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Abstract

The construction and function of flagella in eukaryotes is often vital to feeding, survival and
reproduction. The last 15 years has seen a realisation that some eukaryotes, which contain the
majority of eukaryotic biodiversity, possess flagella that play a function as sensory antennae. There
are ongoing attempts to elucidate these sensory mechanisms, which allow cells to perceive and
respond to external stimuli. This is also important in a medical context, as many cells throughout the
human body build cilia as a motile or sensory apparatus, which if defective, can result in genetic
syndromes known as ciliopathies. Ciliopathies have been shown to predispose individuals to chronic
health conditions, including cancer, obesity and diabetes.

The predatory amoeba Naegleria gruberi is capable of a transformation, in which the cell
differentiates into a motile flagellate cell. This occurs via assembly of two flagella and a microtubule-
based cytoskeleton de novo, in response to environmental cues such as nutriment deficit. With the
advent of whole genome sequencing, the genome of N. gruberi has been decoded, revealing an
intriguingly large repertoire of metabolic pathway and sensory signaling proteins. RNA microarray
studies have revealed that a large number of these proteins are developmentally regulated
throughout the differentiation process, which suggests that the flagellate form of Naegleria is likely
well equipped for perception of environmental conditions. This stands to reason, as the primary role
of the temporary flagellate form is to find a new habitable environment before the cell expires, in
order to resume amoebic growth and proliferation.

Throughout the MSc a bioinformatic analysis of various serpentine receptor proteins was carried
out, utilizing previously published microarray data, to categorise these proteins by expression levels
and expression patterns during the differentiation process. | also studied the effects of different
environmental triggers upon differentiation and encystment of N. gruberi, with the intent to
elucidate how vastly different environmental conditions would influence the ameboflagellate
differentiation sensory response. Finally, the purification of recombinant proteins of interest was
carried out, with the aim to later localise these proteins via immunolocalization and biochemical
fractionation, to assess the sensory capability of the flagellum of N. gruberi both during and after
differentiation.
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Chapter 1: Introduction

1.1- The life cycle and evolution of Naegleria species

1.1.1- The evolution of Naegleria

Naegleria are a genus of free-living amphitrophic eukaryotic protists, which are widely accepted to
have been first discovered by Franz Schardinger in 1899, when he drew images of both trophozoites
and cysts (Schardinger, 1899; De Jonckheere, 2014). Naegleria are non-obligate, opportunistic
parasites usually found in fresh warm water or soil (De Jonckheere, 2002; Panek, Ptackova & Cepicka,
2014). Most available literature holds the consensus that terrestrial Naegleria species are halophobic,

however the presence of halotolerant Naegleria in salt water has been recorded (Reyes-Batlle et al.,

2017).

As a group, protists form the
bulk of eukaryotic diversity
(Slapeta, Moreira & Lopez-
Garcia, 2005; Bardele, 1997;
Adl et al., 2007; Ginger, Fritz-
Laylin, Fulton, Cande &
Dawson, 2010). The genus
Naegleria falls under the
Family Vahlkampfiidae, Order
Schizopyrenida and the Class
Heterolobosea as shown in
figure 1. The Heterolobosea
are closely related to the
Euglenozoa, both of which
with

include organisms

mitochondria containing
discoid cristae for increased
surface

respiratory area

(Panek, Ptackova & Cepicka,

A bak th
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Figure 1: A protist phylogeny tree.

A phylogeny tree created by Yang et al. to give an overview of
protist phylogeny. This includes the placement of Naegleria
within the class Heterobolosea, alongside adjacent relatives
Euglenozoa and Jakobida (Yang, Harding, Kamikawa, Simpson &
Roger, 2017).
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2014; Percival, 2014). Heterolobosea are also closely related to the Jakobids, which contain flagellates

with two anterior flagella, used for movement and to facilitate food intake (Lara, Chatzinotas &

Simpson, 2006; Simpson & Patterson, 2001). These organisms all fall under the supergroup Excavata,

which tend to possess a ventral feeding groove (Simpson & Patterson, 1999) and either a single or an

absent mitochondrion (Hampl et al., 2009). Some species in this supergroup such as Naegleria, which

possesses multiple mitochondria (Fritz-Laylin et al., 2010) and does not contain a feeding groove

(Hanouskova, Taborsky & Cepicka, 2018), lack these key features and are instead associated due to

genomic studies (Hampl et al., 2009).

1.1.2 - Naegleria characterisation and morphology

Over 40 different species of Naegleria have been documented (De Jonckheere, 2014; "Taxonomy

Browser", 2018). While most Naegleria

species are morphologically
indistinguishable in their amoeboid forms
(De Jonckheere, 2002), species can be
identified based on minor differences
between cyst morphology, temperature
tolerance and pathogenicity (Marciano-
Cabral, 1988). Species differentiation is
also readily determined through the use
of molecular methods including gene
sequencing (Robinson, Christy, Hayes &
Dobson, 1992), immunologic criteria and

isoenzyme patterns (Pernin, 1984; De

Jonckheere, 2002).

Naegleria are most commonly observed
as a 15-um predatory trophic ‘ameboid’
form shown in figure 2a (Fritz-Laylin &
2016). Naegleria

Fulton, However,

species are also capable of encystment

Figure 2: Previously published SEM images of N.
gruberi.

A collection of SEM images of Naegleria gruberi that
have been previously published by different labs. a) An
N. gruberi cell in the trophic form obtained from
Jamerson, da Rocha-Azevedo, Cabral & Marciano-
Cabral, 2012. b), ¢) + d) Various encysted cells, some of
which have distinguishable ostioles taken from
Lastovica, 1974. e) An SEM image of an encysted cell
with distinguishable ostioles (Dykova, Kyselova,
Peckova, Obornik & Lukes, 2001).

when under duress as shown in figure 2b-2e (Fulton, 1970, Lastovica, 1974). Once encysted, the

trophozoites excyst via movement through preformed ostioles within the cyst wall, highlighted in

figure 2e (Lastovica, 1974; Sanders, 2018).
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Naegleria feed primarily in their trophic form, on a diet consisting mostly of bacteria, (Grace, Asbill &
Virga, 2015; Fritz-Laylin & Fulton, 2016) and are capable of limited limacine movement throughout
their environment through the creation and use of large singular pseudopodia as shown in figure 3
(Page, 1967; Vickerman, 1962; Preston & O'Dell, 1980). In order to feed, Naegleria digest cells via

phagocytosis.
1.1.3 - Molecular, cellular, and ecological biology of Naegleria

Organisms within the genus Naegleria possess an actin  Amoeboid form

Nucleus

cytoskeleton while in the trophozoite form, seen in \ \\ Nucleolus /
. o . = U
figure 3, (Fritz-Laylin & Fulton, 2016). Naegleria also ( L AR
Mitochondrion_\/"' . 6 8 &
harbour a multitude of metabolic pathways, many of ,,—»;;;Tﬁ " . pseudopod
- (02 o ® @
H H H H H railin ) e * ~
which are conceivably found in metabolically flexible i Vi ‘ii‘bl.(«'("‘?%"//
, . N R
mitochondria (Ginger et al. 2010). B N St
/ vacuole
Naegleria species are able to adapt well to many
different environments and trophozoites tend to be Flagellate form Flagellum_

Basal body
found in soil and bodies of freshwater (Grace, Asbill &

Virga, 2015). Species of Naegleria have been isolated

from many natural sources, such as freshwater lakes

Flagellum
cross section

(Michel & De Jonckheere, 1983; Griffin, 1983), thermal rootlet

Cross section

springs (Brown, Cursons, Keys, Marks & Miles, 1983)

) Figure 3: Cellular biology of N. gruberi.
and soil samples (Denet, Coupat-Goutaland, Nazaret,

An illustration of the cellular biology of
both the ameboid and flagellate forms
Naegleria has also been obtained from many man- | of N. gruberi obtained from Fritz-Laylin
et al,, 2010.

Pélandakis & Favre-Bonté, 2017; De Jonckheere, 2002).

made and maintained sources such as partially

chlorinated swimming pools (Cerva, 1971) and even domestic water supplies (Marciano-Cabral,

Maclean, Mensah & LaPat-Polasko, 2003).

Most Naegleria species are understood to be primarily aerobic. Their development is stunted in
environments containing low amounts of oxygen and amoebic growth is not observed in atmospheres
of 90% Nitrogen with 10% Carbon Monoxide (Weik & John, 1977). However, some Naegleria species
have been routinely extracted from anaerobic environments on more than one occasion, which
suggests Naegleria may be able to survive as facultative anaerobes under certain conditions (Wellings,
Amuso, Chang & Lewis, 1977; Wellings, Amuso, Farmelo & Moody, 1977). An example of such
behaviour has been observed during the addition of high amounts of CO,, which leads to excystation

of cysted Naegleria gruberi cells (Blackler and Sommerville, 1988). It has also been noted that while
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glucose is only actively metabolised in small amounts, it is essential for growth of different of Naegleria

species (Nerad, Visvesvara & Daggett, 1983).
1.1.4- N. fowleri and human infectious disease

The most recognised species of Naegleria, in both the public eye and the eyes of health officials, is N.
fowleri (Grace, Asbill & Virga, 2015). N. fowleri, like all Naegleria species, is an amphitrophic amoeba
that can survive in a free-living state in water or soil. However, unlike all other species of the Naegleria
genus, it is a facultative pathogen capable of utilising and surviving within the central nervous system
(CNS) of a human host (Grace, Asbill & Virga, 2015; De Jonckheere, 2011) and is the only species of

Naegleria known that is pathogenic to humans (De Jonckheere, 2004).

Infection with N. fowleri gives rise to Naegleriasis, a disease first discovered in the late 1960s
(Culbertson, Ensminger & Overton, 1968) (Butt, 1966). The disease is more commonly known as
primary amoebic meningoencephalitis (PAM), a term first used by Cecil Butt (Butt, 1966). PAM is an
affliction which is categorised by widespread destruction of brain tissues. N. fowleriis thought to infect
human hosts by entering the body when warm water containing the organism makes contact with the
nasal cavity. N. fowleri Trophozoites first adhere to the nasal mucosa and migrate through the
cribriform plate, via pores through which the olfactory nerves are interwoven (Marciano-Cabral &
Cabral, 2007; Dando et al., 2014; Lopez-Elizalde et al., 2017; Jarolim, McCosh, Howard & John, 2000).
The pathogenic cells then migrate to the olfactory bulb and begin lysis of erythrocytes and neurons,
causing an acute inflammatory reaction (Grace, Asbill & Virga, 2015; Cervantes-Sandoval, Serrano-
Luna, Garcia-Latorre, Tsutsumi & Shibayama, 2008). The inflammation damages the blood-brain
barrier allowing for invasion of N. fowleri, which then disseminates and digests brain tissues, giving

rise to PAM (Marciano-Cabral & Cabral, 2007).

The overwhelming lethality of PAM is a major factor of interest in the disease, worldwide PAM proves
fatal in more than 97% of cases (Cogo et al., 2004; Zysset-Burri et al., 2014; Linam et al., 2015). In the
United States alone, between 1962 and 2016, 143 individuals were clinically diagnosed with PAM. Of

those 143 individuals, only four survived ("General Information | Naegleria Fowleri | CDC", 2018).
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1.1.5- Naegleria amoeba-to-flagellate differentiation and life cycle

Naegleria is an ameboflagellate and as
a species, it is most well-known for its
remarkable ability to recognise certain
environmental cues and convert from a
trophic amoeboid form into a flagellate
form as depicted in figure 4. The cell
initiates this process due to detecting
the presence of specific environmental
conditions and stresses such as
temperature changes, osmotic changes,
or pH shifts (Fulton, 1970). The most
common source of environmental
stress leading to differentiation is
nutritional deprivation of the cells
(Willmer, 1956). Naegleria can undergo
differentiation  from  trophic to

flagellate form between 60 to 100

minutes after being transferred from a

_ Figure 4: Fluorescence imaging of N. gruberi
normal growth environment to a amoebaflagellate differentiation.

nutrient free aqueous environment as

An electron micrograph showing the degradation of
shown in figure 4 (Walsh, 2007; Fulton, actin molecules (red) and the construction of the
two flagella and the microtubule cytoskeleton
(green) over the course of the ameboflagellate
forms of Naegleria are temporary forms differentiation process, obtained from Walsh, 2007.
The time in minutes is given next to each image.

1970; Fulton, 1993). The flagellate

that do not reproduce. They are capable

of swimming for an hour or more before eventually reverting to the ameboid form which they do
when they either find a food source or can no longer derive sufficient energy for continued locomotion
(Fulton, 1970; Fulton, 1993). While Naegleria in its trophic form possesses a cellular actin
cytoskeleton, during the ameboflagellate transformation, the actin cytoskeleton is completely
degraded, and a tubulin cytoskeleton is constructed de novo inside the cell (Walsh, 1984; Misook &
Joo Hun, 2001). The cell also constructs two fully functional flagella, complete with basal bodies and

a cytoplasmic microtubule array (Fritz-Laylin & Cande, 2010).
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Naegleria has 3 separate distinct life cycles

as shown in figure 5 (John, Petri, Markell &

Enflagellation

Voge, 2006). The life cycle that each

"+ Encystment

A individual cell takes is entirely due to the
Infection by intranasal
instillation of amebae

environment it is located in. In a suitably
habitable environment, Naegleria remain
as amoebae in the trophic form and
reproduce via asexual mitosis (De
Jonckheere, 2014; Fulton, 1970; Fulton,

1993). During the amoeba stage of the life

Flagellate j cycle, cells feed with a cell cycle time of
Figure 5: The potential life cycles of Naegleria ~1.6 hours dividing by binary fission (De
fowleri.

Jonckheere, 2002). There is also some
An illustration depicting the three separate forms
of N. fowleri; a) the flagellate form, b) the trophic
amoeba form and c) the cyst form. Obtained from reproductive capabilities of Naegleria in
John, Petri, Markell & Voge, 2006.

evidence supporting potential sexual

the form of the heterozygous tetraploid

genomic nature of strain NEG-M (Fritz-Laylin et al., 2010). The genome encodes homologs of
seemingly functional meiosis-specific genes (Fritz-Laylin et al., 2010) along with both hapless 2 (HAP2)
and gamete expressed 1 (GEX1) gene homologs, utilised in cellular and nuclear fusion (Speijer D et al.,

2015) though this has not yet been proven.

The second most commonly encountered life cycle stage of Naegleria gruberi is the cyst, which is
found when Naegleria is placed under select environmental pressures. Cysts are spherical in shape
and the cell is protectively contained within an endocyst made of two thick layers composed of a
mucoid sheath (Chiovetti, 1976). Several adverse conditions are known to trigger the encystment of
cells, including exposure to hazardous temperatures (Blackler and Sommerville, 1988). While in this
form the cells are resistant to these environmental hardships. Thus, encystment is a defensive
mechanism, built as a reaction to combat hostile environmental pressures and affords protection

against desiccation (Chiovetti, 1976).

