but is
detrimental to specific RNA knockdown. Although if it is tolerated by the parasite, it may
help inform our understanding of Cas13 toxicity in the parasite.

Secondly, if the Cas13 protein is tolerated by the parasite, the next reason to consider is an
issue with the plasmid-based delivery system. Early molecular cloning efforts revealed that
instability within the CRISPR-Cas13 plasmid when it is propagated in bacterial culture could
be causing susceptibility to truncation. It is unlikely that the rest of the plasmid would be a
source of toxicity as this system works well with other Cas enzymes, excluding notably the
added U6 cassettes (U6psp and U6Rfx). Nasamu et al. have shown that bacterial artificial
chromosomes can be used to express unstable sequences in P. falciparum episomally and still
permit functional CRISPR-Cas9 activity (Nasamu et al., 2021). This system could permit the
expression of this plasmid as long as the instability is not occurring in the parasite. RNPs
could also be explored as they have been used for CRISPR-Cas13 knockdown in human
T cells (Méndez-Mancilla et al., 2022) and for Cas9 systems in P. falciparum (Crawford
et al., 2017). Other delivery methods might also help with dosage moderation. Dosage
effects were observed in studies integrating Cas13 into the Drosophila genome, where
homozygous transgenes exhibited toxicity while heterozygous transgenes did not (Huynh
et al., 2020). On a related note, the transfection technique used in this study is inefficient
with a transfection efficiency of approximately 10-10" (Meissner et al., 2007). In cases of

toxicity, insufficient uptake of the plasmid would further contribute to the lack of parasite
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recrudescence. Alternative transfection protocols like pre-loading or schizont transfection

may improve plasmid delivery (Carrasquilla et al., 2020).

Thirdly, Cas13 is capable of off-target RNA cleavage, which can be toxic to eukaryotes
(Bot et al., 2022). Although minimal collateral activity was observed in bacterial systems
with PspCas13b and CasRx, the extent of their collateral activity in eukaryotes has yet to be
completely elucidated (Bot et al., 2022). For Cas13 enzymes to be adopted more broadly in
eukaryotes, more sensitive tools must be developed to assess collateral damage. Once Cas13
expression is established in the parasite, an exploration of gRNA constraints and preferences
should be completed. Models that predict optimal gRNA design have been developed from
Cas13d knockdown screens of GFP transgenes using thousands of gRNAs (Wessels et al.,
2020). Although there are no PFS requirements, these other studies have suggested that
Cas13 gRNAs have sequence preferences largely based on structure-based targeting. It is
vital that the target region is single-stranded to allow Cas13-mediated cleavage. Even though
prediction software can predict RNA structure, comprehensive structure-seq data has recently
been completed in P. falciparum by Alvarez et al., which may better inform the targeting of
the transcriptome (Alvarez et al., 2021). Identifying optimal targets and efficient gRNAs will

be crucial for ncRNAs targeting, where duplex RNA structures are abundant.

This study has demonstrated the application of Cas13 into P. falciparum will be challenging
and may require significant time and resources to resolve or may not be possible. However,
the potential pay-off of achieving efficient programmable RNA-targeting in Plasmodium is
considerable and requires further exploration. In addition to investigating why the approaches
I used have not worked, exploring other delivery methods and improving gRNA design,
newly-discovered classes of Cas13 enzymes should also be explored. Ultra-compact Cas13
enzymes such as Cas13X.1 (445aa) and Cas13-bt (775-804aa) have demonstrated comparable
RNA knockdown efficiency to current Cas13 enzymes at a fraction of the size (Xu et al.,
2021; Kannan et al., 2022).

4.5.2 Disruption of IncRNAs in vitro using existing tools

I successfully disrupted a IncRNA (PF3D7IncRNA_0567) in P. falciparum using CRISPR-
Cas9-mediated insertion of a selectable marker, confirming that it is an approach that can
be used to study intergenic IncRNAs in vitro. This agrees with the literature, where two
studies successfully disrupted two other IncRNAs using the same method (Filarsky et al.,

2018; Batugedara et al., 2022). Although, this technique is most suited to intergenic targets
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as targets in more complicated circumstances would require careful knockout strategies
that avoid disrupting nearby features if knockout is even feasible. Furthermore, both A567
mutants had a drug-resistant phenotype to atovaquone. This result provides evidence that
the mutation seen in this IncRNA in the drug-resistant lines, adenine to thymine SNP, may

contribute to atovaquone resistance.

The other targets PF3D7IncRNA_0019 and PF3D7IncRNA_0337 could not be disrupted,
which could suggest that they are essential in asexual blood stage development. Neither of
which were identified as putatively essential in Chapter 3. However, it is also possible that
an issue with the knockout occurred, such as ineffective or toxic gRNAs or unsuccessful
DNA repair. Moreover, the insertion of an 1800 bp sequence into the genome sequence in
place of 3070 bp and 705 bp IncRNAs could disrupt chromosomal conformation impacting
other genes that may be essential. A conditional knockout and gene interference would aid in
confirming essentiality. This highlights a major drawback to knockouts: essential IncRNAs
cannot be targeted. In high-throughput experiments such as a reverse genetics screen with
thousands of targets, some of which would be essential IncRNAs, other techniques would
be required to accompany or replace Cas9. A strategy used for essential genes that may
be applicable to essential IncRNAs is conditional gene editing using loxP sites contained
in a synthetic intron (Jones et al., 2016). The intron is introduced into essential genes but
is actively spliced out so does not compromise gene expression. When the loxP sites are
conditionally activated to induce alter the gene, such as removing localisation signals or

binding domains.

Without a functional RNA knockdown method, gene interference is a suitable alternative
technique that can disrupt essential genes. Therefore, in the following chapter, I employed
dCpfl-mediated gene interference for the functional characterisation of a set of prioritised
IncRNAs. To ensure that transfection conditions can be appropriately monitored in larger-
scaled disruption experiments, robust transfection controls must be used. Therefore, in
addition to changing the Cas enzyme, I also changed the positive transfection controls
because the controls used in the Cas13 and Cas9 experiments failed to generate mutants

reliably.

In this work, I only explored CRISPR-based approaches for IncRNA-targeting, but there
are non-CRISPR-based approaches. For example, locked nucleic acids (LNAs) are widely
used in human IncRNA studies because they have a special modification that triggers RNAse-
H-mediated degradation when the oligo forms an RNA:DNA hybrid with the target RNA
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(Sarma et al., 2010). Similar methods have been used in P. falciparum including mor-
pholino oligomers (Augagneur et al., 2012, 2013; Garg et al., 2015), phosphorothioate
antisense oligodeoxynucleotides (PS-ODNs) (Rapaport et al., 1992; Barker et al., 1996,
1998; Wanidworanun et al., 1999; Noonpakdee et al., 2003), 2’-OMe modified PS-ODNs
(Razavi Vakhshourpour et al., 2022), peptide nucleic acids (Kolevzon et al., 2014), and
ribozymes (Flores et al., 1997; Prommana et al., 2013). A peptide nucleic acid was even
used to target a var antisense IncRNA (antisense to PF3D7_421300) (Amit-Avraham et al.,
2015). Many large-scale mammalian IncRNA interrogations use RNAi-based approaches;
however, there is a novel approach that may warrant investigation. XNAzymes, which are
DNAenzymes that have been modified using synthetic alternative nucleic acids to act as
site-specific RNA endonucleases (Donde et al., 2022; Gerber et al., 2022). Although these
approaches are potentially functional alternatives, they lack the efficiency and scalability that
CRISPR-based approaches offer.

4.5.3 Rapid generation of fluorescent parasite lines

Genetic engineering of fluorescent proteins has improved their functionality as tools in
molecular biology, and the integration of these enhanced proteins into existing applications
in malaria research should be explored. In this work, I developed an efficient and facile
approach for generating new fluorescent reporter lines in P. falciparum using CRISPR-based
integration of mNeonGreen. mNeonGreen was first applied to P. falciparum to generate a
tagged Exp2 protein; however, here, I assess its broader applicability in developing reporter
lines for competitive fitness assays and visualisation (Glushakova et al., 2018). Therefore, |
designed a CRISPR/Cas9 construct to integrate mNeonGreen into pfpare, a highly conserved,
nonessential gene that would endogenously drive expression throughout the intraerythrocytic

cycle.

I used the construct to fluorescently tag the Dd2 and 3D7 P. falciparum strains. I then further
assessed DA2P2eNG for features suitable in a reporter line, i.e. the strength of fluorescence,
localisation, stage-specificity, and impact on parasite fitness. Dd2P¥NG demonstrated strong
fluorescence diffused throughout the parasite. The fluorescence was expressed throughout
asexual blood stage development and during gametocytogenesis, suggesting that these tagged
lines are a valuable tool for in vitro research studying the biology of P. falciparum in these
stages. Gametocyte-competent lines that express fluorescent and luciferase reporters help
evaluate antimalarial activity against sexual stages; however, before advances in genome

editing, these lines were laborious to construct (Adjalley et al., 2011). The editing strategy
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would allow mNeonGreen and potentially other reporters to be inserted into different strains
under investigation. The ability to efficiently tag Dd2 indicates that minor differences in the
homology regions between the donor, based on the 3D7 sequence, and the target region are
tolerated. The absence of wild-type locus in bulk transfections reflects the effect of positive
selection resulting from bsd expression from the endogenous pfpare promoter. Although
disruption of pfpare also affords the possibility of negative selection using the commercially
available compound MMV011438, this was not required in practice due to the stringency
of the blasticidin S positive selection. Integrating mNeonGreen into pfpare caused a minor
fitness defect leading to slightly slower growth compared to Dd2, similar to other GFP-based
reporters (Baragafa et al., 2015). However, this defect was relatively minimal, as the resulting
line outcompeted 3D7 in a competition assay. These findings support that the Dd2P2 NG js a
suitable reporter line and is comparable with the standard P. falciparum GFP lines that are

currently used.

The Dd2 mNeonGreen reporter line and the construct, which can generate new reporter lines,
will support malaria research. Dd2PNG s a valuable addition to the repertoire of reporter
lines in P. falciparum that facilitate experiments involving visualising, tracking and counting
parasites. The construct will enable the rapid generation of other fluorescently-tagged P.
falciparum parasites from different strains, such as field isolates, which can facilitate their
study in vitro. 1 exemplified this in the Chapter 5 by using the 3D7P2NG (o facilitate

competition assays of IncRNA-disrupted mutants.

4.6 Additional methodology

See relevant General Methodology sections for molecular cloning, culturing, transfection,

flow cytometry, fluorescent imaging and competition assays.

4.6.1 Guide RNA and primer sequences

The gRNAs and primers used in this chapter are listed in Tables B.1 and B.2 in Appendix B.

4.6.2 Plasmid maps

Maps for the plasmids used in this chapter are in Appendix B.
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4.6.3 Site-directed mutagenesis

Oligonucleotides were synthesised with the desired mutation and flanked with unmodified
sequence (p1795 and p1796). 125ng of each primer was combined with 5-50ng of the
construct, 1uLL ANTP mix, SuLL 10X reaction buffer and 1uL PfuUltra HF DNA polymerase
(2.5U/uL). The mixture was incubated at 95°C for 30 seconds and for 12-18 cycles of
95°C for 30 seconds, 55°C for 1 minute, 68°C for 1 minute per kb. It was then cooled to
RT, digested with 1uL Dpnl (10U/uL) and incubated for 37°C for 1 hour to digest other
amplified products. SuLL was run on a gel, and if the expected band was visible, competent
cells were transformed with 1L of the reaction mixture, following normal molecular cloning

transformation conditions.

4.6.4 pfpare sequence alignment and expression

DNA sequences for pfpare locus (PF3D7_0709700) in P. falciparum 3D7, HB3, 7GS8, GB4,
CDO1, GAO1, IT and Dd2 strains were obtained from PlasmoDB and alignment figures were
generated using Clustal Omega (Goujon et al., 2010; Sievers et al., 2011; Amos et al., 2021).
Transcriptomic data of 3D7 pfpare expression in the intraerythrocytic life cycle was obtained

from PlasmoDB; specifically, RNA-sequencing data from Chappell et al. (2020) was used.






Chapter 5

Characterising Plasmodium falciparum
IncRNAs using CRISPR interference

5.1 Overview

Few of the thousands of IncRNAs annotated in P. falciparum have been experimentally
studied. Therefore, most IncRNAs have no predicted or known function. In this chapter, I
endeavoured to demonstrate the feasibility of IncRNA disruption screens in P. falciparum
and characterise a small set of IncRNAs. Uncovering specific functions of IncRNAs will aid

in understanding their role as regulatory molecules in the P. falciparum parasite.

This work contains data and tools generated by colleagues. The identification of stage-specific
IncRNAs from single-cell RNA-Seq was completed by Dr Juliana Cudini as part of her thesis
(Cudini, 2021). LncRNA-disruption was completed using a plasmid (CRISPR-dCpf1Sir2a)
created by Dr Sophie Adjalley (unpublished). These colleagues are cited in the relevant
sections for their contributions. Supplemental data and acknowledgements are in Appendix
C.

5.2 Introduction

A recent review has claimed that the role of IncRNAs has been overstated and is not suf-

ficiently supported by functional experimentation (Ponting and Haerty, 2022). Although
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this review describes IncRNAs implicated in human disease, these questions are pertinent
to malaria, where only a couple of IncRNAs have been functionally characterised. There is
evidence that IncRNAs are actively involved in the regulation of the P. falciparum transcrip-
tome; however, it is unclear to what extent this role is shared by the thousands of IncRNAs
identified in the parasite. CRISPR-based screens can enable the systematic characterisation of
IncRNAs transcriptome-wide; however, they have not yet been employed to study IncRNAs

in P. falciparum.

5.2.1 CRISPR-based reverse genetic screens for mammalian IncRNAs

Mammalian IncRNAs have been disrupted using various CRISPR-based approaches for
reverse genetic screening. Cas9 has been used to delete IncRNA loci (Zhu et al., 2016) and
IncRNA splice sites (Liu et al., 2018). CRISPR activation with dCas9-VP64 has been used
to overexpress IncRNAs (Bester et al., 2018) while CRISPR interference with dCas9-KRAB
has been used to repress IncRNAs expression (Liu et al., 2017; Cai et al., 2020). LncRNAs
have also been knocked down directly at the RNA level with Cas13 (Xu et al., 2020). In
these screens, the disrupted cells are predominantly characterised through gene expression
profiling with additional phenotyping based on the cell type or tissue, such as assessing
morphology, essentiality and growth assays. Many IncRNA functions have been elucidated
from this approach, such as PRANCER, which plays a role in epidermal homeostasis, GAS6-
AS2 IncRNA, which activates a chemotherapy resistance mechanism in several cancers and
FOXD3-AS1, which is essential for haematopoietic stem cell pluripotency and differentiation
(Bester et al., 2018; Cai et al., 2020; Haswell et al., 2021).

5.2.2 Considerations in IncRNA-targeting reverse genetic screens

In addition to the technical challenges outlined in Chapter 4, there are other obstacles to
targeting and studying IncRNAs in vitro. Firstly, when IncRNAs are disrupted, there may not
be any consequential phenotype. LncRNAs can be involved in complex regulatory networks,
where redundancies or compensatory mechanisms could void the impact of a disruption to
a regulatory IncRNA. For example, a recent study in zebrafish disrupted a selection of 25
IncRNAs and found no impact on embryogenesis, viability and fertility (Goudarzi et al.,
2019). Even IncRNAs with known roles like MALATI and HOTAIR report no observable
phenotypes and appear dispensable when knocked out (Nakagawa et al., 2012; Amandio
et al., 2016). This example reflects the second challenge, which is that a phenotype may not

be observable or measurable using the assays available. Taking P. falciparum culturing as
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an example, there are a limited number of measurable phenotypes that can be quantified at
scale. These include parasite fitness, drug sensitivity, observable morphology and expression
profiling, but the impact of the loss of regulation from the disruption of a IncRNA may not

be evident in these assays.