Finally, the flagellate life cycle of Naegleria gruberi is often the most short lived one. For amoeba to
differentiate into the flagellates requires a lack of nutrition whilst being submerged in an aqueous
environment (De Jonckheere, 2014). During this time the cells construct flagella which assist with
locomotion and ultimately, the discovery of nutrients (Fulton, 1993; De Jonckheere, 2014). N. gruberi
is able to build a complete microtubule cytoskeleton from scratch in a synchronous and highly

regulated manner (Fritz-Laylin et al., 2010) and harbours novel putative genes associated specifically
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with amoeboid motility (Fritz-Laylin, 2018). During the ameboflagellate differentiation, division by
mitosis is impossible for most species of Naegleria. This infers that individual members of a population
in this state must obtain a source of nutrition, in order to revert to an amoeba and continue to

reproduce, otherwise the population will expire (De Jonckheere, 2014; Fritz-Laylin et al., 2010).
1.1.6 - N. gruberi as a model organism

Naegleria gruberi is used as a model organism when studying Naegleria. It is closely related to N.
fowleri, which is at the heart of aforementioned health concerns, due to its fatal pathogenicity to
humans. However, N. gruberi is non-pathogenic to humans, which results in an innocuous organism
to work with and culture in a laboratory setting. N. gruberi subsists on easily cultured organisms such

as the bacteria Klebsiella pneumoniae, shown in figure 6 (Fulton, 1993). N. gruberi also grows quickly

in undefined media under
Figure 6: A previously published

SEM image of Klebsiella
pneumoniae.

easily replicable conditions and

has a completely decoded

An SEM image showing Klebsiella
pneumoniae, the common nutrient
source of xenic N. gruberi.
Obtained from Alcantar-Curiel et
al., 2013; Rajeshwari, Nagveni, Oli,
Parashar & Chandrakanth, 2009.

whole genomic sequence,
which allows for a much
greater insight into the

organism and its cellular

components (Fritz-Laylin et al. ,

2010).

As an ameboflagellate, N. gruberi makes for an excellent model in regard to basal body and flagellar
assembly research, due to its ability to differentiate from crawling amoebae into swimming flagellates
in a reproducible manner (Fritz-Laylin, Ginger, Walsh, Dawson & Fulton, 2011). This process has been
investigated using microarray analysis to document the upregulation and downregulation of proteins
over the course of the ameboflagellate transformation (Fritz-Laylin & Cande, 2010). The genomic
analysis of the differentiation of N. gruberi reveals a multitude of vast transcriptional changes
throughout this process which affect expression of genes involved in signaling, metabolism and stress
responses, although the significance of many of these changes has yet to be given consideration (Fritz-

Laylin & Cande, 2010).
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1.2- Environmental perception and intercellular signalling in eukaryotes

1.2.1- G protein-coupled cell-surface receptors (GPCRs) and G proteins

When the genome of N. gruberi was sequenced, it was shown to contain a larger number of
intracellular signaling proteins and metabolic pathways than would have originally been anticipated
(Fritz-Laylin, Ginger, Walsh, Dawson & Fulton, 2011). Genome sequencing also revealed a multitude

of sensory G protein coupled receptors (GPCRs) within N. gruberi (Fritz-Laylin et al., 2010).

G protein-coupled cell-surface receptors (GPCRs) are a family of seven-fold transmembrane receptor
proteins with an extracellular N-terminus, that are found ubiquitously throughout eukaryotic cells
(Dosil, Giot, Davis & Konopka, 1998; Preininger & Hamm, 2004). The GPCR family is one of the largest
and most versatile families of signaling receptors (Mykytyn & Askwith, 2017). The tertiary structure
forms a barrel shape, made of seven transmembrane a helices, which is typically found spanning the
cell membrane (Dosil, Giot, Davis & Konopka, 1998; Dosil, Giot, Davis & Konopka, 1998; Preininger &
Hamm, 2004). These cellular receptors variously respond to changes in the incident wavelengths of
light, or bind a wide range of different ligands in both gaseous and solid form. These ligands include
hormones (He, Zhu, Corbin, Plagge & Bastepe, 2015), neurotransmitters (Xie et al., 2015), chemokines
(Robichaux et al., 2017), glycoproteins (Kim et al.,, 2013), odorants (de March, Kim, Antonczak,
Goddard & Golebiowski, 2015), glucose (Karunanithi et al., 2014), lipids (Guéguinou et al., 2015; and
photons (Gao et al., 2017).

GPCRs utilise sensory cues to regulate intracellular processes (Rosenbaum, Rasmussen & Kobilka,
2009), that are present throughout a wide range of eukaryotic organisms (Dosil, Giot, Davis &
Konopka, 1998). G protein-coupled cell-surface receptors are observed in many different organisms
including plants (Romero-Castillo, Roy Choudhury, Ledn-Félix & Pandey, 2015; Trusov & Botella, 2016),
mammals (Chatterjee et al., 2015; Arizmendi & Kulka, 2018) and unicellular eukaryotes (Shalaeva,
Galperin & Mulkidjanian, 2015; Simon, Strathmann & Gautam, 1991). A prime example is the G
protein-coupled receptor family 3 protein 8 (GrIH) gene product, which is an integral component of
chemotaxis in social amoeba (also known as slime mould) Dictyostelium discoideum (Tang et al., 2018;
Williams, Noegel & Eichinger, 2005; Xu & Jin, 2017). G protein coupled receptors are also known to be
involved in developmental control, cellular growth and migration and other sensory processes such as
density sensing and neurotransmission (Brazill, Lindsey, Bishop & Gomer, 1998; Bockaert & Pin, 1999;

Pierce, Premont & Lefkowitz, 2002; Rosenbaum, Rasmussen & Kobilka, 2009).
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a) b)

Ligand binding to G protein-coupled cell-surface receptor.
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Figure 7: The mechanism of G protein-coupled cell-surface receptor activation.

An image depicting mechanism of G protein-coupled cell-surface receptor activation. The G
protein-coupled cell-surface receptor (blue) is shown bound to the three G protein subunits a
(yellow), B (green) and y (red). a) The ligand (brown) has not yet bound to the GPCR, and the G
protein is subsequently in the inactive GDP-bound state. b) The ligand has bound to the GPCR
and the GTP has subsequently bound to the a subunit of the G protein. The resulting
conformational change results in the release of the a subunit and the B and y subunit
heterodimer, both of which induce further intercellular signalling. Figure adapted from Flock et
al., 2015 and Zhou et al., 2016.
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1.2.2 - Signalling cyclases and kinases

Both guanylate cyclases and adenylate cyclases are members of the class Il nucleotidyl cyclase group
(Rauch, Leipelt, Russwurm & Steegborn, 2008). Adenylate cyclases are key regulatory enzymes found
thus far in all eukaryotic cells (Hancock, 2010). Typically, in their classic form, when the a subunit of
the active adenylate cyclase is released, its active site utilises a metallic ion, usually in the form of a
magnesium ion, to catalyse the conversion of adenosine triphosphate (ATP) to 3’, 5’ cyclic adenosine
monophosphate (cCAMP) for further cell signalling (Neil, Lakey & Tomlinson, 1985; Herbst et al., 2013).
The cAMP molecule acts as a prototypical, secondary messenger and is central to regulating hormone
responses and signal transduction throughout the cell (Zhang, Liu, Ruoho & Hurley, 1997; Neil, Lakey
& Tomlinson, 1985).

Guanylate cyclases are transmembrane cGMP-gated

. Cas*
. ion channel g
enzymes that are also found in many @

. GC-G
eukaryotes (Rauch, Leipelt, Russwurm & _
YOI AR P

Steegborn, 2008). In contrast to most e SO0 A

adenylate cyclases, the guanylate cyclases dimerization

contain both external and internal cellular &

domains, eliminating the need for GPCRs to - (&
Guanyllcyclase pret EE@ "
homodimer ;

receive external stimuli (Potter, 2011). In the

. . Figure 8: Guanylate cyclase activation.
active state, two guanylate cyclase proteins & Y ¥

An image illustrating the process of guanylate
cyclase dimerization and cGMP synthesis,
2011). In this form, guanylate cyclase catalyzes | followed by subsequent activation of cGMP-
gated ion channels. Retrieved from Chao,
Chen, Lin, Breer, Fleischer & Yang, 2014.

typically bind to form a homodimer (Potter,

the degradation of guanosine triphosphate

(GTP) to 3', 5'-cyclic guanosine monophosphate

(cGMP) and pyrophosphate. cGMP is an important secondary messenger that modulates processes

including; platelet aggregation, neurotransmission, blood pressure and peristalsis (Potter, 2011).

Naegleria houses a much larger number of adenylate cyclases and guanylate cyclases than originally
predicted (Fritz-Laylin et al., 2010). N. gruberi contains at least 108 cyclases, which is almost twice the
number found in the human genome and is likely able to utilise both the cAMP-dependent signaling
pathway and the two component signaling pathway due to the use of adenyl/guanyl cyclases and
histidine kinases (Fritz-Laylin et al., 2010; Kabbara et al., 2018). Many of these cyclase proteins are
thought to contain predicted Per-Arnt-Sim (PAS), nitrate and nitrite sensing (NIT) and blue-light using
FAD (BLUF) functional domains to bind ligands or detect changing light intensity (Fritz-Laylin et al.,

2010). The adenyl cyclase cohort in Naegleria is much larger than the number of adenyl cyclases found
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in related organisms (Fritz-Laylin et al., 2010), which is of interest as the Naegleria cohort includes a
diverse number of different sensory domains (Winger, Derbyshire, Lamers, Marletta & Kuriyan, 2008;
Fritz-Laylin et al., 2010). PAS domains have several intercellular chemosensory capabilities (Garcia,
Orillard, Johnson & Watts, 2017), and function in intracellular energy regulation (Soderback et al.,
2002; Rebbapragada et al., 1997). NIT domains are primarily associated with the detection of changing
nitrate (NO3) or nitrite (NO™) concentrations (Shu, Ulrich & Zhulin, 2003). BLUF domains act as a
sensory photoreceptor and are responsible for the detection of light intensity (Iseki et al., 2002;

Masuda & Bauer, 2002).

The predicted signalling network of Naegleria also includes a large number of histidine kinases
(Kabbara et al., 2018; Fritz-Laylin et al., 2010). Histidine kinases are a large family of transmembrane
phosphotransferases that play a role in signal transduction across the cell membrane via
autophosphorylation of conserved histidine residues (Koretke, Lupas, Warren, Rosenberg & Brown,
2000; Mechaly et al., 2017). Reversible phosphorylation of signaling proteins is one of the most
widespread regulatory signal transduction mechanisms (Casino, Miguel-Romero & Marina, 2014).
Histidine kinases are usually homodimers which consist of three separate domains. The extracellular
domain binds to specific extracellular hormones (Wang, Cheng, Wu, Ren & Qian, 2017) or growth
factors (Xu et al., 2016). The conserved hydrophobic transmembrane domain anchors the protein to
the cell membrane (Kim et al.,, 2017). The intercellular domain induces intracellular signalling by
utilising ATP to induce a conformational change in G proteins (Casino, Miguel-Romero & Marina, 2014;

Willett & Crosson, 2016).
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1.3- Cilia and flagella as sensory antennae

1.3.1- Structure of flagella and cilia

Microorganisms have been under scientific observation since the mid-1600s due to emergence of the
optical lenses necessary for such work (Wollman, Nudd, Hedlund & Leake, 2015; Chung & Liu, 2017).
One of the first scientists to both observe and document their findings in this manner was Robert
Hooke, who coined the term ‘Cell’ in his Micrographia (Hooke, 1665; Chung & Liu, 2017). It was not
until 1676-1677 that the first flagella were observed and documented as ‘thin little feet, or little legs’
by Antonie van Leeuwenhoek upon his observation of Colpidium colpoda (Lane, 2015). Leeuwenhoek
was one of the first individuals to culture, see, and describe a large array of microbial life including
Vorticella, Giardia, Euglena and Selenomonas (Lane, 2015; Antony van Leeuwenhoek, 2019; Discovery
Of Bacteria - by Antony van Leeuwenhoek, 2019; Chung & Liu, 2017) and widely regarded as ‘The
Father of Microbiology’ (Haimo & Rosenbaum, 1981; Lane, 2015; Wollman, Nudd, Hedlund & Leake,
2015). Flagella and cilia are complex cellular organelles which share the same fundamental structure,
however they are typically divergent in size, quantity and function (Lodish et al., 2000). Typically, cells
possessing flagella only contain a single or several long flagella, whereas ciliated cells tend to contain
numerous smaller cilia (Lodish et al., 2000). Eukaryotic flagella form long, slender, hair-like, cylindrical
cellular protrusions that emanate from the cell membrane as shown in figure 9 (Ainsworth, 2007;
Szymanska & Johnson, 2012). The flagellum contains a complex highly conserved cytoskeletal
structure known as the axoneme, which is responsible for cellular locomotion (Mitchell, 2004; Lodish

et al., 2000; Ostrowski, Dutcher & Lo, 2011).

With regards to structure of cilia, there are two different types of cilia, primary cilia and non-primary
cilia (Mitchell, 2004, Gluenz et al., 2010). Primary cilia have a structural variation of the axoneme as
the central two microtubules are missing, creating a 9+0 axoneme as seen in figure 9. Dynein is usually
absent from these cilia, which as a consequence tend to be incapable of undulation, instead the 9+0
axoneme is mainly found in cilia with sensory roles (Gluenz et al., 2010). By comparison non-primary
cilia and flagella house the more classically observed 9+2 arrangement, shown in figures 9 and 10

(Mitchell, 2004).
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Figure 9: The Internal structure of the primary cilium.

A basic illustration of an isometric bisection of a typical primary 9+0 cilia, with a show of the
intraflagellar transport system. Displayed inset is a cross-section of both a motile and non-motile
cilial axoneme. Obtained from Ainsworth, 2007.
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protein spindle assembly abnormal Figure 10: A cross section along the length of the cilium.

protein 6 (SAS-6) readily forms An illustration displaying the microtubule structure

homodimers which assemble into a ring- across the length of the cilia, including the basal body
and transition zone. Intraflagellar transport proteins are
like structure, from which extends shown along the cilia and inset images show electron

microscopy images of cross sections within each area .

coiled-coil domains of the SAS-6 dimers Obtained from Williams et al., 2011.

(Breugel, Wilcken, McLaughlin,
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Rutherford & Johnson, 2014). This results in the formation of the centriolar hub, a cartwheel shaped
structure with ninefold symmetry which is established as the proximal end of the flagella. If SAS-6 is
not present, the assembly of the centriolar hub fails (Nakazawa, Hiraki, Kamiya & Hirono, 2007; Moran,
McKean & Ginger, 2014). Following basal body biogenesis and transition zone extension, intraflagellar
transport (IFT) proteins are utilised along with kinesins in axoneme extension as shown in figure 10

(Deane, Cole, Seeley, Diener & Rosenbaum, 2001).