5.2.3 Reverse genetic screens in P. falciparum

Reverse genetic screens have been completed in Plasmodium, made possible by the large-
insert genomic libraries created by the Plasmodium genetic modification (PlasmoGEM)
project (Ishizaki et al., 2022). The project developed a scalable pipeline that enables the
generation of P. berghei knockout vectors and overcomes the challenges of amplifying AT-
rich long homology arms in E. coli (Pfander et al., 2011). Over 2900 P. berghei knockout
vectors have been generated and exploited for reverse genetics approaches. Furthermore, the
vectors also contain barcodes so they can be transfected and quantified using next-generation
sequencing. This approach, in combination with phenotypic assays, has characterised over
3000 genes in P. berghei across different stages of the life cycle (Gomes et al., 2015; Bushell
et al., 2017; Stanway et al., 2019; Russell et al., 2023). Major advances have been made in
CRISPR-based gene editing in Plasmodium sp.; however, these tools have not yet permitted

large-scale reverse genetic screens (Ishizaki et al., 2022).

CRISPR interference is an attractive avenue for reverse genetics screens in Plasmodium
because the design and generation of donor sequences are not required. CRISPR interference
induces transcriptional repression instead of DNA breaks; therefore, it does not require repair
templates to facilitate homology-directed repair or rely on low-frequency microhomology-
mediated end joining. The organisation for a screen is then simplified, only requiring gRNAs.
CRISPR interference tools are functional in P. falciparum such as dCas9, dCas9Sir2a, and
dCas9GCNS5; however, their applications to large-scale genomic screens have been slowed
by insufficient efficacy (Xiao et al., 2019).

In this chapter, I aimed to demonstrate the feasibility of a transcriptome-wide IncRNA
interference screen using a relatively small number of IncRNAs. To enrich the target set
for IncRNAs with potential biological significance and measurable phenotypes, I identified
P. falciparum IncRNAs associated with drug resistance, stage specificity and intergenicity.
I disrupted the targetable IncRNAs using CRISPR-dCpf1 fused to Sir2a, a transcriptional

repressor. I then characterised a subset of the IncRNA-disrupted lines using expression



120 Characterising Plasmodium falciparum IncRNAs using CRISPR interference

profiling and various phenotypic assays quantifying fitness, gametocytogenesis, and drug

sensitivity.

5.3 Objective and Aims
To characterise P. falciparum IncRNAs using CRISPR interference.
1. Identify IncRNAs with potential biological significance
2. Generate IncRNA-disrupted P. falciparum mutants using CRISPR-dCpf1Sir2a

3. Characterise IncRNA-disrupted mutants

5.4 Results

A CRISPR interference approach was designed for targeting P. falciparum IncRNAs, with the
knowledge acquired and tools developed in the preceding chapters. dCpfl was determined to
be the most suitable and functional Cas enzyme at my disposal, and the 3D7P2NG Jine would
be useful in the phenotyping of IncRNA-disrupted mutants. The approach consisted of (1)
generating and transfecting 3-4 CRISPR-dCpf1Sir2a plasmids containing different gRNAs
for each target into 3D7; (2) selecting for plasmid uptake; (3) confirming target interference
with RT-qPCR, and (4) phenotyping IncRNA-disrupted mutants with expression profiling

and assays (Figure 5.1). Targets were selected taking the approach into consideration.

5.4.1 Selection of P. falciparum IncRNA targets

To enrich the target set for measurable phenotypes and explore a variety of target prioritisation
approaches, I identified 54 targets based on features that may indicate potential biological
significance. Five interest groups were identified based on four attributes: association with
drug resistance mutations, stage-specificity (asexual blood stages or gametocyte stages),

long-length and intergenicity (Figure 5.2).

The drug resistance and stage-specific target sets were prioritised as they provide measurable
phenotypes when disrupted. Drug sensitivity can be quantified with drug assays, and involve-
ment in a specific life cycle stage can be assessed through microscopy, fitness and gametocyte

induction. For selecting IncRNAs associated with drug resistance, a similar approach was
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Fig. 5.1 Schematic of approach to IncRNA disruption and characterisation. 3-4 gRNAs were designed
for each target and ligated into separate CRISPR-dCpf1Sir2a plasmids. Plasmids for the same
target were pooled at 30ug each and transfected into 3D7. Plasmid uptake was selected for using
WR99210 (1nM). Target interference was confirmed with RT-qPCR, and mutants were phenotypes
with expression profiling and various assays. Timelines are drawn denoting when measurements were

taken. h: hour(s); d: day(s).
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employed to that used to select IncRNA targets in Chapter 4. Although instead of using the
Broadbent annotation (Broadbent et al., 2015), the annotation generated in Chapter 3 was
intersected with the list of intergenic mutations obtained from whole genome sequencing
of drug-resistant lines. This SNP and InDel list was generated by labs in the Malaria Drug
Accelerator (MalDA) consortium and obtained from Dr Madeline Luth (University of Cal-
ifornia San Diego). 10 IncRNAs were identified that contained mutations associated with
drug resistance in two different compound selections or that contained multiple mutations
associated with resistance to the same compound (Table 5.1 and C.1). LncRNAs associated
with stage-specificity were identified by Dr Juliana Cudini (Wellcome Sanger Institute). As
part of her PhD thesis, she used single-cell RNA sequencing to analyse the stage-specificity
of IncRNA expression in P. falciparum using in part the annotation generated in this thesis
(Cudini, 2021). 24 highly stage-specific IncRNAs were identified: 11 were gametocyte-stage-
specific, and 13 were specific to asexual blood stages (Table 5.1 and C.1). Two of these
targets contain sense-antisense pairs of IncRNAs (1342 & 1343 and 0787 & 0788).

Research has suggested that IncRNAs with unique features such as long lengths, high GC
content or multi-exonic sequences may be notable (Broadbent et al., 2015). I decided to
explore a small group of seven long-length IncRNAs. Six were selected with lengths above
5000 bp, and one additional target was selected with a shorter length of 1170 bp but is a
potential example of a cluster of two IncRNAs (Table 5.1 and C.1).

The final interest group of intergenic IncRNAs was selected for two reasons. Firstly, in-
tergenic IncRNAs are independently regulated as they do not tend to share bidirectional
promoters, which could indicate biological significance. Secondly, they are robust to varying
targeting strategies. If the CRISPR-dCpf1Sir2a transfections were unsuccessful, a contin-
gency approach such as a CRISPR-Cas9 knockout strategy would be feasible. Of the 281
P. falciparum IncRNAs classified as intergenic (see Chapter 3), 67 have a high ranking in
supportive evidence (1% rank), meaning that they were captured by both long-read RNAseq
datasets and had multiple sources of TSS evidence. To further narrow the target set to 14
independently regulated IncRNAs, I looked for evidence of stage-specific TSSs and lack of
bi-directional promoters (Table 5.1 and C.1).

5.4.2 Disruption of targets with CRISPR-dCpf1Sir2a

Multiple gRNAs can increase the efficiency of CRISPR interference; therefore, I designed
four (23 bp) gRNAs for each target (McCarty et al., 2020). The gRNAs were designed to tile
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Fig. 5.2 Target selection: identification of five key interest groups. Four criteria were used to identify
IncRNAs in five interest groups: association with drug resistance, stage-specificity for asexual blood
stages or gametocyte stages, long-length and intergenicity, which contain a total of 55 targets. gRNA
design eliminated 11 other targets. The remaining 44 IncRNAs were disrupted using CRISPR-
dCpf1Sir2a, and 14 recrudesced. blood: asexual blood stage-specific gam: gametocyte-stage-specific;
TX: transfection
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the region near the transcriptional start site as previous work in our lab using CRISPR-dCpf1
(with and without Sir2a) to interfere with GFP expression identified that gRNAs targeting the
55’ end were most effective. The gRNAs could be on either strand, although gRNAs targeting
the same strand were prioritised. gRNAs were designed using Benchling and DNAstar, and
BLAST was used to check for off-target hits in the P. falciparum 3D7 reference genome
(Johnson et al., 2008; Benchling, 2020). 11 IncRNA targets were eliminated because highly
specific gRNAs could not be designed (Table C.1, Figure 5.2). The IncRNAs were situated
near gene families like var and rif genes or ribosomal RNA, sequences with multiple copies
in the genome. A total of 44 targets remained, including four where only three gRNAs could
be designed (Table 5.1).

Each gRNA was ligated into separate CRISPR-dCpf1Sir2a plasmids (Figure C.1). Plasmids
containing gRNAs for the same target were pooled at 30ug each and transfected into
wildtype (WT) 3D7 (Table 5.1). Three controls were included in every batch: a positive
transfection control (pDC2-efla-Vps4wt-mRFP-hDHFR), a non-targeting gRNA control and
a gene-targeting gRNA control (targeting mfr3, (PF3D7_0312500)). WR99210 (1nM) drug
pressure was applied the following day and maintained continuously to select for plasmid
uptake and maintenance. The transfections were only completed once for each target. 14
transfections recrudesced, the disrupted targets span all five target sets (Table 5.1, Figure
5.2). The positive transfection control recrudesced in every batch, and the gene-targeting
gRNA recrudesced in one batch. The non-targeting guide was attempted five times with no

successful recrudescence, although in two transfections, parasites appeared transiently.

5.4.3 CRISPR-dCpf1Sir2a interferes with the transcription of P. falci-
parum IncRNAs

To assess the effectiveness of the gene interference in the 14 recrudesced lines, the relative
expression of each target was determined using RT-qPCR. qPCR primers were designed to am-
plify mfr3, the IncRNA targets and two housekeeping genes (cyclophilin (PF3D7_0510200)
and 18S rRNA (PF3D7_0725600)) (Table C.3). Effective primers could not be generated
for IncRNA targets PF3D7IncRNA_0342 and PF3D7IncRNA_1342. Three primer sets were
generated for both targets and attempted at varying annealing temperatures; however, suffi-
cient amplification could not be obtained. For the 12 remaining lines, RNA was extracted
from mixed stages cultures, and RT-qPCR was completed in triplicate using 3D7 as the

control line. The relative change in expression was calculated using the AACT method
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Table 5.1 Summary of CRISPR-dCpf1Sir2a IncRNA-targeting transfections in P. falciparum

Interest LncRNA Phenotype Number of TX

group number gRNAs recru.

0282 BI-2536 & Suloctidil 4 0

0335 MMV006901 & MMV0407834 4 0

0675 MMV007181 & OSM-S-106 4 0

Association with 0736 BI-2536 & Suloctidil 4 1

drug resistance 1098 MMV024114 & MMV028038 4 0

1690 MMV020746 & MMV665794 4 1

1967 BI-2536 & OSM-S-106 4 0

2149 MMV020746 & MMV008434 4 1

0127 Late schizonts 4 0

0337 Late schizonts 4 0

0456 Late schizonts & males 4 1

0553 Late trophozoites & early schizonts 4 0

0801 Late schizonts 4 0

Asexual blood- 1120 Late schizonts 4 0

stage-specific 1342 & 1343 Rings 3 1

1471 Early schizonts 4 0

1478 Late schizonts 3 1

1696 Late schizonts 3 0

2342 Rings 4 0

0055 Gametocytes & early trophozoites 4 1

0364 Late males 4 1

0503 Males 4 0

0787 & 0788 Early gametocytes 4 1

Gametocyte- 0979 Late gametocytes & trophozoites 3 0

stage-specific 1129 Gametocytes 4 0

1191 Late gametocytes 4 1

1259 Late gametocytes 4 1

1611 Males 4 0

2244 Early gametocytes 4 0

1132 7452 bp 4 0

1890 5836 bp 4 0

Long-length 2003 6854 bp 4 0

2027 5987 bp 4 0

2353 Cluster 4 1

0342 Intergenic 4 1

0370 Intergenic 4 0

0614 Intergenic 4 1

0740 Intergenic 4 0

Tntergenic 0785 Intergen%c 4 0

0981 Intergenic 4 0

1210 Intergenic 4 0

2184 Intergenic 4 0

2323 Intergenic 4 0

2361 Intergenic 4 0

TX: transfection; recru.: recrudesced
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(described in General Methodology) (Pfaffl, 2001). All IncRNA lines bar one demonstrated
a decreased relative expression of the target IncRNA in mixed cultures (Figure 5.3A). The
level of decreased relative expression varied substantially between the lines, with mean
fold changes ranging from 0.27 to 0.87. These measures of gene interference are of bulk,
mixed-stage cultures, which are likely heterogeneous and are not indicative of the exact level

of repression that may be discerned by using clonal and synchronised cultures.

The one line that did not have decreased relative expression, AO0O55, had a 2-fold increase
in PF3D7IncRNA_0055 expression. The gene-targeting line, Amfr3 also had increased
relative expression of its target gene, mfr3 (Figure 5.3B). To investigate if dCpf1Sir2a was
expressed in these two lines, qPCR with primers for dCpf1Sir2a was completed using the
generated cDNA. AOO55 had comparable dCpf1Sir2a expression to lines with evidence
of target repression (A2353) unlike Amfr3, which had significantly depleted dCpf1Sir2a

expression approaching zero (Figure 5.3C).

5.4.4 Selection of six IncRNA-disrupted mutants for further characteri-

sation

Of the 11 lines with evidence of IncRNA repression by CRISPR-dCpf1Sir2a, six were
selected for further investigation and phenotyping. The selection enriched for lines with
greater repression of the target IncRNA to improve the possibility of identifying consequential
phenotypes. The RT-qPCR was repeated for the selected lines, using three biological
replicates, and maintained in culture for varying times (all under two weeks). For five of
the six lines (all except A2149), the biological replicates demonstrated higher mean relative
expressions. However, these lines also showed a high degree of variability between biological

replicates (Figure 5.3D).

The IncRNA-disrupted mutants selected for characterisation span four interest groups: drug

resistance, asexual blood-stage specificity, gametocyte-stage specificity and intergenicity.

A2149 interferes with an antisense-to-gene IncRNA situated on chromosome 14, which
is expressed in rings and trophozoite stages of the IDC (Broadbent et al., 2015). It is
antisense to PF3D7_1420100, a conserved protein of unknown function, and shares
a bidirectional promoter with PF3D7_1420000 (splicing factor 3B subunit 4). Lab-
generated parasite lines with drug resistance to two drugs with similar structures,
MMV020746 and MMV008434, contained a 7 bp deletion (TATATTC—T) in this
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IncRNA at position 728. The mutation is within the part of the IncRNA that is antisense
to the 3’ UTR of PF3D7_1420100.

A0456 and A1478 targeted IncRNAs associated with late schizonts, although the
A0456 target is also associated with male gametocytes (Cudini, 2021). The first
IncRNA (PF3D7IncRNA_0456) is intergenic and appears to share a bidirectional
promoter with PF3D7_0525400, 7-helix-1 protein, a protein involved in stress granule
formation and associated with the formation of female gametocytes (Bennink et al.,
2018). While PF3D7IncRNA_1478 is an antisense-to-UTR IncRNA on chromosome
11 that is antisense to the 5’ UTR of PF3D7_1136900, subtilisin-like protease 2 (SUB2),
a protein shown to be required for the sealing of host RBCs during merozoite invasion
(Collins et al., 2020).

A0364 and A1191 targeted IncRNAs associated with gametocytes: PF3D7IncRNA_0364
with male gametocytes and PF3D7IncRNA_1191 with late gametocytes. The first
IncRNA (PF3D7IncRNA_0364) is an antisense-to-gene IncRNA on chromosome 5,
antisense to PF3D7_0500900 (serine/threonine protein kinase) and shares a promoter
with PF3D7_0500800 (mature parasite-infected erythrocyte surface antigen). The
second (PF3D7IncRNA_1191) is an antisense-to-UTR IncRNA on chromosome 10,
antisense to PF3D7_1008700 (tubulin beta chain) to which it shares a bidirectional

promoter.

Finally, AO614 targets an intergenic IncRNA on chromosome 6, which is maximally
expressed in schizont stages of the IDC (Broadbent et al., 2015).