Bardet—Biedl syndrome (BBS) proteins form the BBSome, an eight-membered protein complex
recruited to form a portion of the basal body by the G-protein ADP ribosylation factor like GTPase 6
(Arl6) (Jin & Nachury, 2009; Jin et al., 2010; Klink et al., 2017). The IFT pathway utilises IFT and BBSome
protein assemblies, which exploit motor proteins to produce anterograde and retrograde movement
of molecular cargo up and down the axonemal microtubules to the flagellar tip (Moran, McKean &

Ginger, 2014; Prevo, Scholey & Peterman, 2017).
1.3.2- Sensory functions

There are numerous functions besides movement that can be carried out by flagella, examples being
active roles in eukaryotic reproduction (Wood, Huang, Diener & Rosenbaum, 2013), cellular feeding
or chemical recognition (Moran, McKean & Ginger, 2014). Furthermore, a large subset of primary cilia,
which have no use for locomotion, and some eukaryotic flagella fill a primary role as a cellular signaling
organelle (Bloodgood, 2010; Mykytyn & Askwith, 2017; Nechipurenko, Doroquez & Sengupta, 2013).
Cillia are found in a sensory capacity in the renal system (Pluznick & Caplan, 2014; Praetorius &
Leipziger, 2013), the retina (Li, Anand, Rao & Khanna, 2015; Wheway, Parry & Johnson, 2013).
stereocilia and within the ear (Gillespie & Miller, 2009; Jones & Chen, 2008; Tucker, et al., 2013)
Furthermore, flagella have been documented to contain adenyl cyclase mediated cAMP signaling
systems for social motility in Trypanosoma brucei (Lopez, Saada & Hill, 2014; Saada, DeMarco,
Shimogawa & Hill, 2015). Cilia perform vastly different functions, and are thought to be expressed in
almost every cell type throughout the human body at some point over the course of its life cycle
(Ostrowski, Dutcher & Lo, 2011). As such there are a number of complications that can occur when

cilia behave in an erroneous manner (Barker, Thomas & Dawe, 2013).
1.3.3- Ciliopathies

Genetic abnormalities can give rise to defects in both primary and motile cilia, these defects underpin
many genetic conditions termed ‘ciliopathies’ (Barker, Thomas & Dawe, 2013; Sloboda & Rosenbaum,
2007). Due to the ubiquitous nature of the ciliary axoneme and its wide-ranging application within

eukaryotes, there are a wide variety of ciliopathies which stem from genetic defects of ciliary assembly
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or function (Moran, McKean & Ginger, 2014; Wang & Dong, 2013; Ostrowski, Dutcher & Lo, 2011).
The underlying pathology of these diseases is usually a consequence of altered sensory perception, or
lack of a cellular signalling pathway (Sloboda & Rosenbaum, 2007; Moran, McKean & Ginger, 2014).
Examples of ciliopathies include retinitis pigmentosa, Bardet-Biedl syndrome, Kartagener's syndrome,
cone-rod degeneration and many others (Li, Anand, Rao & Khanna, 2015; Sloboda & Rosenbaum,
2007). Ciliopathies are also thought to have the potential to cause a predisposition to chronic disorders

including cancer, obesity and diabetes (Sloboda & Rosenbaum, 2007; Moran, McKean & Ginger, 2014).

1.4- The aims of this MSc Thesis

The ultimate aim of this thesis, and the studies within, was to progress towards elucidating the
mechanisms behind flagella as sensory antennae, by further understanding the way in which Naegleria

perceives its environment.

This originally began with the purification of several recombinant proteins of interest, which are
thought to be potential sensory proteins. The goal here was to localise these proteins to confirm
whether they will congregate within the flagella as expected. This work will need to be continued by

another researcher in the future.

Due to the large signalling repertoire of Naegleria gruberi, the bioinformatic analysis of a pre-
existing RNA microarray was carried out. The aim here was to highlight potential serpentine receptor
signalling proteins that are upregulated during differentiation, as understanding how they are

upregulated may be useful in understanding the sensory function of flagella in future.

During this time, the environmental differentiation and SEM experiments were also carried out.
These experiments were designed to probe which sensory triggers were conducive to

differentiation, in order to better understand the underlying sensory proteins involved.

Furthering the understanding of which sensory proteins are responsible for differentiation provides
an insight into how this organism is able to utilise the flagellum as a sensory organelle. This is
important, as the mechanisms behind sensory cilia can cause ciliopathies and other chronic diseases.
This work also contributes to the greater understanding of N. gruberi and by extension the deadly

pathogen N. fowleri.
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Chapter 2: Materials and Methods

2.1- General lab practice

For further information about the equipment and materials used, consult table 5 in the appendix.
2.1.1- Preparing a kanamycin stock

A 1000x master stock of kanamycin was prepared by adding 1 g of kanamycin powder to 20 ml ddH20
in a 50 ml centrifuge tube. This was inverted gently until fully dissolved to achieve a concentration of

50 mg/ml. This stock was used at a ratio of 1:1000.
2.1.2 - Preparation of LB media

25 g of high salt lysogeny broth (LB) was suspended in 1000 ml of ddH,0 in a 1 L Schott bottle. This
was then autoclaved at 126 °C and 1.4bar for 26 mins and left to cool. The broth was distributed as

desired under sterile conditions.
2.1.3 - Preparation of LB agar plates

16 g of granulated Miller LB agar was weighed and added to 400 ml ddH,0 in a 500 ml Schott bottle,
before being autoclaved at 126 °C and 1.4bar for 40 mins. After autoclaving the agar was removed
and left to cool enough to be handled. 20mmx90mm Petri plates were placed on a bench by a Bunsen
burner, using aseptic technique the LB agar was poured into the plates with a volume of 12 ml per

plate.
2.1.4 - Preparation of amoeba saline agar plates

2.5 ml of AS stock 1 and 2.5 ml of AS stock 2 were added to 495 ml of ddH,0 in a 500 ml Schott bottle.
7.5 g of Agar No. 2 was added to the bottle before being autoclaved at 126 °C and 1.4bar for 40 mins.
After autoclaving the agar was removed and left to cool enough to be handled. 20mmx90mm Petri
plates were placed on a bench by a Bunsen burner, using aseptic technique the LB agar was poured

into the plates with a volume of 12 ml per plate.
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2.1.5- Maintaining Naegleria gruberi Cultures

Klebsiella pneumoniae was used as the primary food source for Naegleria. LB Agar plates were
prepared and seeded with Klebsiella using aseptic technique and a disposable sterile loop. The plates

were then incubated overnight at 25 °C to allow the bacterial lawn to grow.

Amoeba saline plates were prepared, and the bacterial lawn was transferred to the amoeba saline
plate using aseptic technique and a sterile spreader. A section of the previous N. gruberi plate was
then excised and transferred to the freshly seeded amoeba saline plate with the amoeba containing

side placed face down on the edge of the bacterial lawn.
2.1.6 - Picking colonies and preparing overnight cultures

Using aseptic technique, 4 ml of LB media was added to universal tubes along with 40 pl of 100x
ampicillin stock solution. Ampicillin plates from previous transformations were removed from the
incubator and the colonies were picked using aseptic technique with sterile pipette tips and placed
into universal tubes containing 4 ml of LB media with added ampicillin. The universal tubes were then

placed into a shaking orbital incubator set to incubate overnight at 37 °C spinning at 180 rpm.
2.1.7 - Initial protein induction

Glycerol stock solutions of E. coli, which expressed the proteins of interest, were kept at -80 °C. They
were streaked onto an LB agar plate containing Kanamycin, using aseptic conditions, before being
incubated at 37 °C overnight. 3 ml cultures of LB media with added kanamycin were prepared and
individual colonies were picked from the plates and grown in in an orbital incubator overnight at 37
°C and 180 rpm. The plates were stored at 4 °C. 100 ul of each of the 3 ml cultures was taken and
added to 3 ml of LB media without kanamycin under aseptic conditions. 30 ul of 10 mM Isopropy! B-
D-1-thiogalactopyranoside (IPTG) was then added to each culture. 100 ul samples were taken at
timepoint 0 (TO) when the clock began and before the IPTG was added, then at each subsequent hour

for 3 hours (T1, T2 + T3) and kept at -20 °C.
2.1.8 - Preparing 1x sodium dodecyl sulfate (SDS) loading buffer

500 pl 2xSDS, 400 ul 1x Phosphate-buffered saline (PBS) and 100 pl Dithiothreitol (DTT) (1M) were
added to an Eppendorf tube before being inverted several times and boiled on a heating block before

use.
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2.1.9- Preparing 2xSDS loading buffer

800 pl of 2xSDS loading buffer and 200 pl DTT (1M) were added to an Eppendorf tube before being

inverted several times and boiled on a heating block before use.

2.1.10 - Preparing samples for running on an SDS polyacrylamide gel electrophoresis (PAGE)

gel

The 100 pl TO-T3 samples were spun in a bench top centrifuge at 8,000g for 2 mins. The supernatant
was discarded, and the pellet was resuspended in 100 pl of boiling 1xSDS loading buffer. 15 ul of the
sample was then added to the SDS PAGE gel wells while boiling.

2.1.11 - Preparing 5x SDS running buffer

15.1 g of tris(hydroxymethyl)aminomethane (TRIS) and 94 g of Glycine was dissolved in 900 ml ddH,0
using a magnetic stirrer. 25 ml of 20% SDS was added and the solution was made up to 1 L with ddH,0

in a measuring cylinder before being transferred to a 1 L Schott bottle for storage.
2.1.12 - Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis

In order to prepare 10 ml of the SDS PAGE stacking gel, the following reagents were added to a sterile

50 ml falcon tube;

ddH,0 -5,975 ul
30% acrylamide mix - 5,000 pl
1.5 M Tris solution (pH8.8) - 3,800 ul
20% SDS =75 ul

A 15% ammonium persulphate (APS) stock was then made by adding 0.15 g of ammonium persulphate

to 1 ml of ddH,0 in an Eppendorf tube before inverting until fully dissolved.

The short and long plates from the Bio Rad SDS PAGE kit were assembled in a frame and checked for
potential leaks using 1 ml of ddH,0. The frame was then dried and 150 ul APS and 6 ul of

tetramethylethylenediamine (TEMED) was added to the 50 ml falcon tube.

The solution was inverted twice to mix and quickly pipetted between the plates leaving enough room
for the resolving gel. 1 ml of Isopropanol was also added to make the stacking gel level before it had

set. Once the gel had set, the Isopropanol was removed from the top of the gel by washing with ddH,0.
The resolving gel was made by mixing the following components in a 15 ml falcon tube;

ddH,0 - 3,400 pl
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30% acrylamide mix - 830 ul
1.5M Tris solution (pH8.8) - 630 ul
20% SDS -50 ul

Ammonium persulphate stock - 50 pl

TEMED -6 ul

The mixture was inverted twice and quickly pipetted over the top of the gels until the short plate had
been filled to the brim. Then the comb from the Bio Rad SDS PAGE kit was then placed between the
two plates and the resolving gel was allowed to set. Once the resolving gel had set, the comb was

removed, and the wells left behind were washed with ddH,0 to remove any pieces of gel in the wells.

The gels were fully submerged in 1xSDS running buffer in a Biorad PAGE unit and the samples were

loaded into each well.

The negative and positive wires for the anode and cathode were plugged into the corresponding
terminals on the Biorad Powerpac™ which was programmed to run at 200 V for 50 mins. The gels were
removed and placed into a clean plastic container with 7 ml of instant blue dye, which was left on a
shaker to stain for 20 mins. The gel was then placed in an Ultraviolet Benchtop Transilluminator with

a white background panel to be imaged under white light.
2.1.13 - Small-scale protein induction

Glycerol stock solutions of E. coli which expressed the proteins of interest were kept at -80 °C. They
were streaked onto an LB agar plate containing Kanamycin using aseptic conditions before being
incubated at 37 °C overnight. 3 ml cultures of LB media with added kanamycin were prepared and
individual colonies were picked from the plates and grown in in an orbital incubator overnight at 37

°C and 180 rpm. The plates were stored at 4 °C.

100 pl of each of the 3 ml cultures were taken and added to 3 ml of LB media without kanamycin
under aseptic conditions. 30 pul of 10 mM IPTG was then added to each culture. Samples were taken
before the IPTG was added (T0) and then at each subsequent hour for 3 hours (T1, T2 + T3). These
samples were then prepared and run on an SDS PAGE gel to ensure that correct protein expression

was observed.
2.1.14 - Large-scale protein induction

100 ml of LB media was prepared in a 200 ml Schott bottle and autoclaved. Once cool 20 ml was
transferred to a large falcon tube and an appropriate antibiotic was added. This culture was then

inoculated with a single colony from the glycerol stock plate and incubated overnight in an orbital
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shaking incubator at 37 °C at 180 rpm. 2x600 ml LB solutions were also prepared in large baffled

conical flasks and autoclaved.

The 20 ml cultures were then decanted into the 2x600 ml LB media flasks using aseptic technique
and incubated in an orbital incubator at 37 °C at 180 rpm for 2hours after which point 100 pl of the

culture was kept for future trouble shooting.

Protein production of both cultures was then Induced through addition of 1 mM IPTG using 1 ul IPTG
per 1 ml of culture using a 1 M IPTG stock. The cultures were then incubated for a further 3 hours.
After the incubation, the cultures were centrifuged at 8,000g for 25 minutes at 4 °C. The supernatant
was then discarded and the pelleted cells were scraped into a new falcon tube using a sterile spatula

and stored at -20 °C ready for Ni NTA purification.

2.1.15 - Preparation of lysis buffer for Nickel Nitrilotriacetic acid (Ni NTA) protein purification

under denaturing conditions

286.5 g of guanidine hydrochloride, 14.6 g of sodium chloride and 0.68 g of imidazole were added to
a 500 ml Schott bottle with 10 ml of 1 M Tris-HCl stock (pH 8.0), 0.1 ml Tritin-X, 50 ml glycerol and 300
ml ddH;0 and mixed until fully dissolved. ddH.0 was added until the volume was 500 ml and

thoroughly filtered before use.

2.1.16 - Preparation of wash buffer for Ni NTA protein purification under denaturing

conditions

240.2 g of urea, 14.6 g of sodium chloride and 0.68 g of imidazole were added to a 500 ml Schott bottle
with 10 ml of 1 M Tris-HCl stock (pH 8.0), 0.1 ml Tritin-X, 50 ml glycerol and 300 ml ddH,0 and mixed

until fully dissolved. ddH,0 was added until the volume was 500 ml and thoroughly filtered before use.

2.1.17 - Preparation of elution buffer for Ni NTA protein purification under denaturing

conditions

240.2 g of urea, 14.6 g of sodium chloride and 17.02 g of imidazole were added to a 500 ml Schott
bottle with 10 ml of 1 M Tris-HCl stock (pH 8.0), 0.1 ml Tritin-X, 50 ml glycerol and 300 ml ddH,0 and
mixed until fully dissolved. ddH,0 was added until the volume was 500 ml and thoroughly filtered

before use.
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2.1.18 - Preparation of lysis buffer for Ni NTA protein purification under native conditions

8.76 g of sodium chloride and 0.34 g of imidazole were added to a 500 ml Schott bottle with 10 ml of
1 M Tris-HCl stock (pH 8.0), 0.1 ml Tritin-X, 50 ml glycerol and 300 ml ddH,0 and mixed until fully

dissolved. ddH,0 was added until the volume was 500 ml and mixed thoroughly.
2.1.19 - Preparation of wash buffer for Ni NTA protein purification under native conditions

8.76 g of sodium chloride and 0.68 g of imidazole were added to a 500 ml Schott bottle with 10 ml of
1 M Tris-HCl stock (pH 8.0), 0.1 ml Tritin-X, 50 ml glycerol and 300 ml ddH,0 and mixed until fully

dissolved. ddH,0 was added until the volume was 500 ml and mixed thoroughly.
2.1.20 - Preparation of elution buffer for Ni NTA protein purification under native conditions

8.76 g of sodium chloride and 17.02 g of imidazole were added to a 500 ml Schott bottle with 10 ml of
1 M Tris-HCl stock (pH 8.0), 0.1 ml Tritin-X, 50 ml glycerol and 300 ml ddH,0 and mixed until fully

dissolved. ddH,0 was added until the volume was 500 ml and mixed thoroughly.
2.1.21 - Ni NTA purification

The cell pellet was resuspended in 20 ml denaturing/native lysis buffer (depending on the protein)
and agitated on a shaker at room temperature for 30 minutes. 200 pl of 100 mM phenylmethylsulfonyl
fluoride (PMSF) was added to the sample, which was then sonicated for 10 mins with 5 seconds on
and 15 seconds off at an amplitude of 95%. The sample was centrifuged at 20,000 rpm for 30 mins at

4 °C and the supernatant was retained.

A small amount of glass wool was placed at the bottom of a 20 ml syringe and the His affinity
suspension was inverted until homogeneous. The bottom of the syringe was capped and 1 ml of the
affinity suspension was transferred into the syringe and allowed to settle by gravity. Any clear
supernatant was then removed. 2.5 ml of lysis buffer was added and the top of the syringe was capped

so that the slurry could be inverted to equilibrate the resin, which was left to settle by gravity again.

20 ml of supernatant was added to the syringe and incubated at room temperature on a shaker for 1

hour. The flow-through was collected in a falcon tube and labeled as the ‘flow-through’ fraction.

Using a new falcon tube to collect the run off, the column was washed with 5 ml Wash buffer. This
was repeated 3 times. The bottom of the syringe was capped and 0.5 ml Elution buffer was added.
The syringe was incubated for 15 mins at room temperature on a shaker and an Eppendorf tube was
used to collect the elution fraction. This was repeated 4-5 times using 0.5 ml Elution buffer each time.

All fractions were stored at -20 °C.
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2.1.22 - Preparation of AS stock 1

A litre of the first amoeba saline stock was prepared by adding 24 g of NaCL, 0.8 g of MgS0,4 and 1.2g
CaClyto a 1 litre Schott bottle. The bottle was then filled to the 1 L mark with ddH,0 and mixed until

the particulates had completely dissolved.
2.1.23 - Preparation of AS stock 2

A litre of the second amoeba saline stock was prepared by adding 28.4 g of NaHPO4 and 27.2g KH2POg4
to a 1 litre Schott bottle. The bottle was then filled to the 1 L mark with ddH,0 and mixed until the

particulates had completely dissolved.
2.1.24 - Preparation of AS solution for differentiation

In order to prepare AS solution for differentiation, 50 ml of AS solution was prepared by mixing 250 pl
of AS stock 1 and 250 pl of AS stock 2 in a 50 ml falcon tube. Then using ddH,0 the amount was topped
up to 50 ml. A larger amount can also be made by mixing 5 ml stock 1 and 5 ml stock 2 with 990 ml

ddH20 and autoclaving.
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2.2 - Differentiation

2.2.1- Preparing Naegleria gruberi differentiation plates

Klebsiella pneumoniae was used as the primary food source for Naegleria. An LB Agar plate was
prepared and seeded with Klebsiella using aseptic technique and a disposable sterile loop. The plate
was then incubated overnight at 25 °C to allow the bacterial lawn to grow. An amoeba saline plate
was prepared, and half of the bacterial lawn was transferred to the amoeba saline plate using aseptic
technique and a sterile, disposable spreader. A section of the previous N. gruberi plate was then
excised and transferred to the outermost seeded area of the amoeba saline plate lawn using aseptic

technique.
2.2.2 - Observation and selection of cells

The plate was incubated overnight at 25 °C, until the advancing amoebae had spread to a point that it
had left behind a visibly clear section of consumed bacterial lawn, which covered at least a third of the
plate. The cells were observed under a microscope and areas were marked out where the cells had
consumed all of the bacteria but had not yet undergone encystment. A 1 cm x 0.5 cm chunk of the
plate was excised and transferred, using aseptic technique, into an Eppendorf tube for each condition

to be tested.
2.2.3 - Differentiation procedure

The cells in each of the Eppendorf tubes were washed by pipetting 1 ml of AS solution kept at room
temperature into the Eppendorf tubes. These samples were vortexed for several seconds to separate
the food source from the Naegleria cells. This was considered to be ‘Timepoint 0’ (T0). The cells were

immediately placed into a benchtop centrifuge and synchronously spun at 1,800 rpm for 2 mins.

It was important that the cells were left in the pelleted state for as little time as possible, so the
supernatant was then immediately discarded by simply inverting the Eppendorf above a discard
bucket and allowing the supernatant to pour out. With immediacy in mind, 1 ml of AS was then added
to the Eppendorf tubes and the tubes were vortexed again to resuspend the Naegleria cells in a food

deficient environment.

The cells were then pooled together in a small Petri dish and 1 ml of the cell suspension was mixed
with 1 ml AS solution in the small Petri dishes. At this point toxins/nutrients were added to the Petri

dishes or the dishes were placed in different environments depending on the experimental procedure.
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2.2.4 - Differentiation cell counting

The smaller Petri dishes were placed under a microscope at x40 magnification. The cells were counted
using three separate hand tally counters to count cells at the three different stages of differentiation.
The cells were counted either as ‘non-flagellates’ which describes normal ameboid cells, ‘spinners’
which describes the transitory stage when the cells are capable of movement, but the flagella are not
fully formed (which results in a spinning motion) or ‘swimmers’ which describes cells that have fully

differentiated and move in a specific direction.

In order to count the cells, the microscope focus was zoomed out completely, the plate was moved
into a position where a random section of the sample was observed and the focus was moved inwards
with each cell being counted along the way. When all of the cells in the small ‘cross-section’ had been
counted the results could be recorded if over 100 cells had been counted in total, otherwise a new
cross-section was counted, and the total scores added. The time of each count was taken and the
results were kept in order to build excel graphs of the differentiation patterns under different

environmental stresses.
2.2.5- Sodium azide experiments

1 pland 10 pl of 0.1 M sodium azide solution were pipetted into the smaller Petri dishes containing 2

ml AS solution along with control dishes containing no sodium azide.
2.2.6 - Sodium Nitrate + Sodium Nitrite plates

1 M stock solutions of sodium nitrate and sodium nitrite were prepared by adding 85mg sodium
nitrate and 69mg sodium nitrite to separate Eppendorf tubes containing 1 ml ddH,0. From these 1 M
stock solutions 2 pl and 20 pl were pipetted into the 2 ml Petri dishes to create 1 uM and 10 uM

conditions respectively.
2.2.7 - Foetal bovine serum (FBS) experiments

100 pl FBS was added to 900 pl of ddH,0 to create a tenfold dilution. 20 ul of the FBS dilution was
added to plates containing 2 ml to create a 1% FBS v/v differentiation environment. 4 ul of the FBS
dilution was added to different plates containing 2 ml to create a 0.2% FBS v/v differentiation

environment.
2.2.8 - Glucose experiments

18 mg of glucose was added to 1 ml ddH;O to create a 10% glucose stock solution. 20 pl of the solution

was added to the small Petri dish to give a 1% glucose concentration.
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2.2.9 - Anaerobic and microaerophilic CO; rich environments

To prepare low O, environments both Anerogen™ compact and Campygen™ compact sachets were
used as detailed in table 5. The sachets were added to a sealed bag for 15 minutes during sample plate
preparation. After this time, the plates containing the cells and experimental conditions were placed
in the same bag and it was re-sealed to maintain the low O, environment. During cell counting, the
bags remained sealed until motion in other samples was observed, the bags were then opened and

cells in each environment were counted, which gave rise to some delayed data collection.
2.2.10 - TWEEN?20 (polyoxyethylenesorbitan, monolaurate) experiments

100 pl TWEEN20was added to 900 ul of ddH,0 to create a tenfold dilution. 20ul of the TWEEN20
dilution was added to plates containing 2 ml to create a 1% TWEEN20 v/v differentiation environment.
4 pl of the TWEEN20 dilution was added to different plates containing 2 ml to create a 0.2% TWEEN20

v/v differentiation environment.
2.2.11 - Differentiation data processing

In order to process the differentiation data, an excel spreadsheet was created. A table was created to

record the results of each experiment as seen in figure 11a.

The results were then recalculated to show the swimmer, spinner and non-flagellate Naegleria
counted in each stage as a percentage of the population.

The percentage population data was plotted into scatter graphs to give a comparative visual indication
of the changes in population over time. Non-flagellate data is shown as a dashed line with triangular
data points, the spinner data is shown as a dotted line with circular data points and the swimmer data
is shown as an unbroken line with square data points. The results for each condition are differentiated

by colours located in the legend, as shown in figure 11c.

After this, a second set of scatter graphs were created that directly compared the effects of each

experimental condition as shown in figure 11d.
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2.3- Bioinformatic Microarray Analysis

2.3.1- Obtaining the microarray data

A freely available microarray dataset compiled by L. Fritz-Laylin & W. Cande in the paper ‘Ancestral
centriole and flagella proteins identified by analysis of Naegleria differentiation’ was used to carry out
bioinformatic analysis of different proteins of interest (Fritz-Laylin & Cande, 2010). The dataset details
deviations of mRNA within Naegleria undergoing differentiation and was analysed to produce a visual
representation of expression of proteins of interest.

Both the microarray and accompanying paper were freely available on the National Center for
Biotechnology Information (NCBI) website (Goujon, 2010) (NCBI Resource Coordinators, 2016).

To obtain the microarray dataset, the full paper was found, and the data was obtained by following
the links ‘GEO Datasets’ and ‘Expression analysis of Naegleria gruberi (strain NEG) during

differentiation from the amoeba to the flagellate form’.

Under ‘Series Matrix File(s)’, the ‘GSE21527 series_matrix.txt.gz’ file was downloaded, and the
‘GSE21527_series_matrix.txt’ file was copied to a suitable folder. Under ‘MINIiML formatted family
file(s)’, the ‘GSE21527 _family.x ml (1).tgz’ file was downloaded and the ‘GPL10359-tbl-1.txt’ file was

copied to a suitable folder. Once complete, a new excel spreadsheet was created to store the data.
2.3.2 - Organising the microarray library

The data from the ‘GPL10359-tbl-1.txt’ file was copied and pasted into cell A4, the page was titled
‘Microarray Raw Data’. The results of the microarray were then copied from the
‘GSE21527_series_matrix.txt’ file into cell E4. Cells E4 to T71 were deleted along with cell F33264 was

also deleted.

Finally to align the two data sets perfectly, cells E4 to T33263 were selected and alphabetically sorted.
The data columns were then given headings that better organised the data. In order to use the data,
a visual representation of the protein expression during differentiation of Naegleria gruberi needed

to be built. In order to do this, a new sheet was created and named ‘Microarray Graph’.

The data from a specific protein was copied into this page and the surrounding cells were used to
calculate the averages, largest and smallest values, and the potential error of the triplicate results

from Omin to 80min.
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2.3.3- Plotting the microarray data

A 2D clustered column graph was used to represent the data. This graph was programmed to populate
itself when the data set from a protein was pasted into the appropriate cells. This allowed for a fast
throughput visualisation of each of the proteins of interest that were returned from later

bioinformatic analysis. The data sheet eventually gave tables as shown in figure 12.

1 EFC443331

Omin 20min dimin Blmin B0min Enorbar
o auane (1 min, rap (1 mic, ter O min_rep 20 mio (i, miry, s A0 mic, re A0 min, e A0 min, e B0 min, e Gl mic, e F nrefi Al mir, 15 O minerrc 20 min er 40 miner B0 min er 50 min aror
JGIDB:M: JGIesET TIOF6 32638 3013.5 38987 19194 WEE 2733 19826 92683 2532 27139 1453 . top T07E 38397 28656 28602 15788
JGIDE:M;: JGInsE7e B43d.1 4002 F104.6 3807 1313 14835 28656 19244 F19.01 ZTVIN 28602 17A01 WTLZ 14E11 15465 botom | 30135 W66 913.01 16331 13406
Aueerage: B800.6 36323 30621 3353 1962 4747 Z7ad3 o535 32235 26556 2varl T036 19053 ST TSEZT top 2603 1484 o7 4766 103.62
Average of repeats 44386 2414.7 17586 23841 1475.2 bottom | 14731 34863 83357 T745.02 134.58

JGIDB:Naegrl_67498

Figure 12: The “Automated Graph” data processing.

An image of the data entry and subsequent automation of graph production. The area encased in red
denoted the data copied and pasted from the microarray. The averages and error bars are then calculated
and a resulting graph of steady state mRNA synthesis during differentiation is produced.
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2.4 - Analysis of proteins of interest

The phrase ‘serpentine Naegleria’ was searched on the NCBI website and three different protein
results for Naegleria gruberi were returned. The protein sequence of each result was entered into a
protein BLAST search, using Naegleria gruberi as the organism to be searched. Once this was done,
the proteins related to each of the three initial results with an e-value better than e-04 were viewed
in separate tabs and the Joint Genome Institute database (JGIDB) identifier of every protein sequence
was collected. The sequences of each of the three serpentine proteins were also used in a blastp
search against the Joint Genome Institute (JGI) Naegleria database. Each resulting protein had the

JGIDB identifier collected.