5.4.5 Fitness is diminished in all IncRNA-disrupted mutants

Two of the six IncRNA-disrupted lines selected for characterisation had targets with asso-
ciations with asexual blood stages, specifically late schizonts (PF3D7IncRNA_0456 and
PF3D7IncRNA_1478). To understand the impact of the disruption of these IncRNAs on the
IDC: growth and competition assays were completed to quantify fitness, and microscopy was
completed to capture any morphological changes. For the growth assay, lines were seeded in
triplicate at 1% parasitaemia, maintained at 0.5-3% parasitaemia for 12 days, and cumulative
parasitaemia was calculated (see General Methodology). The vector control (the attempted
Amfr3), which carries the CRISPR-dCpf1Sir2a plasmid but does not express dCpf1Sir2a,
had no fitness defect compared to the parental 3D7 line (Figure 5.4A). However, without
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Fig. 5.3 dCpf1Sir2a-based targeting interferes with the transcription of P. falciparum IncRNAs. RT-
gqPCR was completed on RNA extracted from mutant lines and 3D7 using primers for the target and
housekeeping genes (cyclophilin and 18S). Relative expression of the target IncRNA was calculated
for each mutant (A) and the gene-targeted control (B) using the AACT method and 3D7 as a control.
Error bars represent standard deviation between technical replicates. (C) The relative expression of
dCpf1Sir2a was determined in the mfr3-targeted line compared to two IncRNA-targeted lines (A2353
and A0055). (D) Additional biological replicates for relative target expression were completed for six
lines selected for further characterisation. The coloured lines represent the mean of the biological
triplicates. Two-tailed t-tests were completed between every line and the control (3D7). Significant
p-values are denoted with representative asterisks: *(0.01 to 0.05), and ***(0.0001 to 0.001).
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dCpf1Sir2a expression, this result does not serve as an appropriate measure of the impact that
containing a functional dCpf1Sir2a in P. falciparum has on fitness. The IncRNA-disrupted
lines demonstrated slower growth compared to the parent line 3D7 and the vector control. To
further investigate fitness, I completed competition assays, competing the lines head-to-head
with the fluorescent line 3D7P2NG gyer three weeks for a more sensitive readout of parasite
fitness (Figure 5.4B). The measurements from days 20 and 21 were discarded due to techni-
cal challenges with the flow cytometer. Most of the lines outcompeted the strain-matched
fluorescent line. A2149 and A0614 were initially outcompeted by 3D7P¥NG for the first 10
days, and then they began to outcompete 3D7P¥°NG_ By the end of the assay, A0614 was still
outcompeting the fluorescent line while A2149 was level with the fluorescent line. To assess
potential morphological phenotypes, the lines were visualised using light microscopy. There

were no observable changes in morphology in the IncRNA-disrupted lines (Figure 5.4C).

5.4.6 Gametocyte conversion rate is increased in mutants with dis-

rupted IncRNAs associated with gametocytes

Three of the six IncRNA-disrupted lines selected for phenotyping had targets with predicted
associations with gametocytes: PF3D7IncRNA_0456 and PF3D7IncRNA_0364 with speci-
ficity to males and PF3D7IncRNA_1191 to late gametocytes. Therefore, I employed a
gametocyte assay to determine if the disruption of these IncRNAs had an impact on game-
tocytogenesis. Sexual commitment was induced in triplicate cultures of IncRNA-disrupted
lines using the gametocyte induction protocol (see General Methodology and Figure 5.1).
Upon induction (Day 0), gametocytes are visible from Day 2 and progress through the five
stages of gametocytogenesis (see stages in Figure 2.3). I quantified the rate at which asexual
stages convert to sexual stages using the gametocyte conversion rate. The conversion rate is
the quotient between the rings counted on Day 1 and the stage III gametocytes counted on
Day 4. All three lines with predicted associations with gametocytogenesis had significant
increases in gametocyte conversion (Figure 5.5A). A0456 had a mean conversion rate of 0.63
(p<0.05), A0364 0.38 (p<0.01), and A1191 0.61 (p<0.05). Another IncRNA-disrupted line,
A1478, associated with schizonts, also had a significantly increased gametocyte conversion
rate of 0.63.
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Fig. 5.4 Fitness is marginally diminished in all IncRNA-disrupted mutants. (A) Growth curves
were completed in triplicate over 12 days. Cumulative parasitaemia was calculated by multiplying
measured parasitaemia by culture cuts and adding to the previous day’s parasitaemia. Mean cumulative
parasitaemia is presented in this figure with error bars representing standard deviation. (B) Competition
assays were completed against fluorescent 3D7P*NG_ The mean proportions of fluorescent parasites
are presented in this figure, with error bars representing standard deviation. The downward slope
indicates that the query line is outcompeting the fluorescent line. (C) Morphology was visualised by
observing blood smears under light microscopy with a 100X oil immersion lens.
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Fig. 5.5 Gametocyte conversion rate and the proportion of male gametocytes are increased in IncRNA-
disrupted mutants. Gametocytogenesis was induced in triplicate cultures, and microscopy was used to
enumerate the number of ring-stage parasites on Day 1, stage III gametocytes on Day 4 and stage 5
gametocytes (males and females) on Day 10 and 13. Conversion rate (Day 4 stage III gametocytes/Day
1 rings) (A) and sex ratio (number of males/the total of gametocytes) (B) were calculated. The coloured
lines represent the mean between triplicates. Two-tailed t-tests were completed between every line
and the control (3D7). Significant p-values are denoted with representative asterisks: *(0.01 to 0.05)
and **(0.001 to 0.01).

5.4.7 The proportion of male gametocytes is increased in all IncRNA-

disrupted mutants

As A0456 and A0364 were associated with male gametocytes in particular, I investigated the
ratios of the male and female sexes. I maintained the previous gametocyte assay, counted
male and female gametocytes on Day 10 and determined the ratio of males to all gametocytes.
On Day 10, a proportion of stage 4 gametocytes were still observed in IncRNA-disrupted
lines, likely due to their slower-growing phenotype. Therefore, I counted male and female
gametocytes on Day 13 and averaged the ratios between the days. The A0456 and A0364
demonstrated significantly (p<0.05) increased gametocyte sex ratios of 0.33 and 0.30, re-
spectively, compared to 3D7, suggesting an increased differentiation towards the male fate
(Figure 5.5B). However, this phenotype is not unique as the other four IncRNA-disrupted

lines demonstrated similar significant increases in gametocyte sex ratios.
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5.4.8 Drug resistance is increased in IncRNAs-disrupted mutants for

certain drugs

The final phenotype that I assessed was the susceptibility of parasites to antimalarial drugs be-
cause one mutant line, A2149, targeted a IncRNA associated with mutations in drug-resistant
lines (generated against MMV008434 and MM V020746). Drug assays were completed for
all six IncRNA-disrupted lines in triplicate against a panel of eight drugs that cover a broad
spectrum of mechanisms, including atovaquone, chloroquine, dihydroartemisinin, meflo-
quine, KDU691 and KAE609 and the drugs of interest: MM V008434 and MMV 020746.
Dose-response curves were generated for every replicate, and representative curves are
presented in Figure 5.6. The ICsq values for each biological replicate are presented in the
panel below each curve. The A2149 line had a significant (p<0.05) increase in ICsq for
MMV020746 but not for the other associated drug MMV008434. The A2149 line also
demonstrated a significant (p<0.01) increase in ICsq for atovaquone. In terms of the other
IncRNA-disrupted lines, all had significant increases in ICsg for atovaquone. A0364 and
A1191 had significant (p<0.05) increases in ICsq for mefloquine, and A1478 and A1191
had significant (p<0.05 and p<0.01, respectively) increases in ICsy for MMV020746. No

differences were seen in any of the lines for the remaining drugs.

5.4.9 Repression of IncRNA loci elicits changes in the transcriptome

To assess the impact of IncRNA repression on the transcriptome and further investigate
potential roles in the parasite, I analysed gene expression profiles for four mutant lines
(A2149, A1478, A0364, and A1191) in a timecourse encompassing all of the asexual stages of
the IDC. The remaining two lines were omitted (AO614 and A0456) due to time constraints
in sample prep. RNA was extracted and sequenced (Illumina short-read bulk RNA-Seq)
from synchronised, triplicate cultures at 8, 16, 24, 32, 40, 48 and 56 hours post-ring-stage
synchronisation. The RNAseq analysis was completed collectively on all the samples using a
design of condition + timepoint + condition:timepoint, where the condition is the parasite
line. 3D7 was included as the control condition. Significantly differentially expressed (DE)

genes across the IDC were determined for each mutant line (Figure 5.7).

The fitness defect of the IncRNA mutant lines was evident in the PCA plot of the samples
(Figure C.2 in Appendix C). Genes that were differentially expressed due to the shift in later
timepoints were noted as "shifted" in Figure 5.7 and often involved in erythrocyte egress or

invasion and cell division. All mutants exhibited differences in the expression of multigene
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Fig. 5.6 Drug resistance is increased in IncRNA-disrupted lines for certain drugs. Drug assays
were completed for three biological replicates against all eight drugs: atovaquone, chloroquine,
dihydroartemisinin, mefloquine, KDU691, KAE609, MM V008434 and MMV020746. A non-linear
regression model for log(inhibitor) and variable(slope) was used to generate a dose-response curve
from technical replicates and calculate ICsy values. The upper panel shows a representative dose-
response curve, and the lower panel presents all three ICs( values with a line representing the mean
ICsp. Two-tailed t-tests were completed for every line versus the control (3D7). Significant p-values
are denoted with representative asterisks: *(0.01 to 0.05) and **(0.001 to 0.01).



134 Characterising Plasmodium falciparum IncRNAs using CRISPR interference

families such as surface antigens (such as var, rif and stevor), and Maurer’s clefts two
transmembrane proteins (mc-2tm). While the MC-2TM genes were upregulated, the surface
antigen genes demonstrated nonspecific trends in expression. These genes are frequently
variable in P. falciparum RNA-Seq experiments; therefore, I will focus on the remaining
DE genes. A heatmap shows DE genes (FDR>0.01) (Figure 5.7), and an extended list
(FDR>0.05) can be found in Appendix C, Table C.4). GO term enrichment was completed on
differentially expressed genes to identify associated biological processes (Table C.5). Each
IncRNA mutant also exhibited specific changes in the transcriptome. Although, all IncRNA
mutants downregulated the expression of ptef (PF3D7_0202400), a translation elongation

factor.

A02149, the mutant selected based on drug resistance, upregulated 78 genes and
downregulated 8 genes. Among the upregulated genes, there was significant enrichment
(p<0.01) of GO terms relating to cell motility and invasion, particularly relating to
actin, cytoskeleton, and vesicular-based processes. These genes included amal, myoJ,
glideosome proteins (phill, pic2, pic3, pic4, pic5, gac and GAP45), inner membrane
complex proteins (imclg, imclc, imcIm and imclf), microneme (PF3D7_0316000)
and rhoptry (PF3D7_0414900) proteins. Also upregulated were merozoite surface
proteins such as msp3, msp5, msp6, msp9, rh4, rhS, ebal40, ebal65 and msal80.
Differential expression was not observed in the antisense gene, PF3D7_1420100, or
the gene which may share a bidirectional promoter, PF3D7_1420000 (Figure C.3).

A1478 upregulated 107 genes and downregulated 13 genes. A1478 upregulated nine
gametocyte-specific genes: mdvl, g27/25, p48/45, p230, pfg27, gep, pfl1-1, radial
spoke protein (PF3D7_1403000) and flagellar outer arm dynein-associated protein
(PF3D7_1020100). Furthermore, other genes associated with sexual stages were
also upregulated, including plasmepsin VI, ookinete protein p25 and two exported
proteins, epfl and gexp13. Two putative RNA-binding proteins (PF3D7_0414500 and
PF3D7_1438800) and the NOT2 subunit of the CCR4-NOT transcription complex
(PF3D7_1128600) were also upregulated. Although not statistically significant after
multiple testing corrections, there is a 2.3-fold increase in expression in sub2, the UTR
of which is antisense to PF3D7IncRNA_1478 (Figure C.3).

Unlike the three other mutants, which predominantly upregulated gene expression,
genes in A0364 were upregulated and downregulated in near-equal proportions (14 and
15 genes, respectively). A0364 upregulated genes encoding PHIST proteins (PHISTa,
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PHISTDb, and LyMP), although not the PHIST proteins associated with gametocytogen-
esis. Two RNA-binding proteins were downregulated, including a pre-mRNA splicing
factor ATP-dependent RNA helicase (PF3D7_1030100) and PF3D7_1028500, a pro-
tein of unknown function, which contains a CSTF RNA-binding domain. No change
was observed in the gene, PF3D7_0500900 or the gene that shares a bidirectional
promoter (PF3D7_0500800) (Figure C.3).

A1191 upregulated 32 genes and downregulated 9 genes. Like A1478, A1191 upregu-
lated gametocyte-specific and associated genes, including mdvi, g27/25, p48/45, pfg27,
radial spoke protein and plasmepsin VI. RNA-binding proteins were also upregulated,
including histone RNA hairpin-binding protein (PF3D7_0413500) and both putative
RNA-binding proteins upregulated in A1478: PF3D7_0414500 and PF3D7_1438800.
Other genes that were upregulated were enzymes such as adenylate cyclase alpha
(PF3D7_1404600), PPPDE peptidase (PF3D7_0919200), phosphoglucomutase-2 (PF-
3D7_0413500) and serine/threonine kinase (PF3D7_0214600). Differential expression
was not observed in the gene, PF3D7_1008700, the UTR of which is antisense to this
IncRNA (Figure C.3).

5.5 Discussion and future outlook

The thousands of IncRNAs in P. falciparum need to be experimentally validated and func-
tionally characterised to understand their role in the parasite. Large-scale disruption screens
are a practical approach to characterising thousands of targets, which have been successfully
applied to IncRNA characterisation in other organisms. In this chapter, I endeavoured to
provide proof-of-concept for the application disruption screens to the characterisation of
P. falciparum IncRNAs. 1 applied CRISPR-dCpf1Sir2a interference to a small set of P.
falciparum IncRNA targets enriched for potential biological significance and observable phe-
notypes. I then functionally characterised six IncRNA-disrupted mutants using phenotypic

assays and expression profiling.

5.5.1 A proof-of-concept for utilising CRISPR interference in P. falci-

parum IncRNA screens

I successfully generated IncRNA-disrupted lines with CRISPR-dCpf1Sir2a and provided an

approach that serves as a model for future experiments. One limitation of the approach is
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Fig. 5.7 Genes differentially expressed between IncRNA mutant lines across the intraerythrocytic
development cycle. Differentially expressed genes are displayed in both WT (3D7) and IncRNA
mutant lines: (A) A2149, (B) A1478, (C) A0364, and (D) A1191. Cells are ordered by timepoint (8,
16, 24, 32, 40, 48 and 56 hours) and show biological triplicates. All genes shown are significantly
differentially expressed with an FDR<0.01 (an extended list of all DE genes FDR < 0.05 is in
Appendix C) and a log2FC superior of 0.50. Z-scores represent gene expression levels, and labels
have been included (left-side) denoting upregulated and downregulated genes and shifted (delayed)
gene expression. pseudo: pseudogene.
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that not all IncRNAs were targetable, even with the advantages of using dCpf1Sir2a, which
uses an AT-rich PAM site. 20% of the initial 55 targets were eliminated because sufficiently
specific gRNAs could not be designed. One reason for this is that some of these IncRNAs
resided near the UTRs of gene families or rRNAs. These IncRNAs may not targetable, at
least not specifically. I also generated two recrudesced lines that were potentially IncRNA-
disrupted mutants, but I could not generate effective qPCR primers for the targeted IncRNAs.
Therefore, in future, I would design qPCR primers during the target selection process to avoid
encountering this issue after the lines are generated. To salvage these lines, RNA sequencing

could be used to assess if IncRNA expression is repressed.

The generation of gRNAs, without the need for donors, streamlined the design and molecular
cloning required to generate disruption plasmids. One way that the methodology could
further simplify the approach and support scalability is with multiplexing. Cpf1 gRNAs can
be multiplexed into a CRISPR array (Zetsche et al., 2017), which would reduce molecular
cloning and plasmid propagation considerably in experiments where multiple gRNAs are
required for each target. Moreover, multiplexed disruption plasmids would ensure that every
cell uptakes all the gRNAs.