The data sheet was used to find the corresponding microarray data for each of the proteins in the
three Basic Local Alignment Search Tool (BLAST) searches. The data was found by searching the
microarray data for the JGIDB identifier of each protein. A new excel sheet was created to house the
results and labelled ‘Stage Specific Data’. Both rows of the relevant data were copied and the data
was pasted into the ‘Stage Specific Data’ sheet along with the graph generate from the data in the

‘Microarray Graph’ sheet.
2.4.1- Using controls

The proteins SAS-6 and IFT88 from the paper ‘Ancestral centriole and flagella proteins identified by
analysis of Naegleria differentiation’ were found on the NCBI database and the JGIDB identifying
numbers were copied and were used to locate the proteins in the data set as described above. The
data of both SAS-6 and IFT88 was then copied into the ‘Microarray Graph’ sheet. Other protein
controls were used, which would be highly stage specific, such as; Tubulin, Centrin, FLA2 (kinesin 2
homolog), Flagellar calmodulin and other proteins encoding proteins such as dynein. Each protein

graph was compared to expected values and the created graphs and datasets of these proteins were

stored as shown in figures 13 and 14.

u | I 1

Figure 13: Using controls to validate the data calculation and graph production process.

An image of the previously generated expression graphs for SAS-6 (blue) and IFT88 (orange) obtained
from the microarray paper, in comparison to the graphs for each protein produced from my analysis.
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2.4.2 - Sorting results and further protein analysis

The graphs for each protein were sorted with regard to whether the proteins showed an amoeba
specific, flagellate specific or constitutive expression pattern throughout the differentiation process
by colour coding them red, yellow and blue respectively. The data was sorted into these 3 patterns

and then further sorted in order of which proteins were the most expressed to least expressed.
2.4.3 - Finding similar proteins to the most expressed proteins of interest

The proteins that were most expressed were further analysed by copying the number at the end of
the JGI identifier and using it to search for the protein on the JGIDB website. Using the protein ID a
blastp was carried out on the NCBI website. The nearest proteins were found and compared in the
same manner as above and were sorted into amoeba specific, flagellate specific or constitutive

expression patterns.
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2.5- Morphology of cysts formed within different environments

2.5.1- Preparing plates for cyst experiments

Naegleria gruberi cultures were prepared and maintained as described previously with the exception
that the Naegleria cells were spread onto the amoeba saline (AS) plate to evenly coat it. The cells were
then incubated and monitored to give them enough time to multiply and consume all Klebsiella food
sources without encysting. The plates were then placed into different environments according to each

experimental condition.
2.5.2 - Cultivating cysts in anaerobic and microaerophilic CO; rich environments

Experiments were carried out using anaerobic and microaerophilic CO; rich environments by placing
plates into two separate 2.5 L Oxoid™ AneroJar™ containers. A 2.5 L Campygen™ or Anaerogen™
sachet was placed into each of the containers to generate the required conditions and the cells were

then left to encyst.
2.5.3 - Cultivating cysts in nitrite and nitrate rich environments

1 mM Nitrate AS plates and 1 mM Nitrite AS plates were prepared and seeded with Klebsiella.
Naegleria cells were then transferred across from a normal plate with a sterile spreader under aseptic

conditions. The cells were then left to encyst.
2.5.4 - Preparation of Naegleria for scanning electron microscopy (SEM)

Once all of the plates had fully encysted, the cells were removed by washing the plate with 1 ml AS
solution and dislodging the cells with a sterile spreader. The cells were then pipetted from each plate
into a separate Eppendorf tube and spun at 500g for 2mins. The supernatant was pipetted away and

discarded. This process was repeated three times with 1 ml of AS solution.

After the final wash, 100 ul of AS solution was added and the cells were vortexed to homogeneity
before 3 ul of gluteraldehyde was added. The cells were then pipetted onto a clean glass slide cover

and left to fix in the 3% gluteraldehyde solution for 60 mins.

The cells were then washed with increasing amounts of ethanol in order to completely dry the sample.
First 150 ul of 25% ethanol in AS solution was pipetted onto the glass slide and left to permeate the
cells for 5 mins. After this the excess liquid was carefully removed so as not to disturb the cells that

had settled on the glass during the fixation process.
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The cells were then washed with 25% ethanol, 50% ethanol, 75% ethanol, 95% ethanol and 100%
ethanol in turn. Finally, the cells were washed twice more with 100% ethanol and left to dry.

2.5.5- Scanning Electron Microscopy

The glass slides containing the cells were placed into an ion sputtering machine and the cells were
coated with a 30 nm layer of gold alloy. The slides were then placed into the scanning electron

microscope which operated at an accelerating voltage of 20 kV.
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Chapter 3: Results

3.1- Bioinformatic analysis of microarray data — Stage regulation of sensory
proteins

As previously discussed, Naegleria gruberi contains an expansive intracellular signalling network,
including a large presence of cyclase proteins thought to be utilised in environmental perception and
signalling (Fritz-Laylin et al., 2010). Due to this, the G protein-coupled cell-surface receptors were
targeted for bioinformatic analysis to visualise their upregulation patterns during differentiation (Fritz-
Laylin et al., 2010; Ginger, Fritz-Laylin, Fulton, Cande & Dawson, 2010). The analysis was carried out
utilizing previously obtained microarray data which was freely available on the NCBI website (Fritz-
Laylin & Cande, 2010). The microarray detailed RNA expression values in N. gruberi at several
timepoints over the course of amoeba flagellate differentiation (Fritz-Laylin & Cande, 2010; Ginger,

Fritz-Laylin, Fulton, Cande & Dawson, 2010).
3.1.1- Analysis of serpentine proteins

The bioinformatic analysis began with finding the G protein-coupled cell-surface receptors within the
Naegleria species. The term ‘serpentine Naegleria’ was searched in the protein database of the NCBI
website (Altschul, Gish, Miller, Myers & Lipman, 1990; NCBI Resource Coordinators, 2016). Of the five
results that were returned, there were three different protein results for Naegleria gruberi. These
proteins were identified by the accession numbers EFC44333.1, EFC40821.1 and EFC35362.1. In order
to find related proteins in N. gruberi, the amino acid sequence of the three proteins was taken in
FASTA format and used to perform a protein BLAST search using both the NCBI and JGI websites (NCBI
Resource Coordinators, 2016; Grigoriev et al., 2011). The BLAST searches were restricted to the
sequences of Naegleria gruberi and of the many results, only the proteins with an e-value of e-04 or

greater were utilised, as shown in figures 30 to 32.
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3.1.2 - Bioinformatic controls

Ahead of the
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a) SAS-6 graph from the microarray paper. b) SAS-6 control graph for
comparison. c) IFT88 graph from the microarray paper. d) IFT88
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Fritz-Laylin & Cande, 2010.

and flagella  proteins

Naegleria differentiation’

As the first control graphs
appeared successful, several other proteins connected to centriole/flagellar assembly were selected
from the paper to be analysed. Each of the proteins chosen, had well documented expression patterns

in other flagellates, and therefore also had an expected pattern of upregulation.

In order to check that the graphs were giving a correct representation, control proteins with a known
pattern of expression were used to evaluate them. A graph of each of the control proteins was created
and compared to the known expression patterns. The proteins used in this manner included; Tublins,
SAS proteins, BBS proteins and IFT proteins. The tubulins are upregulated early as they are essential
for nucleation of microtubule organising centre (MTOC) assembly, which is a precursor for formation
of the basal body and microtubule cytoskeleton to take place (Misook & Joo Hun, 2001; Beisson &
Wright, 2003; Walsh, 2007; Walsh, 1984). Once the microtubule organising centre is complete, the
SAS proteins are then expressed and localised to the cartwheel structure, which is built from a-tubulin
and B-tubulin microtubules (Nakazawa, Hiraki, Kamiya & Hirono, 2007; Winey & O'Toole, 2014; Lodish,
2016). IFT proteins are only upregulated during differentiation and flagellar formation (Cao, Park &
Sun, 2010; Sloboda & Rosenbaum, 2007), and continues to be expressed by cells in the flagellate form.

The BBS proteins form the BBSome, an eight-membered protein complex recruited to form a portion
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of the basal body (Jin & Nachury, 2009; Jin et al., 2010; Klink et al., 2017). BBS proteins form complexes
with IFT proteins (Lechtreck, 2015) and are responsible for protein trafficking along the length of the
flagellum via selection of ciliary transmembrane proteins for IFT-mediated transport (Berbari, Lewis,

Bishop, Askwith & Mykytyn, 2008; Jin et al., 2010; Klink et al., 2017).

A graph was created to show a comparative expression of the tubulin, IFT and BBS data analysed so
far. The expected tubulin expression closely followed by IFT and BBS expression was recorded, as

shown in figure 15, so the analysis continued and moved to other control proteins.
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Figure 15: Comparative expression patterns of the flagellate structural control proteins.

A graph depicting the comparative expression of mMRNA over time, for the control tubulins,
IFT proteins and BBS proteins.

Finally, several other structural proteins in the supplementary table were also analysed (Fritz-Laylin &
Cande, 2010). Most of these proteins are used entirely for flagellar construction and function and so
are only expressed at different points in the amoebaflagellate and flagellate stages of differentiation

as shown in table 1.
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Gene product

Function

References

a-tubulin

B-tubulin

Dimerize to form microtubules, which are
then utilised in the construction of the
cartwheel structure and elongation of
flagella.

Winey & O'Toole, 2014; Nogales, Wolf &
Downing, 1998

ODA9 (outer arm dynein
intermediate chain)

Forms a structural component of the outer
arm dynein.

Wilkerson, King, Koutoulis, Pazour &
Witman, 1995

D1bLIC (dynein light
intermediate chain)

Forms the light intermediate dynein chain
which stabilizes the dynein dimer.

Hou, Pazour & Witman, 2004

ODAL1 (p66 outer dynein arm
docking complex protein)

Required for assembly of the outer dynein
arm and the outer dynein arm-docking
complex on the doublet microtubule.

Takada, Wilkerson, Wakabayashi, Kamiya &
Witman, 2002

RIB43A-domain containing
protein

compartment of flagellar microtubules.

ODA12 Required for assembly of the outer dynein Pazour et al., 1999
arm.
RIB72 Components of the specialised ribbon lkeda et al., 2002

Norrander, deCathelineau, Brown, Porter &
Linck, 2000

Radial head spoke protein 4
(RSP4)

Radial spoke-head-like

Components of the radial spoke head.

Diener et al., 2011; Curry, Williams &
Rosenbaum, 1992

microtubules and tubulin dimers as a
structural molecule and regulates ciliary
dyneins through microtubule sliding. It is
also hypothesised to possess cilium-
associated sensory/signaling functions.

PF16 Involved in central microtubule stability and | Smith & Lefebvre, 1996
flagellar motility.
PF20/SPG16 Tryptophan-aspartic acid repeat protein Smith & Lefebvre, 1997
required for central microtubule assembly
and flagellar motility.
PACRG PACRG is associated with outer doublet lkeda, 2008; Mizuno, Dymek & Smith, 2016;

Loucks et al., 2016; Ikeda, Ikeda, Morikawa &
Kamiya, 2007

Flagellar calmodulin (CAM1)

Calmodulin localises to the central
microtubule and radial spoke stalks. It plays
a role in motility and calcium control of
flagellar bending.

Yang, Diener, Rosenbaum & Sale, 2001;
Hisanaga & Pratt, 1984; Yang, Yang & Sale,
2004; Wargo, 2005

KLP1 (kinesin-9)

KLP1 is KIp1 a motor protein localised to the
central pair of microtubules in the axoneme
and is essential for flagellar motility.

Bernstein, Beech, Katz & Rosenbaum, 1994;
Yokoyama, O'Toole, Ghosh & Mitchell, 2004

Table 1: Structural proteins used as controls.

A table displaying the different structural proteins with predictable mRNA expression that were
used as controls. A summary of the known function of each protein is included alongside
appropriate previous studies.
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3.1.3 - Sorting results and further protein analysis

Earlier bioinformatic analysis of the microarray stated that the majority of predicted adenylate cyclase
sensory proteins were upregulated during the flagellate stage (Kelly, 2013) as shown in table 2. In
order to better identify potential signalling receptors in my analysis, all of the proteins returned from
the BLAST searches were used to create graphs, these were then manually sorted into stage specificity
by visually assessing the RNA expression pattern , seen in figures 30 to 32. They were sorted into
groups of; amoeba specific, flagellate specific or constitutive expression patterns and then further
ordered by RNA expression levels. If a protein did not have a clear expression pattern, it was not sorted
into either of the three categories and was disregarded, this left a total of 47 clearly stage specific

proteins, that were sorted as shown in table 3.

Domain Total number Transmembrane Total stage specific
All 116 87 80

PAS 47 41 35

HAMP 6 6 5

NIT 4 4 4

BLUF 2 0 2

Table 2: Previous analysis of sensory adenylate cyclases.

A table showing a previously produced analysis of potential sensory adenylate cyclase expression

during differentiation of N. gruberi adapted from Table 4.2 of Kelly, 2013.

Expression values Flagellate specific Amoeba specific Constitutive
0-1,000 8 7 19
1,000 - 10,000 3 6 2
10,000 — 100,000 0 2 0
Totals 11 15 21

Table 3: Protein grouping according to stage expression abundance.

A table indicating how the 47 proteins, identified as having an expression pattern through my

analysis, were sorted. The proteins were further grouped based on the intensity of mRNA

expression.
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3.1.4 - Searching for homologous protein expression in the most upregulated proteins

After having sorted the proteins by stage expression, an analysis of the most upregulated proteins was
carried out to check if any closely related proteins followed the same patterns. To achieve this, the
most upregulated proteins in the amoeba specific, flagellate specific and constitutive groups were
searched on the NCBI website and the amino acid sequences were used in a protein BLAST. The
resulting proteins returned from the BLAST search were then used to create expression graphs as
shown in figures 45 to 51. These were compared against the serpentine receptor protein expression

patterns.
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3.2- Environmental triggers for differentiation

My analysis of the microarray data indicated considerable complexity and stage specificity in the
expression of candidate serpentine receptor proteins, responsible for activating signalling pathways
in response to detection of environmental cues (Mykytyn & Askwith, 2017; Rosenbaum, Rasmussen
& Kobilka, 2009). In an attempt to better understand the roles of these signalling proteins, |
investigated the behaviour of N. gruberi with regards to its capacity to differentiate under specific
environmental stresses and conditions. This analysis provides a framework under which the signalling
transcriptome could be explored further. The genome sequence of N. gruberi has highlighted it as an
unexpectedly metabolically flexible protist (Fritz-Laylin et al., 2010). Due to this, it was concluded that
revisiting parameters for differentiation was a worthwhile exercise. The different experimental

parameters investigated can be found in table 4.

3.2.1- Initial optimization

The first set of differentiation experiments were done in order to find the optimal conditions to grow
and differentiate Naegleria with the novel methodology inspired by earlier work (Fulton, 1970). The

goal was to secure maximal numbers of flagellate cells from differentiation.