Recrudesced parasites were obtained from CRISPR-dCpf1Sir2a transfections, with 32% of
targets recovered in a single transfection attempt. Considering the nature of transfection
in P. falciparum in terms of transfection efficiency, this is reasonably robust. The set
of transfections should be retried to determine how many additional IncRNA-disrupted
mutants can be obtained. Furthermore, transfections with different gRNAs combinations
or single gRNAs could circumvent any toxicity that a single gRNA causes. Due to the
partial knockdown that the gene interference approach provides, it is less likely, compared
to knockout approaches, that the disruption of essential IncRNAs would lead to parasite
death. However, with certain levels of reaching a 90% reduction in expression, it is possible
that parasites cannot survive with that level of diminished expression of essential IncRNAs.
Modulating the level of CRISPR-dCpf1Sir2a interference would be an ideal solution, such
as integrating a conditional regulatory element, although these tools have not yet been
engineered. Of the 30 targeted IncRNAs that did not recrudesce, five were predicted putatively
essential (in Chapter 3). Contrastingly, two IncRNAs predicted as putatively essential,
PF3D7IncRNA_0364 and PF3D7IncRNA_2353, were able to be disrupted.

The expression of IncRNA targets was disrupted by CRISPR-dCpf1Sir2a, although the

level of reduction varied considerably, and the expression levels were only determined
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for bulk mixed-stage cultures. The level of reduction in target gene expression ranged
from 90% to none at all, including one outlier (AO055) with a 2-fold increase in IncRNA
expression. Excluding this outlier, the average level of IncRNA repression was 45%. This
level of repression is comparable to the 40-60% repression observed in the GFP repression
experiments previously undertaken by our lab. This repression level is also similar to the
inducible CRISPR-dCas9Sir2a system developed by Liang et al. in P. falciparum, which for
most genes ranged from 1.5-3-fold (Liang et al., 2022). For some targets, there was variability
in the level of interference by CRISPR-dCpf1Sir2a. Ideally, the level of interference should
be consistent to minimise variation in subsequent phenotypic assays. As gRNAs are expressed
on different plasmids, which are pooled, the variability may be caused by differences in
plasmid uptake. As it has not yet be published for its application in P. falciparum, it is
important that the efficacy of the CRISPR-dCpf1Sir2a system is confirmed and further

quantified in stage-specific, clonal cultures.

In the Liang et al. study, CRISPR interference varied significantly depending on gRNA
design (Liang et al., 2022). As discussed above, multiplexing could be used to control this
and ensure all parasites receive all target gRNAs. Moreover, further work may be required to
optimise gRNA design, such as to enable the knockdown of PF3D7IncRNA_0055. gRNA
optimisation studies could determine the optimal number of gRNAs for efficient IncRNA
disruption in P. falciparum and elucidate the impact of targeting the opposing versus the
same strand as IncRNA transcription and upstream or downstream of the transcriptional start

site.

Furthermore, the specificity of the CRISPR-dCpf1Sir2a system requires additional investiga-
tion as I was unable to obtain the controls necessary to evaluate the impact of the enzyme
on the parasite. I attempted to obtain controls that could be used to determine any toxicity
caused by the CRISPR-dCpf1Sir2a vector, such as off-target effects or impact on parasite
fitness or other phenotypes. I could not obtain a control line with a non-targeting gRNA, and
the gene-targeting control that I did generate did not express dCpf1Sir2a. These controls
are imperative for understanding the specificity of this gene interference approach and the
general applicability of CRISPR-dCpf1Sir2a in P. falciparum. As sir2a is a general histone
deacetylase, there is the possibility that if the fusion enzyme is diffused in the nucleus, other
sites in the genome could become deacetylated non-specifically. Validation of the specific
action of the dCpf1Sir2a enzyme on its target binding sites should be investigated as has
been necessary for the development of similar tools such as dCas9Sir2a (Xiao et al., 2019).

For example, a whole-genome analysis of dCpf1Sir2a binding specificity could be completed
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by using ChIP-Seq on dCpf1 via its HA tag, to assess any off-target binding sites. Also, the
generation of a conditional dCpf1Sir2a system would allow the effects of repression to be
triggered. A conditional line expressing dCpf1Sir2a with a non-targeting gRNA could be

used to examine any effects of dCpfl expression on growth and other phenotypes.

To further investigate the variability in interference, the relative expression of a target gene
should be evaluated over short and long time frames. If the variation occurs across the
stages of the IDC, using synchronised cultures over mixed cultures may be better. I selected
lines for phenotyping based on the level of interference observed in initial recrudesced
parasites. However, as substantial variability in repression as observed between replicates in
later experiments, the other six lines should be revisited as cultures may exhibit increased
target interference that would facilitate phenotyping. Furthermore, cloning could enable the
isolation of clones that have increased levels of repression, such as those that have taken up
all four gRNAs.

To enrich my dataset for IncRNAs with a higher likelihood of having observable phenotypes, I
selected IncRNAs with features that had the potential to be linked with biological significance.
This approach to target prioritisation was successful, as differences in predicted phenotypes
were observed in IncRNAs-disrupted lines. When designing experiments with a more
extensive set of targets, careful consideration will be needed to determine appropriate

phenotypic assays that will capture the phenotypes of IncRNA-disrupted lines.

5.5.2 Characterising IncRNAs in P. falciparum

From the proof-of-concept screen, six IncRNA-disrupted mutants were further characterised
to identify the potential functionality and biological significance of their target IncRNAs.
Mutants exhibited phenotypes that related to their selection features and predicted roles. For
example, PF3D7IncRNA_2149 contained a 7 bp deletion (TATATTC —T) in lab-generated
parasite lines with drug resistance to two drugs with similar structures, MMV020746 and
MMVO008434. The A2149 mutant line, with 50-60% knockdown of PF3D7IncRNA_2149 ex-
pression, demonstrated a significant change in drug sensitivity for one of the aforementioned
drugs (MMV020746), along with a growth defect greater than the other IncRNA-disrupted
lines. Three mutants targeting IncRNAs linked with gametocyte-stage specificity and a
schizont-associated mutant (A1478) had significantly increased gametocyte conversion rates
and gametocyte sex ratios. These phenotypes were further supported by expression profiling,

which showed an upregulation of gametocyte-specific genes in A1478 and A1191. However,
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it is not clear whether this reflects an increased number of gametocytes in the culture due to
the increased conversion rate or if the IncRNAs are upregulating gametocyte-specific genes
directly. Overall, the observed phenotypes contribute evidence to the association of these
IncRNAs with their potential roles; however, these phenotypes need to be confirmed, in
particular given the variability in experimental gametocyte induction, and the functionalities
of the IncRNAs need to be elucidated.

Moreover, some phenotypes do not reflect the predicted roles for the IncRNAs. For example,
PF3D7IncRNA_0456, which is associated with male gametocytes, may act as a transcriptional
switch as it shares a promoter with a gene associated with an opposing phenotype, female
gametocytogenesis. However, when this IncRNA was disrupted, an increased ratio of male to
female gametocytes was observed. In contrast, if it acted as a switch, then when disrupted,
an increase in female gametocytes would have been expected. Due to potential inaccuracies
in counting stage V male and female gametocytes, exflagellation assays should also be

completed in future for IncRNA-disrupted lines.

LncRNA disruption, even with a diverse set of phenotypic assays, is insufficient for elucidat-
ing IncRNA function. Other strategies should be employed to study these IncRNAs, such
as alternative CRISPR-based disruption methods or overexpression. PF3D7IncRNA_0614
is an intergenic IncRNA, so CRISPR-based whole-IncRNA knockout could also be used to
disrupt the IncRNA. Targets in more complex contexts, such as PF3D7IncRNA_2149, an
antisense-to-gene IncRNA, would require careful altering of the transcriptional start site to
obtain a knockout, as removal of the entire IncRNA would disrupt the antisense gene. Also,
the deletion found in PF3D7IncRNA_2149 in the drug-resistance studies could be recapitu-
lated using CRISPR gene editing and further provide evidence of the impact of this mutation
on drug resistance. Episomal IncRNA overexpression has been used previously to study
IncRNA function in P. falciparum and can provide an opportunity to observe an opposite
phenotype (Amit-Avraham et al., 2015). Another strategy that is helpful for elucidating
IncRNA function is determining the interacting partners of the IncRNA. ChIRP-Seq can
identify DNA binding sites, RNA antisense purification can identify binding RNAs, and RNA
immunoprecipitation pulldown protein binding partners. For example, PF3D7IncRNA_2149
may be involved in drug resistance to MMV020746 and the mechanism of action of this drug
1s not known. The characterisation of the interactions of PF3D7IncRNA_2149 and its role in

the parasite may aid in elucidating the mechanism of action of MMV 020746.
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Additionally, there were potentially smaller numbers of significantly differentially expressed
genes than might be expected in mutants with observable altered phenotypes (ranging from
29 to 120 genes). This may be because the RNA-Seq analysis was collective across all
time points. The RNA-Seq dataset should be further analysed by completing individual
timepoint-comparisons to capture any timepoint-specific differentially expressed genes that

were not deemed significant by the model generated across all timepoints.

In this study, I was able to capture IncRNA-associated phenotypes primarily because |
enriched the target set for IncRNAs containing features potentially related to biological
significance, which also had measurable phenotypes. For future large-scale experiments to be
effective and meaningful, further development of the approach to phenotyping is required. As
phenotypes may not be observable using traditional P. falciparum phenotypic assays, other
approaches to phenotyping should be used in parallel, such as capturing IncRNA interactions
such as ChIRP-Seq, LIGR-Seq and ChIRP-MS or localisation with RNA-FISH. The vector
or transfected line could be modified to facilitate these methods. For example, unique gRNA
barcodes have been incorporated into dCas9 experiments to enable pooling en masse and
quantitative CRISPR screening (McGlincy et al., 2021) although other studies have been able
to achieve the same end without barcoding by amplifying gRNA sequences directly (Wong
et al., 2022).

5.6 Additional methodology

See relevant General Methodology sections for molecular cloning, parasite handling, trans-

fection, and phenotyping.

5.6.1 Target selection

Targets were prioritised based on one of the following features: stage-specificity, genomic con-
text (intergenic IncRNAs), length, or association with drug resistance. The stage-specificity
targets were selected by Dr Juliana Cudini using her single-cell sequencing of blood-staged
parasites, which identified IncRNAs with a strong association with specific stages. The
genomic context and length targets were identified from the supplementary data of Chapter
3. To identify IncRNAs associated with drug resistance, Bedtools (v2.30.0) intersect (option

-wa) was used to intersect the IncRNA annotation with a list of SNPs and InDels identified in



5.6 Additional methodology 143

whole-genome sequencing of lab-generated drug-resistant strains (provided by the MalDA
consortium) (Quinlan and Hall, 2010).

5.6.2 Guide RNA and primer sequences

The gRNAs and qPCR primers used in this chapter are listed in Tables C.2 and C.3 in
Appendix C. The cyclophilin qPCR primers were designed by Dr Sophie Adjalley, and the
18S rRNA primers were obtained from (Usui et al., 2019). The p36 primer (GTTGTGTG-
GAATTGTGAGCGG) was used to amplify the U6 cassette and check for correct gRNA

insertion.

5.6.3 Plasmid map

The map of the plasmid used in this chapter is in Appendix C.

5.6.4 RNA timecourse preparation and sequencing

30mL cultures at 3-6% parasitaemia were synchronised to ring stages. Cultures were then
expanded and aliquoted at 0.75% into 21 flasks (3 x 7 timepoints). The 8hr timepoint flasks
received 10mL of culture, while all other flasks received SmL of culture. Flasks were gassed
and incubated at 37°C. Flasks were removed from the incubator, and RNA was extracted at 8,
16, 24, 32, 40, 48 and 56 hours post-synchronisation. Flow cytometry enumeration and blood
smears were completed for each sample. RNA was purified using both phenol-chloroform
and an RNA purification kit and treated with DNase. Isolated RNA was sent to Sanger DNA
Pipelines for library prep and sequencing. Stranded libraries with oligo-dT pulldown were
prepared. Samples were multiplexed (groups of 42), and sequencing was completed on
NovaSeq with 100 bp paired-end reads. Expression profiling was completed as described in
General Methodology. Gene ontology (GO) term enrichment was completed on PlasmoDB

using biological process ontology for genes associated (p<0.01).






Chapter 6

Conclusions and Outlook

How can a disease that has afflicted humans for millennia, has been studied by scientists for
over a century, and receives global investment and attention still evade eradication? Malaria is
an enigma in many ways, as the conventional toolkit for eradicating infectious diseases has not
been sufficient. Interventions have effectively controlled the parasite, significantly reducing
mortality and transmission. However, these interventions are threatened by the emergence and
spread of insecticide and antimalarial resistance, the limited efficacy and slow development
of vaccines, and the lack of access to health services in endemic areas. Recent years have
revealed unpredictable threats such as climate change, conflict and pandemics. New and
sustainable interventions are needed; their development will rely on our understanding of

parasite biology.

The underlying mechanisms of gene regulation in Plasmodium are poorly understood. While
specific regulatory molecules such as transcription factors and epigenetic modulators are
relatively well-studied, others are not. In this thesis, I highlight IncRNAs as potential
contributors to the regulation of the P. falciparum transcriptome. While many studies have
predicted an abundance of parasite-derived IncRNAs, only a few have been functionally
characterised, partially due to challenges with existing methodology. Through my chapters, 1
addressed this shortcoming and developed the tools necessary to enable the in vitro study
of IncRNAs in Plasmodium falciparum. To demonstrate the applicability of these tools, 1

disrupted and characterised a modest set of IncRNAs.
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6.1 Tool development and implementation

In Chapter 3, I generated an annotation to support experimental and bioinformatics ap-
proaches to studying P. falciparum IncRNAs. Several aspects of the annotation expanded
and improved upon existing annotations. Firstly, by revisiting annotation, I could incorporate
the updated UTR annotations and verify previous annotations and reported IncRNAs using
independent sequencing. Secondly, I improved the annotation quality and identified novel
IncRNAs using long-read sequencing and manual curation. This annotation is a resource for
researchers in the field and is now publicly available to browse or download on PlasmoDB
(Amos et al., 2021).

Additionally, I added two aspects that make the annotation more translatable to in vitro
experiments. LncRNAs were given an evidence-based ranking score generated from collated
supportive information. Rankings allow the annotation to be subsetted based on confidence.
I also employed a descriptive classification system that classifies IncRNAs by genomic
context using eight categories. Compared to simple intergenic and antisense classifiers,
these categories can inform applications, such as when selecting an appropriate approach
for IncRNA disruption. For example, in Chapter 5, I used the annotation to obtain IncRNA
sequences, and I used evidence rankings to prioritise targets and feature lists to select interest
groups. When considering contingencies for disruption approaches, I used the categorisation
system to create the intergenic interest group, which would be targetable by Cas9 knockout

approaches.

Although the annotation is an improvement, it is not definitive. Firstly, the annotation was
generated with sequencing from asexual blood stages, not the entire parasite life cycle.
Secondly, it is based on only two long-read RNA-Seq datasets. As long-read RNA-Seq
datasets are generated, they should be used or repurposed to curate the IncRNA annotation.
However, it is common for studies to report ncRNA reads as predicted IncRNAs without
generating or contributing to the annotation. For example, the recently published linked
PacBio and ONT RNA-Seq P. falciparum dataset from Shaw et al. would be valuable for
IncRNA annotation (Shaw et al., 2022). Manual curation offers a higher-quality approach to
annotation, although it is laborious and time-consuming. Future work should examine the
applicability of existing computational tools that were developed for IncRNA annotation and

analysis in other organisms to P. falciparum.
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In Chapter 4, 1 explored potential CRISPR-based tools for IncRNA perturbation. I en-
deavoured to apply Casl3 to P. falciparum, a tool that could facilitate RNA knockdown
into the parasite. I was unsuccessful in obtaining parasites that expressed Cas13; however,
P. falciparum is known to have low genetic tractability, and several studies have reported
toxicity when utilising Cas13. This toxicity is caused by non-specific RNAse activity causing
collateral damage. Considering the immense impact that Cas13 could provide, its application
to the parasite should be further investigated. Investigating the application of other Cas13

variants in P. falciparum, may be required to identify an enzyme that is tolerated.