The first set of experiments carried out were to test the best way to transfer cells. The goal was to
ensure that as few encysted cells were transferred to the AS solution as possible. In comparison with
previously published methods, | scaled down the volumes used. Later experiments showed that

excision and centrifugation of agar at 1,800 rpm for 2 mins gave the best differentiation.

The use of cold environments, Tris buffer and agitation from previous protocols (Fulton & Dingle, 1966;
Fulton, 1970) was then tested. The lower temperatures, agitation and use of Tris buffer all appeared

to inhibit the differentiation of cells.

After several optimisation tests, a final optimization experiment comparing buffers, temperatures and
spin techniques showed that the protocol employed in the methods section was best for the

environmental experiments as seen in figure 58 in the appendix.
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Condition numbers and associated figures

Conditionstested | 1| 2|3|4|5|6|7(8|9]| 10| 11|12 |13 | 14 |15 |16 |17 |18 | 19 | 20

21

Aerobic X X| X X1 X X X X X

Microaerophilic, X | X X X X
CO2 rich

Anaerobic X[ X[ X X| X X

10 uM Sodium X X
azide (NaNs)

1 uM Sodium X X
azide (NaNs)

0.2% FBS X X X

1% FBS X X X

0.2% Glucose X

1% Glucose X

0.2% Tween20 X X X

1% Tween20 X X

Table 4: The different environmental parameters investigated.

Table 4 indicates all of the different environmental parameters investigated within this MSc. The
condition numbers show which of the environmental conditions were tested simultaneously
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3.2.2 - Differentiation in the presence of mitochondrial respiratory chain inhibitor sodium

azide (NaNs)

Due to the multitude of potential mitochondrial metabolic pathways in Naegleria (Fritz-Laylin et al.,
2010; Ginger et al. 2010) a set of experiments were carried out using the mitochondrial respiratory
chain inhibitor sodium azide. Sodium azide arrests metabolism through inhibition of mitochondrial
cytochrome oxidase (Lichstein & Soule, 1944; Berndt, Callaway & Gonzalez-Lima, 2001; Yoshikawa &
Orii, 1972). The effect of concentrations of 1 mM and 0.1 mM sodium azide upon the differentiation
of Naegleria was tested in both aerobic and anaerobic environments to observe how inhibition of
oxidative phosphorylation in oxygen rich and oxygen depleted environments would affect

differentiation.

The results in figure 16 suggested that high concentrations of sodium azide had an inhibitory effect
upon differentiation, which appeared to be more prominent in the presence of an anaerobic
atmosphere. However, the presence of an anaerobic atmosphere or the presence of 0.1 mM sodium
azide alone improved differentiation into flagellates which may be due to low levels of the toxin
culminating in a biphasic adaptive response effect (Kaiser, 2003; Calabrese et al., 2007; Mattson,

2015).
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Sodium Azide differentiation in aerobic and anaerobic environments.
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Figure 16: Sodium azide differentiation results.

A graph showing the differentiation patterns of N. gruberi when subjected to differing
amounts of sodium azide, in both aerobic and anaerobic environments.
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3.2.3 - Differentiation in the presence of foetal bovine serum (FBS)

The experiments concerning sodium azide gave evidence to show that oxidative phosphorylation may
not be obligatory for differentiation so the next experiments tested the effects of different nutrient
sources upon differentiation. The effect of foetal bovine serum (FBS), a partially defined nutrient-rich
media containing proteins and lipids, was observed in both normal and glucose-rich aerobic and

microaerophilic CO; rich environments.

The results in figures 17 and 18 showed further evidence that differentiation is increased as O is
depleted. The results also repeatedly showed evidence that addition of FBS reduced the number of
flagellates observed, leading me to believe that FBS is detected as a nutrient source. Strangely the
cells in glucose behaved like the control samples and did not seem to catabolise the glucose present

as seen in red in figure 18. This agrees with findings in recent studies (Bexkens et al., 2018).
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Figure 17: FBS differentiation results.

A graph showing the differentiation patterns of N. gruberi with differing amounts of FBS in
both aerobic and anaerobic environments.
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FBS differentiation in aerobic and microaerophilic CO2 rich environments versus differentiation in a glucose
rich environment.
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Figure 18: FBS vs glucose differentiation results.

A graph showing the differentiation patterns of N. gruberi with differing amounts of glucose and
FBS in aerobic and microaerophilic CO; rich environments.
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3.2.4 - Differentiation in the presence of Polyoxyethylene sorbitan monolaurate (TWEEN20)

TWEEN20 is a lipid molecule containing a twelve carbon-long fatty acid chain. Recent studies have
shown that Naegleria may actively select for the oxidation of fatty acids as a substrate preference
(Bexkens et al., 2018). With this in mind, | attempted to test this using a mixture of glucose rich and

TWEEN20 rich environments in both microaerophilic CO, rich and aerobic environments.

The addition of TWEEN20 had the most pronounced inhibitory effect upon differentiation of all the
environmental effects observed. The results in figure 19 suggested that TWEEN20 is utilised as a
carbon source as it inhibits differentiation, this is particularly fascinating considering that the addition
of readily available glucose was once again ignored by N. gruberi cells. The cells in the presence of

TWEEN20 and a low oxygen environment differentiated and then reverted quickly once oxygen was

introduced.
TWEEN20 differentiation versus differentiation in a glucose rich environment.
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Figure 19: TWEEN20 vs glucose differentiation results.

A graph comparing the differentiation patterns of N. gruberi in a glucose rich environment
against differentiation in a lipid rich environment.
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Figure 20: TWEEN20 differentiation results.

in aerobic and microaerophilic CO;rich environments.

A graph showing the differentiation patterns of N. gruberi with differing amounts of TWEEN20
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3.3- Scanning electron microscopy analysis of cysts formed under different
environmental conditions

In order to continue the functional studies into environmental perception by Naegleria in the
timeframe given, further experiments were carried out to assess the phenotypic effect of
environmental conditions upon differentiation using scanning electron microscopy. The morphology
of Naegleria gruberi has been studied previously in both the trophic form (Jamerson, da Rocha-
Azevedo, Cabral & Marciano-Cabral, 2012), and encysted form (Lastovica, 1974; Dykova, Kyselova,
Peckova, Obornik & Lukes, 2001) as seen in figure 2.

3.3.1- Initial SEM analysis and troubleshooting

The initial SEM experiments were carried out by fixing the cells with 2.5% gluteraldehyde for 40 mins.
The cells were taken through a graded ethanol wash. This was unsuccessful and after some
troubleshooting | increased the concentration of glutaraldehyde to 3% glutaraldehyde and raised the
incubation time to 60 min, as done in earlier published SEM work with N. gruberi (Lastovica, 1974).

The resulting images were promising as several cysts retained a spherical morphology.

The cells were eventually fixed with 3%
glutaraldehyde with an incubation time of
60min, as previously detailed in the
methodology section and seen in figure 21.
Cysts were then cultivated in nitrate rich,

Figure 21: Final SEM
1 troubleshooting

nitrite rich, anaerobic and microaerophilic CO,

rich environments before being prepared for Images taken of the third

SEM troubleshooting
attempt. In this attempt
3% glutaraldehyde was
used and cysts were seen.

SEM imaging.
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3.3.2- Control sample

The cysts that were imaged as part of
the control group in figure 22
appeared similar to those in figures

2b), 2c¢) and 2e) (Lastovica, 1974,

Dykova, Kyselova, Peckova, Obornik &

Lukes, 2001). Many of the cysts had a Figure 22: SEM control sample.

spherical morphology with both open SEM images of the control cells, which were similar to

and blocked visible exit pores the control images of previous studies (Lastovica, 1974;
‘ Dykov4, Kyselova, Peckovd, Obornik & Lukes, 2001) and

(Lastovica, 1974). had visible ostioles.

3.3.3- Effects of Anaerobic and Microaerophilic CO; rich environments upon encystment

Many of the cysts imaged
in both the anaerobic and
microaerophilic CO, rich
environments had a
normal spherical

morphology. The cysts

Figure 23: SEM images of cysts in anaerobic
and microaerophilic CO; rich environments.

that were observed in the

microaerophilic CO; rich ' ' '
SEM images showing cysts formed in two

different O, depleted environments. a + d)

cysts formed in an anaerobic environment.
b + ¢) cysts formed in a microaerophilic CO;
rich environment.

environment had a
similar morphology to

those of the control group

in figure 22, whereas the
cysts that were formed in the anaerobic environment had an irregular surface similar to those in figure

2d).
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3.3.4 - Nitrate + Nitrite rich environments

Almost all of the cysts
imaged in both the
nitrate rich and nitrite
rich environments were
collapsed inwards as
shown in figures 24a
and 24b. There were
some smaller spherical
cyst-like structures
visible with what
appeared to be ostioles,
however these
structures were roughly

one third to one fourth

Master of Science by Research

and nitrite rich environments.

SEM images showing cysts formed in two

different nitrogen containing environments.

a +d + e) cysts formed in a nitrate rich
environment. b + c) cysts formed in a nitrite
rich environment.

Figure 24: SEM images of cysts in nitrate rich

of the size of a normal cyst as seen in figures 24c and 24e).
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3.4- Synthesis and purification of proteins of interest

As previously discussed,

o
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0¥
g

©, O, © O,
© © © ©
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Naegleria contains an S T ~ 7
= (=] v ~ w

expansive intracellular
signalling network, including
a large number of kinases,
cyclases, and proteins with
sensory domains (Fritz-Laylin
et al., 2010). These proteins
are significant components Figure 25: Small scale pp-PFK and C8 induction SDS PAGE.

of sensory perception (Fritz- An image of an SDS PAGE gel showing the results of the small-

Laylin et al., 2010; Garcia, scale induction of proteins pp-PFK (37kD) and C8 (50kD). The
proteins produced are seen as thicker bands, where TO is the
start of induction and T1, T2 and T3 are samples gathered
2017; Séderbick et al., 2002; from 1, 2 and 3 hours after induction.

Orillard, Johnson & Watts,

Rebbapragada et al., 1997; Ryo et al., 2018; Moglich, Ayers & Moffat, 2009).

During the course of the MSc, | attempted to purify four signaling proteins of interest. These proteins
were an adenylate kinase referred to as AK3, an adenylate/guanylate cyclase referred to as C8, a
pyrophosphate-dependent phosphofructo-1-kinase referred to as pp PFK and a predicted

adenylate/guanylate cyclase

with PAS domain referred to as

)999":\

< < < o
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PAS1. The sequence encoding

250—

150—
1;‘:‘ each protein insert is shown in

the appendix.

50—

7T The protein purification was

25 — carried out with the intent of

15— determining protein localisation

10- for each protein  during

Figure 26: Small scale PAS1 and AK3 induction SDS PAGE. differentiation. = The  genes

An image of an SDS PAGE gel showing the results of the encoding the  recombinant
small-scale induction of the proteins PAS1 + AK3 (25kD).

The AK3 protein produced is seen to be accumulating. TO
is the start of induction and T1, T2 and T3 are samples pET28a expression vectors and
gathered from 1, 2 and 3 hours after induction.

proteins were ligated into

were first successfully cloned
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into chemically competent E. coli by another researcher before the MSc work began. A small-scale
induction of the cloned cells was the first thing | undertook, in order to check for the presence of the
four proteins of interest; AK3, C8, pp-PFK and PAS1. The first small scale induction of the proteins
appeared to be largely successful, as shown in figures 25 and 26. However the protein PAS1 was not

shown to be expressed in figure 26 so | attempted to troubleshoot this process.
3.4.1- Troubleshooting PAS1 expression

In order to re-attempt PAS1 expression, troubleshooting methods were employed. Protein from fresh
transformants kept in glycerol stock solutions were induced and several colonies were tested for PAS
expression. Ultimately this was unsuccessful and eventually PAS1 expression was abandoned in order

to continue with expression and purification of the other three proteins.
3.4.2 - Purification of pp-PFK, C8 and AK3

A first attempt at large scale induction was made with the proteins pp-PFK, C8 and AK3 in order to
understand whether the protein was soluble or insoluble. This was done by analysing both the

resulting pellet and supernatant in an SDS PAGE for each protein, as shown in figure 27. This revealed

that pp-PFK and AK3 were insoluble, while C8 was soluble.
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Figure 27: Large scale induction and solubility test.

An SDS PAGE gel of the protein solubility fractions. a) an SDS PAGE gel showing evidence of large-scale
soluble pp-PFK (37kD) and insoluble C8 (50kD) inductions. b) an SDS PAGE gel showing evidence of large-
scale soluble AK3 (25kD) induction in the supernatant, where TO is the start of induction and T3 are
samples gathered from 3 hours after induction.
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A lysis buffer, a wash buffer and an
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ame®®
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1
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elution buffer were then prepared for

100 =
75 —

protein purification in both denaturing

50 —

and native conditions. A large-scale

37 —

induction was carried out for each of the

25 —

remaining three proteins and 100 pl of

15 —

each of the protein samples were kept in

order to carry out an SDS PAGE as shown
Figure 28: Large scale induction results. in figure 28.

An SDS PAGE gel showing the large induction This showed varying traces of each of the
results for all three different proteins. A trace of
each protein is visible. TO is the start of induction

fmdd Ti denotes samples from 3 hours after samples were then purified using affinity
Inaucrion.

three proteins, so the three protein

chromatography with a Ni-NTA agarose
affinity resin. Some of each fraction was observed by SDS PAGE and each of the three proteins were

shown to have been produced and purified as shown in figure 29.

%* 2
= @
CO 4
E S
wr ™~

i\ko\\“ﬁ 3
N
o\\r\ﬁ
Aok

Figure 29: Final protein purification results.

)

B sonn® 24
d

uo\_),(\\3 o

(2]
—
)9992‘\
N
< “0\:\“\3 or
o
a3
oo

An SDS PAGE gel showing the results of the
final protein purification. a) The resulting
SDS PAGE gel for the pp-PFK supernatant,
wash and elution fractions. b) The resulting
SDS PAGE gel for the C8 supernatant, wash
and elution fractions. c) The resulting SDS
PAGE gel for the AK3 supernatant, wash
and elution fractions.
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Chapter 4: Discussion

As previously mentioned in the introduction, the presence of flagella in eukaryotes is often vital to
survival and proliferation (Moran, McKean & Ginger, 2014; Wood, Huang, Diener & Rosenbaum,
2013). In complex eukaryotes they play roles in intricate systems such as the renal, digestive and
nervous systems and are found throughout the human body (Ostrowski, Dutcher & Lo, 2011). More
recently, focus has shifted to the sensory capabilities of flagella and cilia in eukaryotes which permits
both recognition and response to external stimuli. Genetic syndromes known as ciliopathies are a
result of defective flagellar and ciliary function and have previously been shown to predispose

individuals to chronic health conditions, including cancer, obesity and diabetes.