The Cas9 and dCpf1 enzymes presented alternative approaches that harnessed existing tools.
CRISPR-Cas9 was used to generate a IncRNA knockout, but the system greatly restricted the
selection of targets. In Chapter 5, CRISPR-dCpf1 was used to facilitate gene interference of
IncRNAs, which had a lesser impact on target selection. The approach successfully repressed
the expression of IncRNAs in all, but one recrudesced IncRNA-disrupted line. The level of
interference varied considerably between biological replicates when using CRISPR-dCpf1,
suggesting that this tool should be optimised to achieve more consistent levels of interference

and that cloning may be required to isolate clones with high levels of interference.

To support the fitness phenotyping of IncRNA-disrupted parasites, I generated a strain-
matched fluorescent line in Chapter 4, which I used to quantify the parasite fitness in Chapter
5. I developed a vector that rapidly generates parasites expressing mNeonGreen from the
endogenous pfpare locus. I demonstrated that the line was comparable to existing fluorescent
lines. A limitation of the generated lines is that they have a minor fitness defect, which means
they can be outcompeted by the wild-type strain, and lines with little to no fitness defects.
However, when comparing different lines in parallel in competition assays, the generated

reporter lines are effective in quantifying parasite fitness.

6.2 Biological insights

Through the process of developing and implementing tools, I gained insights into the nature
of P. falciparum IncRNAs, which confirmed and expanded on previous studies. LncRNAs are
pervasive, with thousands existing throughout the genome in diverse genomic contexts. Their
sequences vary in size and GC content but are usually substantially more AT-rich than coding
sequences. LncRNAs rarely contain exons or known RNA motifs. They are predicted to

form secondary structures but are not likely to encode peptides. LncRNAs can exhibit highly
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stage-specific expression in P. falciparum blood stages. Few functional mechanisms have
been elucidated for P. falciparum IncRNAs, however, the elucidated mechanisms include
negatively regulating antisense loci through their transcription, interacting with histones and
forming DNA-RNA hybrids at specific loci (Sierra-Miranda et al., 2012; Filarsky et al., 2018;
Heinberg et al., 2022). LncRNAs have been associated with roles in sexual differentiation, var
gene switching and telomere maintenance. Amongst the several IncRNAs that I characterised,
I was able to suggest potential roles in drug resistance and gametocytogenesis, although these

IncRNAs and their mechanisms require further investigation.

A limitation to these insights is that they are restricted to only some parasite stages, as
annotations were generated from RNA sequencing of asexual blood-stage parasites. To
obtain a complete understanding of the role of IncRNAs in the parasite, IncRNAs must be
investigated across the whole parasite life cycle. There may be gametocyte-, liver-, and
mosquito-stage specific IncRNAs with essential biological functions, which are not captured

in asexual blood-stage RNA sequencing.

6.3 Outstanding questions

To what extent are IncRNAs regulating the P. falciparum transcriptome?

In malaria research, the theories and understanding around transcriptional regulation have
differed widely in the past two decades. From a "just-in-time model" supported by stage-
specific expression to a post-transcriptional regulation model supported by the dearth of
canonical transcription factors to the current understanding that transcriptional regulation
occurs in the parasite. It remains unclear, however, what contribution IncRNAs have in
transcriptional regulation. Beyond the well-studied examples, do the other thousands of

IncRNAs function as transcriptional regulators?

Since the early discoveries of IncRNAs in Plasmodium, their role in the parasite has been
questioned. Due to the pervasive nature of transcription in the parasite and the high occurrence
of bidirectional promoters, scientists argue that they could be a byproduct of transcription.
LncRNAs with established functionality (gdvi-asIncRNA, mdI-IncRNA and var-aslncRNAs)
and the IncRNA-disrupted lines with measurable phenotypes in this thesis suggest otherwise.
However, the presence of functional IncRNAs does not preclude the existence of IncRNAs

that are transcriptional noise, as the population could be functionally heterogeneous.
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How do the features of P. falciparum IncRNAs contribute to their function?

It was challenging to draw conclusions from features identified in the characterisation of
annotated IncRNAs. The relationship between features such as sequence, genome context,
structure and expression with IncRNA function and the conservation of that function remains
unclear in P. falciparum. Additional features not explored in this study, such as localisation
and interactions, also have undetermined associations with function. Relationships between
IncRNA features and function have been studied to some degree in other organisms, and these
associations are often co-opted to understand IncRNA features in P. falciparum. However,
these relationships are not universally applicable to all organisms and must be investigated

specifically in P. falciparum.

The study of these associations in P. falciparum will rely on further functional characteri-
sation studies. An analysis that could be undertaken more readily is to explore the level of
conservation of IncRNAs and their features between species and strains. If IncRNA loci are
well-conserved and maintained in the genome compared to truly intergenic sequences that are
not transcribed or act as genomic features, that would provide further evidence of biological
significance. Exploring the conservation of IncRNAs in field isolates would also be valuable.
Deletions at the gdvI locus (including in IncRNAs) were captured in the sequencing of West
African P. falciparum isolates, demonstrating that local selection and differentiation occur at
this locus (Duffy et al., 2018). Conceivably, variation and selection could be occurring at

other IncRNA loci and may aid in identifying IncRNAs of biological significance.

What functional mechanisms do IncRNAs exhibit in P. falciparum?

LncRNAs are biologically complex because they can interact with many different types of
molecules and subsequently regulate gene expression through various mechanisms. The
high level of diversity in IncRNA mechanisms identified in mammalian systems may or
may not be observed in P. falciparum IncRNAs. This will become more apparent as more
specific IncRNAs are functionally characterised in the parasite. This thesis supplies the
research field with an annotation and perturbation approach that will support these studies;
however, complementary tools will be required to facilitate large-scale screens and elucidate
the precise mechanisms of specific IncRNAs. Multidisciplinary approaches that integrate
perturbation screening with expression profiling and other approaches such as interactions
profiling (ChIRP-Seq, LIGR-Seq and ChIRP-MS), localisation visualisation (RNA-FISH)

and ribosomal profiling will enable meaningful high-throughput functional characterisation.



150 Conclusions and Outlook

The systematic functional characterisation of P. falciparum IncRNAs is necessary, but it will
require extensive resources and time, like the characterisation of genes, which is still ongoing

as 35% of genes lack putative function (Oberstaller et al., 2021).

To what extent do P. falciparum IncRNAs contribute to pathogenesis and disease?

Beyond functional characterisation, it will be crucial to understand how Plasmodium IncR-
NAs contribute to pathogenesis in malaria. This understanding could inspire and enable
the development of novel therapeutic and vaccine candidates that target IncRNAs or their
pathways. Furthermore, IncRNAs can be targeted in several ways, including with siRNAs
(in organisms with RNA1), CRISPR-Cas9, antisense oligonucleotides and small molecule
compounds. LncRNA-derived interventions are being developed for several cancers and
have begun clinical trials. For example, Andes-1537, an antisense oligonucleotide against
antisense non-coding mitochondrial RNA, is currently in a clinical trial for multiple solid
tumours (Chen et al., 2021). With current interventions under threat, targeting regulatory
molecules like IncRNAs may provide innovative approaches to combating the ongoing

malaria epidemic.
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A.1 Supplemental data

The extended annotation table, which includes the annotation and features for each IncRNA
can be accessed (Hoshizaki et al., 2022a) under Additional File 3.

Table A.1 Alignment of 5’ and 3’ homologous regions of the pfpare locus in

P. falciparum strain sequences

Table A.1 Long-read RNA sequencing information

Dataset N50 read length (bp) Longest read (bp) Total sequence (Mb)

Pf nanopore 1 1306 10245 375.7
Pf nanopore 2* 2008 12804 277.7

*(Lee et al., 2021).

A.2 Data accessibility

The data underlying this article are available at ArrayExpress (long-read RNA sequencing, E-
MTAB-11766) and European Nucleotide Archive (short-read RNA sequencing, ERP104547).
The annotation is available on PlasmoDB as a dataset that can be viewed on the genome
browser or downloaded as a gff file.
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3D7  ATGAAGAGCCAGGGTG GGAAGAC ACAGGTT GTAGTCGATTAGATG 90
HB3  ATGAAGAGCCAGG CACAGG!T GATTAGAT 90
7G8  ATGAAGAGCCAGGE CCACAGGTT CGATTAGAT 90

GB4 ATGAAGAGC GGGTGGAGGGAAGATATCGAGGAAGAGCTCCACAGGTTCGAGCAGTAGTCGATTAGATGGGAATCCCAAATTGGATTCT 90
CD01 ATGAAGAGCCAGGGTGGAGGGAAGATATCGAGGAAGAGCTCCACAGGTTCGAGCAGTAGTCGATTAGATGGGAATCCCAAATTGGATTCT 90
GAO1 ATGAAGAGCCAGGGTGGAGGGAAGATATCGAGGAAGAGCTCCACAGGTTCGAC GTAGTCGATTAGATGGGAATCCCAAATTGGATTCT 90
IT ATGAAGAGCC, GTGGAGGGA, 5GAAGAGCTCCACAGGTTCGAGCAGTAGTCGATTAGATGGGARTCCCARATTGGATTCT 90
Dd2 ATGAAGAGCCAGGGTGGAGGGAAGATATCGAGGAAGAGCTCCACAGGTTCGAGCAGTAGTCGATTAGATGGGARTCCCARATTGGATTCT 90
etk ko ko ok ko ok okt ko ek ko ko ok okt ks ko ko ok ko o ok ko ko ko
3D7  TTTCATAATAAGGATGGGTTATCTTTAAAARCTTATGCATGGACGGTTAAAAATCCAGTAGGTGTTATAATAGCATGTCATGGTATGART 180
HB3 TTTCATAATAAGGATGGGTTATCTTTAAAAACTTATGCATGGACGGTTARARATCCAGTAGGTGT TATARTAGCATGTCATGGTATGAAT 180
TGS TTTCATAATAAGGATGGGTTATCTITAAAAACTTATGCATGGACGG T TARAAATCCAGTAGGTGT TATAATAG (e SGTATGAAT 180
GB4  TITCATAATAAGGATGGGT TATCTTTAARAACTTATGCATGGACGGY. TCCAGTAGGTGIIATAAT
CDO1 TTTCATAATAAGGATGGGTTATCTTTAARAACTTATGCATGGACGGTT. TCCAGTAGGTGTTATAATAGCAT! TGGTATGAAT 180
GAO1 TTTCATAATAAGGATGGGTTATCTTTAAAAACTTATGCATGGACGGTT. TCCAGTAGGTGTTATAATAGCATGTCATGGTATGAAT 180
IT TTTCATAATAAGGATGGGTTATCTTTAAAAACTTATGCATGGACGGTTARARAATCCAGTAGGTGTTATAATAC TGTCATGGTATGAAT 180
Dd2 TTTCATAATAAGGATGGGTTATCTTTAAAAACTTATGCATGGACGGTTAAAAATCCAGTAGGTGTTATAATAGCATGTCATGGTATGAAT 180

etk Kk kK Rk K K K ok ko kK K kR R ko ok kK K ok kR kKK

3D7 TCTCATGTACGTTTAGAATATTTAAGACATAATGTC i TAGTAAATAATAATAA AATATTAAMAGATGGT 255
HB3 TCTCATGTACGTTTAGAATATTTAAGACATAATGTCGAGGTAGTAAATAATARTARGGCAATATTAAARGATGGT 255
7G8  TCTCATGTACGTTTAGAATATTTAAGACATAATGTCGAGGTAGTARATAATARTAAGGCAATATTAAARGATGGT 255
GBA  TCTCATGTACGTTTAGAATATTTAAGACATAATGTCGAGGTAGTAAATAATAATAAGGCAATATTAAAAGATGGT 255
TATTTAAGACATAAT 5 3 TAATAATAAGGCAATATY. G 255

TAATAATAAGGCAATATY. G 255

> GTTTAGAATATTTAAGACATAATGTCGAGGTAGTARATARTAATARGGCAATAT TARAAGE 255

Dd2 TCTCATGTACGTTTAGAATATTTAAGACATAATGTCGAGGTAGTAAATAATAATAAGGCAATATTAAAAGATGGT 255

B

3D7 TATGATATCTATAGATGAGTTAGCAACGAAACCATCATATAAATATTTCTATATTCCATTAGCTAAATTCTTAGGAAGCTTTTTTCCARG 725
HB3  TATGATATCTATAGATGAGITAGCAACGAAACCATCATATAARATAT T TCTATATTCCATTAGCTAAATTCTTAGGAA CTTT T I TCCAAG 725
7G8  TATGATATCTATAGATGAGITAGCAACGAAACCATCATATAAATATLT TATTCCATTAGCTAAAT GGAAICTTTIITCCAAG 725
GB4  TATGA G, >C.

CDO01 TATGATATCTATAGATGAGTTAGCAACGARA
GAO1 TATGATATCTATAGATGAGTTAGCAACGAAACCATCATATAAATATTTCTATATTCCATTAGCTAAATTCTTAGGAAGCTTTTTTCCAAG 725
IiT TATGATATCTATAGATGAGTTAGCAACGAAACCATCATATAAATATTTCTATATTCCATTAGCAAAATTCTTAGGAAGCTTTTTTCCAAG /25
Dd2 TATGATATCTATAGATGAGTTAGCAACGAAACCATCATATAAATATTTCTATATTCCATTAGCAAAATTCTTAGGAT TTTTTTCCAAG 125

ko kK o ko ko ok o ok ko ko ok ko o ko ko ok kR ek ok ok ok

3D7  TTTACGTCTTACTCCTGGTTTACGTTTTAATATGTTTCCACATATGAATGATATTATGGAATTTGATAAATTCARATTTARAARACATGT &1

HB3 TTTAC! 15
7G8  TTTACH 18
GB4  I'ITAC 1

CDO1 TTTACG 15
GAO1l TTTACGTCTTACTCCTGGTTTACGTTTTAATATGTTTCCACATATGAATGATATTATAGAATTTGATAAATTCAAATTTAAAAAACATGT 815
IT TTTACGTCTTACTCCTGGTTTACGTTTTAATATGTTTCCACATATGAATGATATTAT! TTTGATAAATTCAAATTTAAAAAACATGT 815
Dd2 TTTACGTCTTACTCCTGGTTTACGTTTTAATATGTTTCCACATATGAATGATATTATAGAATTTGATAAATTCAAATTTAAAAAACATGT 815

B T T
3D7 AACATGTAGATTAGGTTATGAGTTATTAAATGCTATAAATAACCTAAATAATGATATGGATTACATTCCTGAAAATACACCTATACTTTT 905
HB3 AACATGTAGATTAGGTTATGAGTTATTAAATGCTATAAATAACCTAAATAATGATATGGATTACATTCCTGAAAATACACCTATACTTTT 905
7G8  AACATGTAGATTAGGTTATGAGTTATTAAATGCTATARATAACCTAARTAATGATATGGATTACATTCCTGARAATACACCTATACTTTT 905
GB4  AACATGTAGATTAGGTTATGAGTTATTAAATGCTATAAATAACCTAAATAATGATATGGATTACATTCCTGAAAATACACCTATACTTTT 905
CDO1 AAC TATGAGTTATTARATGC ACACCTATACTTTT 905
GAO1 AACATGTAGATTAGGTTATGAGLTATTAAATCCTATAAATAACCTAAATAATCATATGGATTACAT ICCTCGAAAATACACCTATACTTLT 905
IT  AACATGTAGATT GGTTATGAGITATTAAATGCTATARATAACCTAAATAATCATATGGAT TACAT ABAATACACCTATACTTTT
Dd2 AACATGTAGATT GGTTATGAGTTATTAAATGCTATAAATAACCTAAATAATGATATGGATTACATTCCTGAAAATACACCTATACTTTT