Naegleria gruberi is a model organism, which is related to the often fatally pathogenic N. fowleri and
can be both safely and easily grown in xenic conditions. The rise of whole genome sequencing has led
to the discovery and identification of a signalling protein cohort which is much larger than that of
neighbouring eukaryotes. This protein cohort, in combination with the natural life cycle and
ameboflagellate capabilities of N. gruberi, offer a model organism with a host of unexplored, flagellate
stage-specific, sensory proteins. This leaves N. gruberi well-positioned as a model in which to study

the sensory capabilities of flagella, due to the sensory perception and function of the flagellate form.

My project initially began with the aim of localising flagellate specific signalling proteins, in an attempt
to determine whether they act as sensory antennae, such as that of Chlamydomonas (Collingridge,
Wheeler & Brownlee, 2012; Omoto & Brokaw, 1985). However, over the course of the MSc, other
experiments replaced this singular focus. The novel experiments concerning environmental sensory
perception during differentiation, yielded several results, with the more prominent results reinforcing
more recent published material (Bexkens et al., 2018). Meanwhile, although the protein PAS1 could
not be purified, even after many different troubleshooting attempts, the other three proteins were

shown to be successfully purified.

70



C.Sykes U1363969 Master of Science by Research

4.1 - Differentiation

During the differentiation experiments, | had expected glucose to be catalysed in the event of food
deprivation, due to the previously indicated potential capacity for aerobic degradation of glucose
(Fritz-Laylin et al., 2010; Ginger et al., 2010; Opperdoes et al., 2011) and the fact that it is an essential
component of the defined media of Naegleria (Nerad, Visvesvara & Daggett, 1983). It came as some
surprise to find that freely available glucose remained undisturbed as cells underwent starvation, and
eventually, differentiation. The fact that glucose is not recognised as a nutritional carbon source is
interesting, considering that glucose is the most widely accepted energy source of microbial
eukaryotes (Bunn & Higgins, 1981). These findings do conform with previous studies, which show that
although glucose is an essential addition to the defined media for Naegleria, glucose within the media
is not consumed by N. gruberi cultures (Weik & John, 1977). In addition, other experiments during the
MSc suggest that N. gruberi appears to use lipids as a preferred carbon source for ATP production and

proliferation.

Some results concerning the mitochondrial respiratory chain inhibitor sodium azide showed that small
concentrations of sodium azide appeared to slightly improve differentiation, possibly due to an
adaptive response (Kaiser, 2003; Calabrese et al., 2007; Mattson, 2015). However, generally the
results showed that the extent of differentiation increases as O, levels are depleted and that the
presence of lower concentrations of sodium azide did not present a barrier to differentiation. In fact,
strong concentrations of sodium azide had an inhibitory effect upon differentiation that was
compounded in an anaerobic atmosphere. These results provide evidence indicating that
mitochondrial ATP production via oxidative phosphorylation may not be necessary during
differentiation. This would suggest that substrate level phosphorylation may be sufficient to produce
the ATP necessary to differentiate and swim, which is surprising, considering that the presence of

glucose does not prevent differentiation.

Experiments carried out investigating different nutrient sources showed that cells did not differentiate
as readily in the presence of FBS and TWEEN20, with the effect of TWEEN20 upon differentiation being
particularly noticeable. This is consistent with recently published data suggesting that N. gruberi
actively selectively metabolises lipids over other carbon sources (Bexkens et al., 2018). Differentiation
does occur in most cases if cells are placed in low oxygen environments, however upon reintroduction
of O, the cells quickly revert to flagellate form. This also provides some evidence that mitochondrial

respiratory chain oxidative phosphorylation is not necessary for ameboflagellate differentiation as the
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lipids and amino acids within these substrates are more likely catabolized via the tricarboxylic acid

cycle to produce ATP.

As a general trend, the presence of an anaerobic or microaerophilic CO; rich atmosphere usually
enhanced the amount of differentiation observed, even when lipid nutrient sources were present,
which in tandem with the anaerobic results, suggested that a habitat with a lack of atmospheric
oxygen is sufficiently inhospitable to trigger the differentiation process. This response, combined with
evidence that oxidative phosphorylation may not be utilised in differentiation, raises the question of
where N. gruberi procures the energy for differentiation, and whether it is stored within the cell or
generated on demand. To conclude this research, further experiments assessing differentiation in the
presence of only amino acids should be carried out, this would reveal whether only lipids are

selectively sought as a source of nutrition.

4.2 - Bioinformatics

What emerges from the bioinformatic analysis, is a sequential ordering of gene expression relating to;
centriole assembly, Intraflagellar transport system establishment, BBSome formation and flagellar
assembly in N. gruberi, as shown more clearly in figure 15. The result of this analysis also shows that
there are a number of complex sensory serpentine receptors which show flagellate specific
expression, that coincides with the event of flagellate motion as seen in tables 1, 2 and 3. These
proteins are in a prime position to act as environmental sensory proteins and leave the open question

as to whether they are localised to the flagella within the flagellate form.

It is not yet clear how these proteins are used by the microbial eukaryotes in which they are found. In
N. gruberi, analysis of the microarray dataset indicates clear differences in the way the extensive
repertoire of predicted environmental signaling proteins are upregulated. The recently discovered
histidine kinases and adenyl cyclases have a predominantly flagellate specific expression, amidst a
more complex pattern of serpentine receptor expression. Future research could be carried out by
creating a phylogeny of the N. gruberi serpentine receptors to identify which of these proteins have
genuine orthologues in N. fowleri. This phylogeny would indicate how frequent paralogous gene
duplication was during evolution of these receptors in Naegleria and whether these paralogues

undergo similar patterns of stage specific gene regulation.
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43- SE

As part of the experiments to look at the environmental response of Naegleria to O, deprivation, |
found identical results to earlier studies (Tsaousis, Nyvltova, Sutak, Hrdy & Tachezy, 2014; Bexkens et

al., 2018), in the fact that xenically grown Naegleria failed to grow in an anaerobic environment.

Although a previously published method existed, which should have made the preparation of samples
straight forward, | had to carry out several independent troubleshooting exercises in the absence of
any available expertise within the lab. Due to the inability to prepare samples with critical point drying,

| adjusted the protocols in an attempt to circumvent this.

The resulting images obtained from scanning electron microscopy showed control samples that were
morphologically similar to previously published SEM cyst images. Cells cultivated in the
microaerophilic CO, rich environments also matched the morphology of the controls, while cells
grown in an anaerobic environment had a slightly altered morphology, similar to previously published

images (Lastovica, 1974).

The presence of a nirKk enzyme in Naegleria that localises to the mitochondria when heterologously
expressed in Trypanosoma brucei, has been confirmed in currently unpublished material which
suggests that anaerobic respiration may be possible. To explore this, cells were left to encyst in
amoebasaline solutions or on agar plates containing a range of NO3 or NO™; concentrations. This
resulted in the formation of rounded bodies, which we assumed to be cysts due to a visible ostiole-

like structure.

4.4 - Protein purification

During the MSc | originally set out to localise four flagellate specific signalling proteins, of interest. The
first was a candidate phosphate dependent fructokinase, which would act as a control as it is
constitutively expressed in the cytosol. The second was the adenosine kinase domain of an intriguing
fusion of an adenylate kinase with a pyruvate phosphate dikinase which is upregulated during
flagellate differentiation. The third was a putative adenylate/guanylate cyclase with a nitrate/nitrite
sensory domain which is shown to be upregulated during differentiation at the point where N. gruberi
would begin to swim, but is then shown to be less expressed over time. And finally, the fourth was a

PAS domain from a candidate, flagellate specific, adenyl cyclase.
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The progress from each of these purifications is shown in figures 27 to 29 and while the localization of
the proteins of interest could not be brought to completion, three of the four recombinant proteins

are thought to have been successfully purified.

Further research is still required to reveal the location of these sensory proteins in the flagellate form
and could provide a potential starting point for a subsequent project. One way to address this would
be to derive antibodies recognising the Naegleria signalling proteins and to use immunolocalization

to track protein congregation in vivo.

4.5- Closing remarks

While my project may have begun with the aim of localising flagellate specific signalling proteins,
throughout the course of my MSc thesis this aim has shifted and expanded. Throughout this year |
have carried out several different independent and intersecting experiments, in an attempt to further
elucidate the mechanisms of sensory proteins believed to reside within the flagellum of Naegleria

gruberi.

The differentiation results and the results of other recently published work (Bexkens et al., 2018)
showed evidence that Naegleria did not undergo oxidative phosphorylation when undergoing
differentiation, but instead metabolised lipids preferentially. Due to this, a search for the regulation
of sensory lipid-detecting proteins may reveal new insights into the differentiation process and

flagellar sensory ability.

The localisation of the purified proteins of interest from the serpentine receptor cohort may be
confirmed to reside within the flagellum. Further documentation would allow for an easy working
model of a sensory flagella, which may be wuseful for therapeutic research.
The results of the bioinformatic analysis presented a number of sensory serpentine receptors which
are now thought to be flagellate specific environmental sensory proteins. Localisation of these
proteins will show whether they are actively bound to the flagella. If this is the case, these proteins

may also hold value as model flagellate sensory proteins.

While there is much more to be done, this research in context, contributes to a greater understanding
of Naegleria and early branching eukaryotes, as well as the flagellum as a whole. Conjunctively, these

two topics are of significance to further understanding of two separate branches of human disease.
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Appendix

I. Reagents and materials used

Chemicals + Equipment

Provider

Glass wool

ACROS Organics

Tag polymerase

Bioline

T100 Thermal cycler

Bio-Rad Laboratories, Inc.

Gene Pulser Xcell Electroporation System

Bio-Rad Laboratories, Inc.

PowerPac™ Basic Power Supply

Bio-Rad Laboratories, Inc.

Mini Centrifuge

Bio-Rad Laboratories, Inc.

Mini-PROTEAN® Tetra System Kit

Bio-Rad Laboratories, Inc.

Instant Blue™

Expedeon Ltd.

Discovery Comfort Pipettes

HTL Lab Solutions

Heat Accublock Dry Block Heater

Labnet

Tris

Melford Biolaboratories Ltd.

Boric Acid

Melford Biolaboratories Ltd.

Agarose powder

Melford Biolaboratories Ltd.

Sodium Phosphate — Monobasic

Melford Biolaboratories Ltd.

Calcium Acetate

Melford Biolaboratories Ltd.

Sodium acetate

Melford Biolaboratories Ltd.

Glycine

Melford Biolaboratories Ltd.

Acrylamide Solution

Melford Biolaboratories Ltd.

Dithiothreitol

Melford Biolaboratories Ltd.

Ammonium Persulfate

Melford Biolaboratories Ltd.

Primers

MWG Eurofins Genomics

Gel Extraction Kit

Neo Biotech

Digital Stop clock

New England Biolabs, Inc.

1kb ladder

New England Biolabs, Inc.

T4 DNA Ligase

New England Biolabs, Inc.
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2.1 buffer New England Biolabs, Inc.
EcoR1 New England Biolabs, Inc.
Xhol New England Biolabs, Inc.
Hindlll New England Biolabs, Inc.

Orange G 6x loading buffer

New England Biolabs, Inc.

Brain-Heart Infusion

Oxoid Limited, Thermo Fisher Scientific Inc.

Prestige medical® classic autoclave models

210004 and 210008

Prestige medical + camlab

15ml + 50ml Centrifuge Tubes

SARSTEDT AG & Co

LB agar

Sigma-Aldrich, Inc.

LB Broth, High salt

Sigma-Aldrich, Inc.

Sodium phosphate — dibasic

Sigma-Aldrich, Inc.

SIGMA 1-14 Microfuge

Sigma-Aldrich, Inc.

Hemin

Sigma-Aldrich, Inc.

Sodium hydroxide

Sigma-Aldrich, Inc.

Bovine foetal serum

Sigma-Aldrich, Inc.

Kanamycin powder

Sigma-Aldrich, Inc.

Ampicillin powder

Sigma-Aldrich, Inc.

sodium dodecyl sulfate solution

Sigma-Aldrich, Inc.

Nicotinic acid (98%)

Sigma-Aldrich, Inc.

phenylmethylsulfonyl fluoride

Sigma-Aldrich, Inc.

Swann Morton Disposable Sterile Scalpels

Swann Morton Limited 2017

ultraviolet benchtop transilluminator

Syngene - Synoptics Ltd.

AneroGen™ compact

Thermo Fisher Scientific Inc.

Campygen™ compact

Thermo Fisher Scientific Inc.

LB Agar, Miller

Thermo Fisher Scientific Inc.

10XTBE

Thermo Fisher Scientific Inc.

IXTAE

Thermo Fisher Scientific Inc.

Gene JET PCR purification kit

Thermo Fisher Scientific Inc.

Elution buffer

Thermo Fisher Scientific Inc.

Heratherm Compact Microbiological Incubator

Thermo Fisher Scientific Inc.

Fisherbrand™ L-Shaped Cell Spreaders

Thermo Fisher Scientific Inc.
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Hoefer™ Submarine Gel Electrophoresis Units: | Thermo Fisher Scientific Inc.

SUB6 Mini Horizontal

GenelET Plasmid Miniprep Kit Thermo Fisher Scientific Inc.

GenelET Gel Extraction Kit Thermo Fisher Scientific Inc.

2000ml Schott bottle with cap and pouring ring | Thermo Fisher Scientific Inc.

1000ml Schott bottle with cap and pouring ring | Thermo Fisher Scientific Inc.

500ml Schott bottle with cap and pouring ring Thermo Fisher Scientific Inc.

250ml Schott bottle with cap and pouring ring Thermo Fisher Scientific Inc.

100ml Schott bottle with cap and pouring ring Thermo Fisher Scientific Inc.

Heraeus Pico 17 Centrifuge Thermo Fisher Scientific Inc.

KuroGEL Mini Plus 10 Electrophoresis tank VWR

Table 5: Appendix of reagents and materials.

This table lists the reagents and materials used throughout the

thesis with the provider of each item.
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[I.  Expression patterns of Serpentine receptor EFC44333.1, EFC40821.1 and

EFC35362.1 queries.