Kok kR kAR kR KRRk kR kR kKR KRRk kR ok kR kR kR KRR ok ok kR kR KRR Rk Rk Rk Rk
3D7 TGCTCACTCAAAAAAAGATAGTGTATGCTTTTATGGAGGTACATTAAAATTTTACAAC CTTAAGTGTCTT. TTATATAC 995
HB3 TGCTCACTCAAAAAAAGATAGTGTATGCTTTTATGGAGGTACATTAAAATTTT. C CTTAAGTGTCTT. TTATATAC 995
7G8 TGCTCACTCARAAARAGATAGTGTAT! TTTATGGAGGTACATTAAAATTTT. C CTTAAGTGTCTT. sSAATTATATAC 995
GB4  TGCTCACTCARAAAAAGATAGTGTATGCTTTTATGGAGGTACATTAAAATTTTACAARCARACTTAAGTGTCTTAARRAAGAATTATATAC 995
CDO1 TGCTCACTCARAAAAAGATAGTGTATGCTTTTATGGAGGTACATTAAAATTTTACARCARACTTAAGTGTCTTAARRAAGAATTATATAC 995
GAO1 TGCTCACTCAARRAARAGATAGTGTATGCTTTTATGGAGGTACATTAAAATTTTACAACAAACT TAAGTGTCTTARARAAGAATTATATAC 995
1T TGCICACTCAAAAAAAGATAGIGIATGCTTTTATGGAGGTACAT IAAAAT T T TACAACAARACT TAAGTGICTTAAAARAGAAT TATATAC 995

Dd2 TG CTCAAAAAAAGATAGTGTATGCT T TATCCAGGTACAT TAAAAT T TACAACAAACT TAAGTGTCTL, SAATTATATAC 995
Kk k ok kAR R AR A Ak kA kR Ak kR KRR Ak kA A A Ak kA AR R AR A Ak kA kA A Ak k kR AR AR AR AR Ak kA Ak

3D7 CTTAGATGACATGGACCACCTTCTACCTATGGAACCTGGAAATGAAAGAGTTCTAAAAAAAATTATCACATGGCTAGCTGTCCATA C 1085

HB3 CTTAGATGACATGGACCACCTTCTACCTATGGAACCTGGAAATGAAAG TAGCTGTCCATACCCC 1085

1G8 1085
GB4 1085
CDO1 1085
GAO1 CTTAGATGACATGGACCACCTTCTACCTATGGARCCTGGAAATGAAAGAATTCTARARRARATTATCACATGGCTAGCTGTC > 1085
IT  CTTAGATGACATGGACCACCTTCTACCTATGGAACCTGGAAATGAAAGAGTTCTAAAARARATTATCACAT 1085
DA2  CTTAGATGACATGGACCACCTTCTACCTATGGAACCTGGAAATGARAGAGTTCTARAARRAATTATCACA 1085

ek ok ok ok k kA k ok ko kA k Ak ko Ak kAR Ak k kA ko kA Ak k ok kA k ok ok
3D7 CAAACAAGAACGAACAA 1101
HB3 CAAACAAGAAGAACAA 1101
7G8 CAAACAAGAAGAACAA 1101
GB4 CAAACAAGAAGAACAA 1101
CD01 CAAACAAGAAGAACAA 1101
GAO1l CAAACAAGAMGARCAA 1101
TT  CAAACAAGAAGARCAA 1101
D2  CAAACARGAAGAACAA 1101

ek ok ok ko ko

Fig. B.1 Alignment of 5" and 3’ homologous regions of the pfpare locus in P. falciparum strain
sequences. The DNA sequences of the 5’ (A) and 3’ (B) pfpare homologous regions used in pDC2-
coCas9-pare-BSD-mNeonGreen were obtained for P. falciparum 3D7, HB3, 7G8, GB4, CD01, GAO1,
IT and Dd2 strains from PlasmoDB (Amos et al., 2021). Clustal Omega was used to create a multiple
sequence alignment (Goujon et al., 2010; Sievers et al., 2011). Single nucleotide polymorphisms are
highlighted with yellow boxes.
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(550) Bbsl Bbsl (572)

XhoI (1609)

pDC-cam-co.Cas9-U6.2-hDHFR
11,585 bp

(6004) Avril

Fig. B.2 Map of CRISPR-Cas9 plasmid. Created in SnapGene (SnapGene, 2022).
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pSP-g Bbsl (554)
BbsI (581)

PspCas13b Direct Repeat)

Xhol (1568)

pDC-cam-PspCas13-U6psp-hDHFR
10,585 bp

AvrII (5024)

Fig. B.3 Map of CRISPR-PspCas13b plasmid. Created in SnapGene (SnapGene, 2022).
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XholI (870)

pDC2-cam-LoxP-Cas13-BSD-attP

9317 bp

AvrII (4326)

Fig. B.4 Map of conditional CRISPR-PspCas13b plasmid. Created in SnapGene (SnapGene, 2022).
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(11) BamHI Bbsl (554)
BbsI (581)
BamHI (705)

pDC2-cam-LoxP-Cas13-U6psp-BSD-attP
10,011 bp

BamHI (4176)
(5020) AvrII

Fig. B.5 Map of conditional CRISPR-PspCas13b with U6 cassette plasmid. Created in SnapGene
(SnapGene, 2022).
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Bbsl (582)
BbsI (604)

Xhol (1555)

pDC2-cam-RfxCas13d-U6rfx
10,232 bp

CAM Promoter

AvrII (4672)

Fig. B.6 Map of CRISPR-RfxCas13d plasmid. Created in SnapGene (SnapGene, 2022).
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Table B.1 Guide RNAs for Chapter 4

Enzyme Target

Number

Sequence (5'-3)

gy

Casl3

CCCCGGTGAACAGCTCCTCGCCCTTGCTCA
TGTGGCCGTTTACGTCGCCGTCCAGCTCGA
TTGCCGTAGGTGGCATCGCCCTCGCCCTCG
GTAGCGGCTGAAGCACTGCACGCCGTAGGT
GTGCGCTCCTGGACGTAGCCTTCGGGCATG
GGTTCACCAGGGTGTCGCCCTCGAACTTCA
TGTTCTGCTGGTAGTGGTCGGCGAGCTGCA
TCCCGGCGGCGGTCACGAACTCCAGCAGGA

pfpare

TATTCCCATTTTCTTTCGTCACATTTCAAA

TAAGGATGGGTTATCTTTAAAAACTTATGC
CATAATGTCGAGGTAGTAAATAATAATAAG
TTGAGGAGTTTAATAAAAATGGATATTCAT
TTAAGAACCCATATAAGACAATTTGATGAT
AAATCAAAAGATAATAATAATAAATTAAAT

non-targeting (NT)

GTAATGCCTGGCTTGTCGACGCATAGTCTG

PF3D7IncRNA_0019

AAAGAAAAAAATATGTGATA
GTGGTAAATATATATTGTAT
TTTATTTCCTCCTTTTTCTT

PF3D7IncRNA_0337
Cas9

GGTACTTACAGCGATTGAGA
AGATGCATCGATGTGGTGAA
TATACTGATTATGATAAACC
ATAGGTAATCAAATTGGTGT

PF3D7IncRNA_0567

CATAAGAATATATGTGAAGT
TTATGCAATGCTTATCAATA
ATGCTTATCAATATGGTTGT
TATGGTTGTGGGTTTGTAGA
ATGGAATTTCTTCTTTTGTT

pfpare

=R N =R W =W == R W =000 R W N =

GGACAGTCAGAAGGATGGAA

Different overhangs were added to the forward and reverse gRNA sequences depending on the plasmid: 5'-CACC-forward and
5'-CAAC-reverse for PspCas13b, 5'-AAAC and 5'-AAAA for RfxCas13d, and 5'-TATT and 5'-AAAC for Cas9.
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Table B.2 Primers for Chapter 4

Name Target Sequence

p35 Cas9 U6 (f) AAGCACCGACTCGGTGCCAC

p36 Other U6 cassettes (f) GTTGTGTGGAATTGTGAGCGG

p37 CAM promoter (f) TTTTAAACTAGAAAAGGAATAAC

p38 3’Hsp86 (r) TATTGGGGTGATGATAAAATG

p261 5’PcDT (f) CATTTGCTAGTAACAATTGTGTAGTGC

p282 3’hrp2 (f) AACATATGTTAAATATTTATTTCTC

p283 pDC2 backbone (f) AGGGTTATTGTCTCATGAGCGG

po75 5’PcDT (r) CACGAGAAAAAGGGGATGCC

pl1786 PspCas13b (f) GTAGCGCCGGATCACTTTCT

pl1787 PspCas13b (f) GTACAGAAATGGATGAGGCT

pl1788 PspCas13b (r) GCTGATCTGCCTGTTCCTGG

pl1797 PspCas13b for Gibson (f) GTACATAAATATATTATATAACTCGAGACTCGAGTTACCCCCTTC
pl1798 PspCas13b for Gibson (r) GTATGCTATACGAAGTTATCCTAGGATGAACATCCCCGCTCTG
p1799 SDM of bbsl in BSD (f) CATCCCCATCTCTGAGGACTACAGCGTCGCC

p1800 SDM of bbsI in BSD (1) GGCGACGCTGTAGTCCTCAGAGATGGGGATG

p1998 5’HR PF3D7IncRNA_0337 (f) CGAAAAGTGCCACCTGACGTCACATATATATGTGTATGACCTAAAAG
p1999 5’HR PF3D7IncRNA_0337 (r) GAGGTACCGAGCTCGAATTCAGATACGAAGAAGGATAATAAC
p2000 3’HR PF3D7IncRNA_0337 (f) GCGAATTAGCTAAGCATGCGGGCCCAGCATATCAAATATCATATACC
p2001 3’HR PF3D7IncRNA_0337 (r) ATATGGGAATTTCCTTATAGGGCCCTCTATATTCATCATGTTTTG
p2012 5’HR PF3D7IncRNA_0567 (f) CGAAAAGTGCCACCTGACGTCAGTATGCTATAAAAAAAATGA
p2013 5’HR PF3D7IncRNA_0567 (r) GAGGTACCGAGCTCGAATTCTGAAAGCTATTTTTTCTACA

p2014 3’HR PF3D7IncRNA_0567 (f) GCGAATTAGCTAAGCATGCGGGCCCTCATAAAACTATTACAAATGATTTATAAG
p2015 3’HR PF3D7IncRNA_0567 (r) ATATGGGAATTTCCTTATAGGGCCCCATAATTTTTTCTACAATTTTTAATAAG
p2022 5’HR PF3D7IncRNA_0019 (f) CGAAAAGTGCCACCTGACGTCTGTAAAGATTCATTTATTTCC

p2023 5"HR PF3D7IncRNA_0019 (r) GAGGTACCGAGCTCGAATTCCTATATAATAAATGTTATACTCAATAATC
p2024 3’HR PF3D7IncRNA_0019 (f) GCGAATTAGCTAAGCATGCGGGCCCAGGTAAATTTCAACATCTGA
p2025 3’HR PF3D7IncRNA_0019 (r) ATATGGGAATTTCCTTATAGGGCCCACTGTCTACGAATAACCTAAAG
p2066 RfxCas13d for Gibson (f) ACCTAATAGAAATATATCACCTAGGATGGC

p2067 RfxCas13d for Gibson (r) CTCTTGGGTCCAGAACTTCCA

p2068 RfxCas13d (f) GTATACACTTATGATGAGTTTAAA

p2069 RfxCas13d (f) ATTTCGTAATATACAGATACTATATAG

p2070 RfxCas13d (f) CGAATTAAAAGCATTAGCAG

p2071 RfxCas13d (f) TTAGTAGTGTAACAAAATTATGTG

p2072 Uérfx for Gibson (f) CATATTAAGTATATAATATTGAAACACCGAA

p2073 Uo6rfx for Gibson (r) ATCAAATAGCATGCCTGCAG

p2074 5’HR PF3D7IncRNA_0337 (ex,f) TCACATTGAATTGTAAATTATTA

p2075 3’HR PF3D7IncRNA_0337 (ex,r) AAATATTTTAAGCCTGACTTTTTTAATCATTCTTC

p2076 5’HR PF3D7IncRNA_0567 (ex,f) =~ ATAATGTAGTAGAAAATTACATATATT

p2077 3’HR PF3D7IncRNA_0567 (ex,r) GAAAAGTAATAGAAAATTTTCTTATACTTTTGGATGC

p2078 5’HR PF3D7IncRNA_0019 (ex,f) = TAAATGTAATAATATAATATACATATTACATA

p2079 3’HR PF3D7IncRNA_0019 (ex,r) TCCTTCTCAAAAATAAATAAACTGATATAAAAATGTATA

p2115 BSD cassette (f) ATAGTTGCCATTGGTAACGA

p2116 NeonGreen (f) GGAACTTAACTTAAAATCAA

p2117 NeonGreen (f) TGCCGATTGGTGCAGGTCAA

p2118 3’HR pfpare (1) AGTAAGACGTAAACTTGGAA

p2170 LncRNA3 knockout (f) TTATATTTGTAGAAAAAATAGC

p2171 LncRNA3 knockout (r) ATCATTTGTAATAGTTTTATGA

p2172 Upstream IncRNA3 (ex,f) ATAATGTAGTAGAAAATTACATATATTTT

p2173 Downstream IncRNA3 (ex,r) GTAATAGAAAATTTTCTTATACTTTTGGATGC

p2174 5"UTR pfpare (ex,f) TGCACTTGTTTTACATTTTTATATT

p2175 3’UTR pfpare (ex,r) TGTAACATCACTAATTAATTTATTAA

p2176 NeonGreen (f) AGAACCGAAAATATGAAGCT

f: forward; r:reverse; ex: external; HR: homology region.
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B.2 Full author list and contributions

B.2.1 CRISPR-Casl13 development and Cas9-mediated IncRNA knock-

out work

Authors: Johanna Hoshizaki (JH), Sophie Adjalley (SA) and Marcus Lee (ML). JH, SA and
ML conceived and designed the experiments. SA generated the PspCas13b plasmid. JH
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B.2.2 mNeonGreen fluorescent lines

Authors: Johanna Hoshizaki (JH), Hannah Jagoe (HJ) and Marcus Lee (ML). JH and
ML conceived and designed the experiments. HJ generated the pfpare-targeting CRISPR-
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integration. JH performed the experiments and analysis. ML supervised the work. JH wrote

the manuscript.
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U6 terminator

pDC2-cam-LbCpf1-Sir2a-U6Ib-hDHFR
12,285 bp

3xHA tag

Fig. C.1 Map of CRISPR-dLbCpf1Sir2a plasmid. Created in SnapGene (SnapGene, 2022).
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Fig. C.3 Genes antisense to IncRNAs or sharing their bidirectional promoter are not differentially
expressed in IncRNA-disrupted mutants. Each row shows the antisense gene and gene sharing a
bidirectional promoter for the targeted IncRNA in a IncRNA-disrupted mutant. Normalised expression
counts are shown for all queried lines. The log2FC, p-values and FDR values are shown for the mutant
line of interest versus 3D7, calculated during differential expression analysis.
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Table C.1 Discarded IncRNA targets due to the lack of specific gRNAs

Interest group LncRNA Phenotype
Association with PF3D7IncRNA_0624 BI-2536, Suloctidil & MMV007181
drug resistance PF3D7IncRNA_0778 (multiple mutations) BI-2536
Asexual blood-stage specific  PF3D7IncRNA_0261 Late schizonts
Gametocyte-stage specific ~ PF3D7IncRNA_1872 Males
Long-length PF3D7IncRNA_1523 6417 bp

PF3D7IncRNA_0064 Intergenic
PF3D7IncRNA_0270 Intergenic
Intergenic PF3D7IncRNA_0624 Intergenic
PF3D7IncRNA_0632 Intergenic

PF3D7IncRNA_1143 Intergenic
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Table C.2 Guide RNAs used in Chapter 5

Target Number Sequence (5°-3’)
tacacaatatattttctagtatt
ttcatatataattacttgcgtaa
taattaaaatgggactataaaaa
tataaataaattacttcttgaca
tagatgtgttgaattatttattt
tcecttgttcatattctatattt
ttctatcttatattetttctttt
atttcatatattgtataccatgt
tattctatatataatattgtact
ttgtatgtaagaggagaataata
atgaaaaaataatatatattagg
tgtagtacacaaaaattcatatt
cagaataaataaaagatgaaaga
gttataatgttttcataaaaaaa
ttgectetttatgatattaaata
ctacattttgctgaaaggcattt
cccccaatatatagtaaatctaa
tgtatatatctttaatatgttat
tatgtatttaattttatttaatt
tgaataatattttgaagaaatag
tatatatattcttccacttgttg
tgtagtaatactcgattaaagat
taaatgtttactattatttacat
tgtaacaatattattacgcgtaa
tgttataatatataaagagatgc
gcatatcatcaatattaaaaata
tatatggaaatttcttttctctt
atcttaattatgtacatataaaa
taacattatttattttaatgtac
taaattggtaaaaaatatttcta
atatacccgtgaatataaatata
atatatcaagtaatatattcttg
acgtgtttattataatatatatt
tataaaaacaatatagcgatttt
tacatttaatatgtatagaaaat
aaaattaccgcaatttatatata
tgaacatattataattaataaaa
ataatctaaacatatgtaaatac
aacccaaagtctggtatgacaaa
tgtgtattataaatgtggattaa
ataacattcataaatacaaacct
agatatgtcataatgaataacat
tgcatattgaagttatataaagt
aaaaataagttcattaaatgtgt
gaaaaaaaaaacctttacaatat
caatattatagaaatatattttc
atatttaacataaaacttttgta
caagataaaattattatacaaaa
aaaaagtcaagaataaacatatt
aaatgaacaagcttgattggagc
ttatatttgattaatacatatgc
cgtgggtacatacacctcatata
aaaaagcgtttattcatttatat
gaaggtgtattggatatttatta
tcttaaaattacataagaatttt
aacctgaaattaaagcccatata
ttcaagttattttatatattata
aatattatctaataaatgtttat
tatcacatatatgtatatattat
acatttaaactgttgatatttta
atatccgtgtatattgtatgata
actatatgtttcactataattgt
aaaatataaaaatcataaaaata
ttacatcatatataaaattcaaa

PF3D7IncRNA_0270

PF3D7IncRNA_0322

PF3D7IncRNA_0652

PF3D7IncRNA_0706

PF3D7IncRNA_1059

PF3D7IncRNA_1633

PF3D7IncRNA_1901

PF3D7IncRNA_2081

PF3D7IncRNA_0329

PF3D7IncRNA_0355

PF3D7IncRNA_0594

PF3D7IncRNA_0710

PF3D7IncRNA_0750

PF3D7IncRNA_0942

PF3D7IncRNA_1168

PF3D7IncRNA_2112

AW =R LWNDERWND =R =RELWND R WNR =R WRND =R LWND =W =R WD =R LWND =R WNR =R WD =W =R WD =AW —
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Target

Number

Sequence (5°-3’)

PF3D7IncRNA_2247

tttgaaaatttgaacgaatgaat
tgtgtatacaataaaagaaatat
cctttcaaatgtaaatgaaaaaa
tacttgaattaaatttaaaataa

PF3D7IncRNA_2285

atgcatacatttaattaaaaatt
ttaaagaggatgtaaataaatta
agattaaagaaataattataact
tgtcttgtataaataatgaagat

PF3D7IncRNA_0123

atgtcgaaatatctttctgtica
ttattgttaccgtgtatgattct
tatattaataataatcaaagaca
tatcgcaataactctaaaataga

PF3D7IncRNA_0324

tatatagaatctaatttatacaa
tataacatatgaaattttaaagt
aatattgcatgtcaaaacattaa
tatatatgtatttaaaatttaat

PF3D7IncRNA_0441

aaaggaaagaaaaaaatcttaat
taattcattctagagttatattt
aaacaaaacatatatgaacatat
Ctcatatattttatatttgttat

PF3D7IncRNA_0536

aagatcatataaaaatatatatt
ttaatatcttgaccttttaaata
ttattatgcacttgtttgctttt
aatcttgttttcaaaaaaaagaa

PF3D7IncRNA_0765

taagcctagagcataaattccee
tttaatctaacagtttcatgatt
aacaaaaatacaacagtataaaa
aggcaattttaatatatatataa

PF3D7IncRNA_1081

tttgtgtggacacatatatataa
tgtttgttatcacgtccaaaatg
taacctcaaaattgttttcccat
ttatgtccttatcaatattattc

PF3D7IncRNA_1295

acaattaatttgtattatatatg
tatatataatatatgtggtacgc
gtataattaatctttatgtaaaa

PF3D7IncRNA_1422

ttttgaggtaatgaataatttca

aaaaaatatagtatggtcttatt
tctatatttacacaggtatggat
atatggacatatgataaaattat

PF3D7IncRNA_1429

ggagttcatgatatcaaagagtt
tgtcctcatgtgtatgatgaaag
aaataaataaatgactacatttt

PF3D7IncRNA_1639

attgaatataaaattttcttaca
taaaaaaaccttaggaacaatta
attataattttctgacatcttgg

PF3D7IncRNA_2266

W =W =W =R WN=WN=REWN =R WND=RWQND =R WD =R WD =R WD =R WD~ WD —

tgttctcaacttgtatatttaaa
taaattcattattagtatttatt
ctaaaatctgttaaaaattataa
agtggatgtagaagtaaataata

PF3D7IncRNA_0054

taatacacatgcaatgatataat
atgaccatataattaatataagt
aatgccagttgtcttatatatat
cgataatattataaaagataaaa

PF3D7IncRNA_0349

gaaaatataatatccaagtttce
tettttccttatcctattcattt
ttgaaataacaaataaattgttt
tttcctattttaatatttcatat

PF3D7IncRNA_0486

tcatatccaaataaaaatattag
aatattctaataaaaaagtgaat
ttattaaatataaatgaaataat
tgattacattataaaaatatata

PF3D7IncRNA_0752

AW =R WD =R WD =R WD =R~

tctatattcctaatataatataa
tacttttggttattecttatgtt
ctatataataaatattattatat
ataaactgtgtggatatatttat



202

Additional information for Chapter 5

Target

Number

Sequence (5°-3)

PF3D7IncRNA_0940

tgaataaattataaattcatata
tcttttattttatataataatat
ttttatataattattaactcgta

PF3D7IncRNA_1090

tctatagattaataatattcgtt
ttttaaaaaattaaatataaaca
aataacaggtgtattttattata
atacgaaaatatatagtaacata

PF3D7IncRNA_1150

ttattcaatgtgtatacatataa
cttaaatataataattatatata
ttatcatatttattattaaaata
aaagaatttaatgccttttaaaa

PF3D7IncRNA_1216

tttaaatgtacttatcaactttt
tttataaatatatacacgtggta
tttcaagaattattattagaagt
tatatgtttaattattatatatt

PF3D7IncRNA_1556

ttttatcttattcattttctttt
cctttccttatcaggtaaattac
atttgcgtagatatatatatttt
taataatgaatactgacttcatt

PF3D7IncRNA_2172

ttatatattagtgactaatatat
atattccttatatatatgtaaac
tttaaaggaagaaaagcgattaa
tgagatatgtgagaataaggtac

PF3D7IncRNA_1093

atatgtataatatttcaaaataa
gatactttataataccatactaa
taataatatattatttcatcata
tattcttttcttttaataaacat

PF3D7IncRNA_1824

tccacctaggcatataaatcaat
taatattcaaatatatacattat
catatgggaaaaaattaaaatat
tattttatttattcttcaccctt

PF3D7IncRNA_1936

tcattttaattaattaatctctt
taaaaccgagttaaaagtgatta
tatgcaaattattcatacaataa
taaaacaatttattttattattc

PF3D7IncRNA_1960

ctgaatcacctattaattctact
attatatcttcatcctctgtttt
tataaattatcaacaatagatgt
atttcattttgtcatcactatta

PF3D7IncRNA_2277

tataaataattttgattaactct
gttcctattattatatattattc
gaaggatagctatgaaataataa
aagaaaccgttatgaagaaaagg

Non-Targeting

ggccgtgaaaatgaagacttact
acatgatgcgaatgaaagagagt
aattacagaaattgtcagtgcct

ttgctaaaggcaaaggtaaagca

MFR3

W =W~V R WND =RV~ REWRWND RN =R LW ~REWRNR R WD =R WD =R WD =W —

4

ttgtatatcaaactatagtatga
attacatataataacatttcggt
aaatataggaatgaaacaattaa
aatggttgtgtatcaaaaatgaa

An 5'-AGAT overhang was added to the forward sequences, and a 5'-AAAA overhang was added to the reverse sequence.
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Table C.3 qPCR Primers used in Chapter 5
Target Primers (Forward and Reverse) Efficiency (%)
By GCTGACTACGTCCCTGCCC
188 rRNA ACAATTCATCATCATATCTTTCAATCGGTA 103
Cvelonhilin AAACGGGAGATCCTTCAGGT 31
yelop AAGGACATGGGACAGTGGTT

mfr3

GCTCAAGGGCTCTTTGTATCT
TGAAGAAGGAAGGGAAATCATGT

97

LncRNA_0736

AGGAAGGTATAATACATGTTCCGTT
GGGACACATGACTACGACAAA

101

LncRNA_1690

GATTCTTTGAGTAAACGCAGTGAG
CTAACCTTAGCTGGCTCTGAAG

90

LncRNA_2149

AACTGTCCATCTTTATCATCCGT
ATGACGAGACTCAATGTACCATAC

91

LncRNA_0055

TGTATGCATGGGTGTGTGTAA
GAAAGGGAGAAATAACTTATCGTTGTAG

104

LncRNA_0364

GCCCATCATTCCAAATCCAAA
GCGATAACAGTTCAGGATGAAAG

101

LncRNA_0456

AAGTTTGTGTCCATTGAAGATTCC
TGGGTGTTTATGTTTACATGTGC

106

LncRNA_0787

GGAGATGCCACAGGTTTATG
CACATGTGCATACATACATACATAC

103

LncRNA_1259

TCGCGTGTCCTTACCATTTATC
CCTAGCCATGCGCCTTAAA

102

LncRNA_2353

GTTGTAGGCAGCGTTATT
ACATGCCGTACTATAACAAA

117

LncRNA_614

AAACATTACAAGCTAAAAGTTTTCCT
ACAATTTATTACAGCTCAGGACAA

93

LncRNA_1478

TGTCCTCATGTGTATGATGAAAGA
ACTCTTTGATATCATGAACTCCAA

95

CATTACAAGCTAAAAGTTTTCCTT

LncRNA_1191 ACAATTTATTACAGCTCAGGACA 104

ACofl 1 CCTTCACCGGCTTCTTTGATA 108
Pl CGGGTCAGATTCTCGTTGATAC

4Cpf_2 TGCTGGACAAGAAGGAGAAG %

GTGCACCACCTGAGAGATATAG

Primer efficiencies were between 90-110. *Primer obtained from Usui et al. (2019).
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Table C.4 Extended list of differentially expressed genes in IncRNA-disrupted mutants

2149 1478 346 1191

FDR<0.01 0.01<FDR<0.05 FDR<0.01 0.01<FDR<0.05 FDR<0.01 0.01<FDR<0.05 FDR<0.01 0.01<FDR<0.05

PF3D7_0202400 PF3D7_0109000 PF3D7_0109000 PF3D7_0102500 PF3D7_0532400 PF3D7_0202400 PF3D7_0222100 PF3D7_0110000
PF3D7_0209500 PF3D7_0113400 PF3D7_0114000 PF3D7_0110000 PF3D7_0532600 PF3D7_0207600 PF3D7_0221900 PF3D7_0114100
PF3D7_0413400 PF3D7_0204000 PF3D7_0202400 PF3D7_0113800 PF3D7_0533100 PF3D7_0207700 PF3D7_0311700 PF3D7_0202400
PF3D7_0421500 PF3D7_0206900 PF3D7_0209000 PF3D7_0204000 PF3D7_0601500 PF3D7_0412600 PF3D7_0413400 PF3D7_0209500
PF3D7_0423800 PF3D7_0210600 PF3D7_0209500 PF3D7_0206900 PF3D7_0601700 PF3D7_0532500 PF3D7_0413500 PF3D7_0412400
PF3D7_0424100 PF3D7_0212600 PF3D7_0214600 PF3D7_0210600 PF3D7_0617500 PF3D7_0533000 PF3D7_0414500 PF3D7_0412600
PF3D7_0532400 PF3D7_0214600 PF3D7_0311700 PF3D7_0212600 PF3D7_0601200 PF3D7_1035200 PF3D7_0425600 PF3D7_0421500
PF3D7_0532800 PF3D7_0221500 PF3D7_0314700 PF3D7_0213500 PF3D7_0601600 PF3D7_1133300 PF3D7_0532400 PF3D7_0532600

PF3D7_0533000 PF3D7_0308300 PF3D7_0413400 PF3D7_0316000 PF3D7_0617400 PF3D7_0532800 PF3D7_1029100
PF3D7_0533100 PF3D7_0316000 PF3D7_0422900 PF3D7_0323400 PF3D7_0809100 PF3D7_0533000 PF3D7_1031300
PF3D7_0601200 PF3D7_0323400 PF3D7_0532400 PF3D7_0402300 PF3D7_0936900 PF3D7_0533100 PF3D7_1040200
PF3D7_0601400 PF3D7_0404000 PF3D7_0533100 PF3D7_0413500 PF3D7_1030100 PF3D7_0711900 PF3D7_1200500
PF3D7_0822900 PF3D7_0412400 PF3D7_0600100 PF3D7_0414500 PF3D7_1228600 PF3D7_1118900 PF3D7_1231200
PF3D7_0919200 PF3D7_0414500 PF3D7_0601200 PF3D7_0414800 PF3D7_1240700 PF3D7_1200600 PF3D7_1304700
PF3D7_1007300 PF3D7_0414800 PF3D7_0617500 PF3D7_0414900 PF3D7_1301200 PF3D7_1216500 PF3D7_1319800
PF3D7_1035300 PF3D7_0414900 PF3D7_0700600 PF3D7_0415800 PF3D7_1457500 PF3D7_1240700 PF3D7_1372500
PF3D7_1133400 PF3D7_0415800 PF3D7_0700700 PF3D7_0424100 PF3D7_1028500 PF3D7_1240900 PF3D7_1438800
PF3D7_1200600 PF3D7_0422900 PF3D7_0700800 PF3D7_0515600 PF3D7_1200600 PF3D7_1301200 PF3D7_1471800
PF3D7_1231200 PF3D7_0423600 PF3D7_0713100 PF3D7_0525800 PF3D7_1240400 PF3D7_1302100 PF3D7_1476500
PF3D7_1243700 PF3D7_0424200 PF3D7_0822900 PF3D7_0532600 PF3D7_1240900 PF3D7_1335200

PF3D7_1335200 PF3D7_0424300 PF3D7_0828800 PF3D7_0532800 PF3D7_1372500 PF3D7_1346700

PF3D7_1351700 PF3D7_0519000 PF3D7_0911100 PF3D7_0533000 PF3D7_1404600

PF3D7_0525800 PF3D7_0919200 PF3D7_0600900
PF3D7_0532600 PF3D7_0919300 PF3D7_0613900
PF3D7_0613900 PF3D7_1007300 PF3D7_0615100
PF3D7_0618000 PF3D7_1035300 PF3D7_0720400
PF3D7_0713100 PF3D7_1128600 PF3D7_0724900
PF3D7_0725400 PF3D7_1133400 PF3D7_0725400
PF3D7_0805200 PF3D7_1149500 PF3D7_0805200
PF3D7_0805300 PF3D7_1216500 PF3D7_0805300
PF3D7_0808200 PF3D7_1231200 PF3D7_0808200
PF3D7_0814700 PF3D7_1302100 PF3D7_0816800
PF3D7_0818100 PF3D7_1335200 PF3D7_0818100
PF3D7_0828800 PF3D7_1346700 PF3D7_0831300
PF3D7_0911100 PF3D7_1351700 PF3D7_0904200
PF3D7_0919300 PF3D7_1476500 PF3D7_0913900

PF3D7_0936900 PF3D7_0914100
PF3D7_1003600 PF3D7_0928100
PF3D7_1014100 PF3D7_0936900
PF3D7_1020100 PF3D7_1003600
PF3D7_1028900 PF3D7_1020100
PF3D7_1029100 PF3D7_1026400
PF3D7_1035400 PF3D7_1026600
PF3D7_1035500 PF3D7_1028900
PF3D7_1036500 PF3D7_1031000
PF3D7_1104900 PF3D7_1035400
PF3D7_1125700 PF3D7_1036500
PF3D7_1222700 PF3D7_1038400
PF3D7_1229800 PF3D7_1104900
PF3D7_1231300 PF3D7_1125700
PF3D7_1232500 PF3D7_1146800
PF3D7_1247700 PF3D7_1200600
PF3D7_1251200 PF3D7_1205100
PF3D7_1301600 PF3D7_1206500
PF3D7_1310700 PF3D7_1226100
PF3D7_1312500 PF3D7_1229800
PF3D7_1342500 PF3D7_1231300
PF3D7_1361800 PF3D7_1232500
PF3D7_1372500 PF3D7_1243700
PF3D7_1401900 PF3D7_1247700
PF3D7_1404600 PF3D7_1301600
PF3D7_1423300 PF3D7_1310700
PF3D7_1455300 PF3D7_1312500
PF3D7_1468400 PF3D7_1319800

PF3D7_1327300
PF3D7_1342500
PF3D7_1369300
PF3D7_1400100
PF3D7_1401900
PF3D7_1403000
PF3D7_1404600
PF3D7_1408800
PF3D7_1411000
PF3D7_1416700
PF3D7_1417700
PF3D7_1426500
PF3D7_1430800
PF3D7_1431100
PF3D7_1438800
PF3D7_1454900
PF3D7_1455300
PF3D7_1466500
PF3D7_1468400
PF3D7_1473400




205

C.1 Supplemental data

sisauagoyjed 9)9[0sqO

ss2001d onayuksorq JINVO

ssao01d [eo130[01q

Isoy pim

UOTJORIAUI UT PIAJoAUl ssaooxd [eorSoforiq
3soy ojut surajoxd 1o sopndad jo uoneso[suen
1SOY OJUI SA[NOJ[OW JO UOTJEIO[SUBI)
SWISTUBSIO U99M]q UOTIORI)

-ur sa1oads1ur ur paajoaur ssado1d [esr3ojorq

SO WIOJJ JIXd

1199 13S0 WOIJ JIXd

IS0y fpIm

UOT)ORISIUL UT PaA[oAul ssaooxd [eorSojoriq
SUWISIURSIO U99M]9q UOIIORIA)

-ur saroadsiayur ur paajoaur ssadoid [eorSojorq
uonoeId)

-UI O1OIqUIAS UI paAjoAul ssadoid [eorSoorq
$59001d WIAISAS aunuIwr

§59001d WIQISAS aunuIwr Jo uorengal
uorsaype [ed130[01q

asuodsar aunwiwil Jo uonengar

ssa001d [eo130[01q

150Y 0} JUOIQUIAS JO UOISAYpL

urajoxd yuorquiks £q

PAIBIPAU “QINJR[NOSEAOIOTUI 0} dOUAIYPLOILD
uononpoid urpnqojSounuuruur

asuodsax

QUNWIWI JO JOJRIPAW Je[nodjout jo uononpoid
uorsaype [[od

JOIOW UT POAJOAUT UOTRZIUESIO SUWIOSOUWOIYD
Supoyjen [e19[ays0IAd [OISIA

Isoy yim

UONORINUI Ul PIAJOAUT ssao0id [edo13o(o1q
juowre[y unoe Suoe Jodsue) J[OISIA
JIodsuer) paseq-juswe[y uroe

SWISIUBSIO U2IM]IOq UOTIOBII)

-UT $9109dSIOIUT UT PAAJOAUT $s001d [eo130[01q
uonoeIo)

-ur o1joIquIAS Ul paA[oAul ssaooid [edr3ojoiq
uononpoidax

ss9001d aAnponpoidox

Ao 1120

sisauagoyjed 9)9[0sqo

uorsaype [[2d

UoISaYpe [[99-][90

11od

-suel) Je[n[[ooeNUI Juopuadop-uo)o[asoILd
ss2001d [eo130101q

QueIqUIAW OJuT uonIasur urjod

j10d

-sueI) Je[njeoenul juapuadop-uo)a[ays0Iko
uoneziuesio 1oqy Iemnodjoureidns
JUSWAAOW PASLQ-JUWE[Y UNJR

UOT)BZI[BI0] J[IISAA

UOIBZI[BIO] J[JISIA JO JUSWYSI[RISd
Suryoyjer [e19[s0ILd A[OISIA

Juawe[y unoe Juofe odsuen 9[oIsaA
J1odsuen paseq-JudWL[Y unoe

UOTIBZIUBSIO UOJR[YSOIAD UnoR

§s9001d paseq-JudWL[Y UnNoOE

UOISAYPpE [[29

UOISAYpe [[29-[[3

uonezIuesIo JUSWe[Y unoe

Annour 122

Isoy s

UOTIOBIIUT UT PAAJoAUT ssaooid TesrSororq
SWISTURSIO UAIMIAQ UOTIORID)

-ur saroadsIoyut ur paAjoAur ssado1d [esr3o[orq
uonorId)

-Uur oNoIqUIAS Ul PAA[oAUL ssa001d [ed13ofo1q

uonoeIo) UOTSAYPE [[99-[[0 350y ojur Anud ssaoo1d [eor3ojorq
-Ul ONOIqUIAS Ul PAA[OAUT ssa001d [ed1Sofo1q sisauagoyyed 9)910sqo JUSUWIUOIIAUS JSOY UT JUSWAOW JUSWIUOIIAUR }SOY UI JUSWAOW
1611V IweEOV SLYIV 6vITV

syueInw paydnISIP-YNYOU[ Ul $oua3 passaidxa A[[enuaIsfIp Jo sisA[eue wis) OO §°0) d[qeL



206 Additional information for Chapter 5

C.2 Full author list and contributions

Authors: Johanna Hoshizaki (JH), Sophie Adjalley (SA), Adam Reid (AR) and Marcus Lee
(ML). JH, AR, SA and ML conceived and designed the experiments. JH performed the

experiments and analysis. ML supervised the work.
Juliana Cudini and Mara Lawniczak analysed single-cell RNA-Seq to identify stage-enriched

IncRNAs that were used in target selection.

C.3 Acknowledgements

I thank Emma Carpenter and Megan Pierce for their assistance in setting up the drug assays.



Appendix D

Publications and Preprints

First-author works

Hoshizaki, J., Adjalley, S., Thathy, V., Judge, K., Berriman, M., Reid, AJ., & Lee, MCS. A manually
curated annotation characterises genomic features of P. falciparum IncRNAs. BMC Genomics. 23,
780 (2022).

Hoshizaki, J., Jagoe, H., & Lee, MCS. Efficient generation of mNeonGreen Plasmodium falciparum
reporter lines enables quantitative fitness analysis. Frontiers in Cellular and Infection Microbiology.
12, 981432 (2022).

Hoshizaki, J., & Lee, MCS. Scientists on a RAMPAGE to find apicomplexan transcription start sites.
Nature Reviews Microbiology 19, 483 (2021).

Other works

Smith, C., Henrici, R., Karpiyevich, M., Ansbro, MR., Hoshizaki, J., van der Heden van Noort,
G., Ascher, D., Sutherland, C., Lee, MCS., & Artavanis-Tsakonas, K. Drug resistance-associated
mutations in Plasmodium UBP-1 disrupt ubiquitin hydrolysis. bioRxiv 2022.09.15.508122

Kiimpornsin, K., Kochakarn, T., Yeo, T., Luth, MR., Pearson, RD., Hoshizaki, J., Schindler, KA.,
Mok, S., Park, H., Uhlemann, A-C., Cubel, SM., Franco, V., Gomez-Lorenzo, MG., Gamo, FJ.,
Winzeler, EA., Fidock, D., Chookajorn, T., & Lee, MCS. Generation of a mutator parasite to drive
resistome discovery in Plasmodium falciparum. bioRxiv 2022.08.23.504974



	Table of contents
	List of figures
	List of tables
	Abbreviations
	1 Introduction
	1.1 Malaria
	1.1.1 Life-threatening infection
	1.1.2 Historical perspective
	1.1.3 Current global burden and challenges

	1.2 Plasmodium parasites: the cause of malaria
	1.2.1 Plasmodium species responsible for human disease
	1.2.2 Life cycle of the Plasmodium falciparum parasite
	1.2.3 The P. falciparum genome

	1.3 Gene regulation in P. falciparum
	1.3.1 The P. falciparum transcriptome
	1.3.2 Transcriptional and epigenetic regulation
	1.3.3 Translational regulation

	1.4 Long noncoding RNAs
	1.4.1 Characteristics
	1.4.2 Mechanisms of action
	1.4.3 Conservation
	1.4.4 Tools for studying lncRNAs

	1.5 LncRNAs in P. falciparum
	1.5.1 P. falciparum-derived lncRNAs
	1.5.2 Characteristics specific to P. falciparum lncRNAs
	1.5.3 LncRNA-mediated gene regulation in P. falciparum
	1.5.4 Biological processes involving P. falciparum lncRNAs

	1.6 Gene perturbation in P. falciparum
	1.6.1 Early gene editing approaches
	1.6.2 CRISPR-based gene editing
	1.6.3 Challenges with CRISPR-Cas9
	1.6.4 CRISPR-mediated gene interference and activation
	1.6.5 Other approaches to perturbation

	1.7 Summary of the thesis aims and chapters

	2 General Methodology
	2.1 Parasite lines
	2.2 Parasite handling
	2.2.1 Cell culture
	2.2.2 Enumeration
	2.2.3 Synchronisation
	2.2.4 Parasite storage
	2.2.5 Parasite cloning
	2.2.6 Transfection

	2.3 Molecular cloning
	2.3.1 Plasmid propagation and storage
	2.3.2 Polymerase chain reaction
	2.3.3 PCR purification
	2.3.4 Ligation
	2.3.5 Sequence verification

	2.4 Genotyping
	2.4.1 Genomic DNA extraction

	2.5 Phenotyping
	2.5.1 Expression
	2.5.2 Fitness
	2.5.3 Gametocytogenesis
	2.5.4 Drug sensitivity
	2.5.5 Fluorescence


	3 Generating a manually-curated lncRNA annotation in Plasmodium falciparum
	3.1 Overview
	3.2 Introduction
	3.2.1 Current P. falciparum lncRNA annotations
	3.2.2 Challenges in annotating lncRNAs in P. falciparum

	3.3 Objective and Aims
	3.4 Results
	3.4.1 The generation of a manually curated lncRNA annotation
	3.4.2 The P. falciparum transcriptome contains over two thousand lncRNAs
	3.4.3 LncRNAs are produced from distinct genomic contexts
	3.4.4 LncRNA loci are ubiquitous in the P. falciparum genome
	3.4.5 LncRNA subtypes are associated with specific gene ontology terms
	3.4.6 Some lncRNAs contain structural RNA sequences
	3.4.7 Several lncRNAs may code for small proteins
	3.4.8 LncRNAs secondary structures can be predicted
	3.4.9 A subset of lncRNAs may be essential
	3.4.10 The level of conservation of P. falciparum lncRNAs remains unclear
	3.4.11 Two novel lncRNAs associated with var genes
	3.4.12 Most lncRNA-TAREs were not detected in this dataset

	3.5 Discussion and future outlook
	3.6 Additional methodology
	3.6.1 Long-read RNA-Seq
	3.6.2 Short-read RNA-Seq
	3.6.3 Data collection, curation and visualisation
	3.6.4 Sequence, structure and coding potential analyses
	3.6.5 Conservation analysis
	3.6.6 P. knowlesi sequencing


	4 Developing molecular tools to study Plasmodium falciparum lncRNAs in vitro
	4.1 Overview
	4.2 Introduction
	4.2.1 Challenges with developing molecular tools in P. falciparum
	4.2.2 Current approaches for targeting P. falciparum lncRNAs in vitro
	4.2.3 Developing tools for phenotyping lncRNA-disrupted mutants

	4.3 Objective and Aims
	4.4 Results
	4.4.1 Evaluation of CRISPR approaches for targeting P. falciparum lncRNAs
	4.4.2 CRISPR-Cas: a single-vector plasmid system
	4.4.3 RNA knockdown in P. falciparum using CRISPR-Cas13
	4.4.4 Knockout of lncRNAs using Cas9
	4.4.5 Interference of lncRNAs using dCpf1Sir2a
	4.4.6 Rapid generation of mNeonGreen P. falciparum reporter lines
	4.4.7 Dd2pareNG fluorescence is comparable to existing GFP lines
	4.4.8 Dd2pareNG fluorescence varies between asexual blood stages
	4.4.9 Dd2pareNG demonstrates robust fitness

	4.5 Discussion and future outlook
	4.5.1 Development of CRISPR-Cas13 RNA knockdown tools
	4.5.2 Disruption of lncRNAs in vitro using existing tools
	4.5.3 Rapid generation of fluorescent parasite lines

	4.6 Additional methodology
	4.6.1 Guide RNA and primer sequences
	4.6.2 Plasmid maps
	4.6.3 Site-directed mutagenesis
	4.6.4 pfpare sequence alignment and expression


	5 Characterising Plasmodium falciparum lncRNAs using CRISPR interference
	5.1 Overview
	5.2 Introduction
	5.2.1 CRISPR-based reverse genetic screens for mammalian lncRNAs
	5.2.2 Considerations in lncRNA-targeting reverse genetic screens
	5.2.3 Reverse genetic screens in P. falciparum

	5.3 Objective and Aims
	5.4 Results
	5.4.1 Selection of P. falciparum lncRNA targets
	5.4.2 Disruption of targets with CRISPR-dCpf1Sir2a
	5.4.3 CRISPR-dCpf1Sir2a interferes with the transcription of P. falciparum lncRNAs
	5.4.4 Selection of six lncRNA-disrupted mutants for further characterisation
	5.4.5 Fitness is diminished in all lncRNA-disrupted mutants
	5.4.6 Gametocyte conversion rate is increased in mutants with disrupted lncRNAs associated with gametocytes
	5.4.7 The proportion of male gametocytes is increased in all lncRNA-disrupted mutants
	5.4.8 Drug resistance is increased in lncRNAs-disrupted mutants for certain drugs
	5.4.9 Repression of lncRNA loci elicits changes in the transcriptome

	5.5 Discussion and future outlook
	5.5.1 A proof-of-concept for utilising CRISPR interference in P. falciparum lncRNA screens
	5.5.2 Characterising lncRNAs in P. falciparum

	5.6 Additional methodology
	5.6.1 Target selection
	5.6.2 Guide RNA and primer sequences
	5.6.3 Plasmid map
	5.6.4 RNA timecourse preparation and sequencing


	6 Conclusions and Outlook
	6.1 Tool development and implementation
	6.2 Biological insights
	6.3 Outstanding questions

	References
	Appendix A Additional information for Chapter 3
	A.1 Supplemental data
	A.2 Data accessibility
	A.3 Full author list and contributions
	A.4 Acknowledgements

	Appendix B Additional information for Chapter 4
	B.1 Supplemental data
	B.2 Full author list and contributions
	B.2.1 CRISPR-Cas13 development and Cas9-mediated lncRNA knockout work
	B.2.2 mNeonGreen fluorescent lines


	Appendix C Additional information for Chapter 5
	C.1 Supplemental data
	C.2 Full author list and contributions
	C.3 Acknowledgements

	Appendix D Publications and Preprints