JGIDB Identifier Expression JGIDB Identifier Expression JGIDB Identifier Expression

JGIDB:Naegrl_45907 Flagellate JGIDB:Naegrl_66373 No clear pattern | JGIDB:Naegrl_72875 Amoeba specific
specific

JGIDB:Naegrl_46482 Constitutive JGIDB:Naegrl_66385 Flagellate JGIDB:Naegrl_73289 No clear pattern

specific

JGIDB:Naegrl_48032 Flagellate JGIDB:Naegrl_66386 Flagellate JGIDB:Naegrl_73295 Constitutive
specific specific

JGIDB:Naegrl_49902 No clear pattern | JGIDB:Naegrl_66517 No clear pattern | JGIDB:Naegrl_74387 Flagellate specific

JGIDB:Naegrl_51041 No clear pattern | JGIDB:Naegrl_66787 No clear pattern | JGIDB:Naegrl_74523 Constitutive

JGIDB:Naegrl_ 51839 No clear pattern | JGIDB:Naegrl_67021 Amoeba specific | JGIDB:Naegrl_74614 Amoeba specific

JGIDB:Naegrl_52199 Amoeba specific | JGIDB:Naegrl_67380 No clear pattern | JGIDB:Naegrl_74625 Constitutive

JGIDB:Naegrl_52771 No clear pattern | JGIDB:Naegrl_67552 Amoeba specific | JGIDB:Naegrl_74779 Constitutive

JGIDB:Naegrl_54490 Flagellate JGIDB:Naegrl_67572 Constitutive JGIDB:Naegrl_74835 No clear pattern
specific

JGIDB:Naegrl_57228 No clear pattern | JGIDB:Naegrl_68613 Constitutive JGIDB:Naegrl_75738 No clear pattern

JGIDB:Naegrl_57455 No clear pattern | JGIDB:Naegrl_69334 Flagellate JGIDB:Naegrl_75753 Flagellate specific

specific

JGIDB:Naegrl_58957 Constitutive JGIDB:Naegrl_69573 Amoeba specific | JGIDB:Naegrl_75819 Constitutive

JGIDB:Naegrl_59210 Constitutive JGIDB:Naegrl_70394 Constitutive JGIDB:Naegrl_75820 Amoeba specific

JGIDB:Naegrl_59845 Constitutive JGIDB:Naegrl_70688 Constitutive JGIDB:Naegrl_75882 No clear pattern

JGIDB:Naegrl_59935 Amoeba specific | JGIDB:Naegrl_71107 No clear pattern | JGIDB:Naegrl_76206 No clear pattern

JGIDB:Naegrl_62535 Constitutive JGIDB:Naegrl_71707 Constitutive JGIDB:Naegrl_76418 No clear pattern

JGIDB:Naegrl_62703 Constitutive JGIDB:Naegrl_71982 Amoeba specific | JGIDB:Naegrl_78910 No clear pattern

JGIDB:Naegrl_63837 Constitutive JGIDB:Naegrl_71988 Constitutive JGIDB:Naegrl_80549 No clear pattern

JGIDB:Naegrl_64339 Amoeba specific | JGIDB:Naegrl_72058 Constitutive JGIDB:Naegrl_81447 Constitutive

JGIDB:Naegrl_64936 Constitutive JGIDB:Naegrl_72711 No clear pattern | JGIDB:Naegrl_81945 Flagellate specific

Table 6: Query results for protein EFC44333.1.

A table displaying the protein blast results for protein EFC44333.1 carried out on the JGlI
website. The results are ordered by JGI identifying numbers.

JGIDB Identifier Expression
JGIDB:Naegrl_71442 No clear pattern
JGIDB:Naegrl_80140 No clear pattern
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Table 7: Query results for protein EFC40821.1.

A table displaying the protein blast results for protein EFC40821.1 carried
out on the JGI website. The results are ordered by JGI identifying
numbers.

JGIDB Identifier

Expression

JGIDB:Naegrl_49784

Flagellate specific

JGIDB:Naegrl 50935

Flagellate specific

JGIDB:Naegrl_54685

Constitutive

JGIDB:Naegrl_ 54955

Constitutive

JGIDB:Naegrl 56981

Amoeba specific

JGIDB:Naegrl_59834

No clear pattern

JGIDB:Naegrl_ 63246

No clear pattern

JGIDB:Naegrl_66075

Constitutive

JGIDB:Naegrl_68354

No clear pattern

JGIDB:Naegrl_68612

Constitutive

JGIDB:Naegrl_71995

No clear pattern

JGIDB:Naegrl_ 73150

Constitutive

JGIDB:Naegrl_74736

Constitutive

JGIDB:Naegrl_ 74742

No clear pattern

JGIDB:Naegrl_81896

Constitutive

Table 8: Query results for protein EFC35362.1.

A table displaying the protein blast results for protein EFC35362.1 carried
out on the JGI website. The results are ordered by JGI identifying
numbers.

[Il.  Attached microarray analysis excel sheet
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The microarray excel sheet used in the serpentine receptor analysis has been attached with this

document and is found on the accompanying USB device.

IV. Serpentine protein expression graphs
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Figure 30: Protein analysis of EFC44333.1.

A collection of all tables constructed of the RNA expression of proteins
returned in the BLAST searches of the amino acid sequence of
EFC44333.1 ordered by e-value of initial blast search.
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Figure 32: Protein analysis of EFC35362.1.
A collection of all tables constructed of the RNA expression of proteins
returned in the BLAST searches of the amino acid sequence of

EFC35362.1 ordered by e-value of initial blast search.
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V. Bioinformatic Control graphs
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Figure 33: Tubulin mRNA expression during differentiation.

A set of graphs depicting the upregulation of tubulins during differentiation
of N. gruberi. The graphs show expression of: a) e-Tubulin; b) n-Tubulin; c)
6-Tubulin; d) y-Tubulin.
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Figure 34: SAS and centrin mRNA expression during differentiation.

A set of graphs depicting the upregulation of SAS and centrin proteins during
differentiation of N. gruberi. The graphs show expression of: a) + b) two variants of
SAS-6; c) SAS-4; d) centrin 1; e) centrin 2.
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Figure 35: Kinesin and intraflagellar transport protein mRNA expression

A set of graphs depicting the upregulation of Kinesin and intraflagellar

transport proteins during differentiation of N. gruberi. The graphs show
expression of: a) FLA3/Kinesin-associated protein 3; b) FLA2/FLAS8 (kinesin 2
homolog); c) IFT20; d) IFT52; e) IFT57; f) of IFT80; g) IFT88; h) IFT122; j)
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Figure 36: BBS protein mRNA expression during differentiation.

A set of graphs depicting the upregulation of BBS proteins during differentiation of N.
gruberi. The graphs show expression of: a) BBS1; b) BBS2; c) BBS3; d) BBS4; e) BBS5; f) BBS7;

g) BBS8; h) BBS9.
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Figure 37: structural control protein analysis.

A collection of graphs depicting the upregulation of the selected structural control proteins
during differentiation of N. gruberi. The graphs show expression of: a, b and c) different a-
tubulins; d, e and f) different B-tubulins; g) ODA9; h) D1bLIC; i) ODA1; j) ODA12; k) RIB72; |)
RIB43A-domain containing protein; m) radial spoke protein 4; n) radial spoke-head-like protein;

o) PF16; p) PF20/SPG16; q) PACRG; r) flagellar calmodulin (CAM1); s) Expression of KLP1.
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Expression visualisation of the serpentine receptor BLAST results
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Figure 38: Low expression amoeba specific proteins.

A collection of expression graphs showing the amoeba specific gene expression pattern with an

expression of 0-1,000. Graphs are ordered from weakest to highest expression.
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Figure 39: Medium expression amoeba specific proteins.

A collection of expression graphs showing the amoeba specific gene expression pattern with an

expression of 1,000-10,000. Graphs are ordered from weakest to highest expression.
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Figure 40: High expression amoeba specific proteins.

Two expression graphs showing the amoeba specific gene expression pattern with an expression

of 10,000-100,000. Graphs are ordered from weakest to highest expression.
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Figure 41: Low expression flagellate specific proteins.

A collection of expression graphs showing the flagellate specific gene expression pattern with an

expression of 0-1,000. Graphs are ordered from weakest to highest expression.
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Figure 42: Medium expression flagellate specific proteins.

A collection of expression graphs showing the flagellate specific gene expression pattern with an

expression of 1,000-10,000. Graphs are ordered from weakest to highest expression.
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Figure 43: Low expression constitutive proteins.

A collection of expression graphs showing the constitutive gene expression pattern with an

expression of 0-1,000. Graphs are ordered from weakest to highest expression.
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Figure 44: Medium expression constitutive proteins.

A collection of expression graphs showing the constitutive gene expression pattern with an

expression of 0-1,000. Graphs are ordered from weakest to highest expression.
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Figure 45: Expression of proteins homologous to upregulated amoeba specific protein
XP_002681468.1.

This collection of graphs shows the expression of proteins returned from a protein blast using
the sequence of the protein XP_002681468.1 obtained from the NCBI website. The expression
graphs are ordered by e-value with the most homologous sequences first.
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Figure 46: Expression of proteins homologous to upregulated amoeba specific protein
XP_002669496.1.

This collection of graphs shows the expression of proteins returned from a protein blast using
the sequence of the protein XP_002669496.1 obtained from the NCBI website. The expression

graphs are ordered by e-value with the most homologous sequences first.
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Figure 47: Expression of proteins homologous to upregulated flagellate specific protein
XP_002670636.1.

This collection of graphs shows the expression of proteins returned from a protein blast using
the sequence of the protein XP_002670636.1 obtained from the NCBI website. The expression

graphs are ordered by e-value with the most homologous sequences first.
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Figure 48: Expression of proteins homologous to upregulated flagellate specific protein
XP_002670067.1.

This collection of graphs shows the expression of proteins returned from a protein blast using
the sequence of the protein XP_002670067.1 obtained from the NCBI website. The expression

graphs are ordered by e-value with the most homologous sequences first.
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Figure 49: Expression of proteins homologous to upregulated flagellate specific protein
XP_002682068.1

This collection of graphs shows the expression of proteins returned from a protein blast using
the sequence of the protein XP_002682068.1 obtained from the NCBI website. The expression

graphs are ordered by e-value with the most homologous sequences first.

133



C.Sykes U1363969

IX.

Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression

Average Gene Expression

0

5000

4000

3000

2000

1000

Master of Science by Research

Protein expression of proteins homologous to most upregulated

constitutive proteins

Omin

Omin

Omin

Omin

Omin

Omin

Omin

1

Omin

JGIDB:Naegrl_63837

20min

JGIDB:Naegrl_71707

A0min
Time Intervals

&0min

80min

Ty

20min

JGIDB:Naegrl_73295

A0min
Time Intervals

60min

B0min

it

20min

JGIDB:Naegri_54490

40min
Time Intervals

60min

80min

Ll

20min

JGIDB:Naegrl_66517

40min
Time Intervals

&0min

B0min

20min

JGIDB:Naegrl_74625

40min
Time Intervals

&0min

B0min

Pl

20min

JGIDB:Naegrl_81945

40min
Time Intervals

&0min

B0min

ii'I

20min

JGIDB:Naegrl_69334

20min

40min
Time Intervals

40min
Time Intervals

&0min

&0min

B0min

B0min

Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression

Average Gene Expression

1000

800

50

0

30

80

60

40

80

60

40

Omin

Omin

Omin

Omin

Omin

Omin

Omin

Omin

JGIDB:Naegrl_74835

ihl

20min

JGIDB:Naegrl_66787

40min
Time Intervals

G0min

B0min

il

20min

JGIDB:Naegrl_75753

_ 40min
Time Intervals

G0min

B0min

ol

20min

JGIDB:Naegrl_70688

_ domin
Time Intervals

60min

80min

20min

JGIDB:Naegri_74523

40min
Time Intervals

G0min

B0min

it

20min

JGIDB:Naegrl_72711

40min
Time Intervals

&0min

.

20min

JGIDB:Naegrl_66373

20min

JGIDB:Naegri_71988

40min
Time Intervals

i

40min
Time Intervals

&0min

&0min

B0min

B0min

B0min

20min

40min
Time Intervals

&0min

B0min

Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression Average Gene Expression

Average Gene Expression

7000
6000
5000

3000
2000
1000

3500
3000
2500
2000
1500
1000

Omin

Omin

Omin

Omin

Omin

Omin

Omin

Omin

JGIDB:Naegrl_45907

20min

JGIDB:Naegrl_74614

40min
Time Intervals

G0min

T

20min

JGIDB:Naegrl_81447

_ 40min
Time Intervals

G0min

20min

JGIDB:Naegrl_67552

_ domin
Time Intervals

60min

20min

JGIDB:Naegri_58957

40min
Time Intervals

G0min

114

20min

JGIDB:Naegri_70394

40min
Time Intervals

B0min

20min

JGIDB:Naegrl_68613

40min
Time Intervals

B0min

ili

20min

JGIDB:Naegri_48032

20min

40min
Time Intervals

1

40min
Time Intervals

B0min

5

B0min

&0min

R

80min

80min

80min

B0min

B0min

B0min

B0min

134



C.Sykes U1363969

Average Gene Expression

Omin

70
g
g w0
£
Z
P
2
g
&
P
&
s
£
<
omin
25000

Average Gene Expression
g
]

Omin

Average Gene
E

omin

5000

Average Gene Expression

Omin

JGIDB:Naegrl_62703

50
40
30
20
10

0

20min

JGIDB:Naegrl_46482

50
40
30
20
10

0

20min

JGIDB:Naegrl_77883

20min

JGIDB:Naegrl_59210

300
200
0

20min

JGIDB:Naegrl_49726

20min

T\me mter\a\s

40min
Time Intervals

. ]

T\me mter\a\s

40min
Time Intervals

Abmin
Time Intervals

&0min

60min

&0min

&0min

E0min

80min

BOmin

80min

&

80min

4000

3000

2000

1000 i
[

80min

Average Gene Expression

Average Gene Expression Average Gene Expression

Average Gene Expression

Average Gene Expression

Omin

Omin

Omin

omin

Ormin

JGIDB:Naegrl_64339

o

20min

JGIDB:Naegrl_52199

20min

JGIDB:Naegrl_66385

20min

JGIDB:Naegrl_52249

o

20min

JGIDB:Naegrl_48391

20min

40min
Time Intervals

1

_ 40min
Time Intervals

40min
Time Intervals

.

40min
Time Intervals

aomin
Time Intervals

L

&0min

60min

&0min

60min

&0min

80min

BOmin

80min

80min

80min

Average Gene Expression Average Gene Expression

Average Gene Expression

Average Gene Expression

Average Gene Expression

Master of Science by Research

JGIDB:Naegrl_49902

Omin 20min 60min 80min
TIHIE Inter\a\s

JGIDB:Naegrl_51839

iiiii

Omin 20min - 40min 60min 8omin
Time Intervals

JGIDB:Naegrl_71982

B . .

Omin 20min 40min 60min 80min
Time Intervals

JGIDB:Naegrl_64551

Hil.

Omin 20min &Omin 80min
Time iervals

JGIDB:Naegrl_65525

l1..

omin 20min 40min &0min 80min
Time Intervals

Figure 50: Expression of proteins homologous to the upregulated constitutive protein
XP_002680867.1.

This collection of graphs shows the expression of proteins returned from a protein blast using
the sequence of the protein XP_002680867.1 obtained from the NCBI website. The expression
graphs are ordered by e-value with the most homologous sequences first.
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Figure 51: Expression of proteins homologous to upregulated constitutive protein
XP_002669791.1.

This collection of graphs shows the expression of proteins returned from a protein blast using
the sequence of the protein XP_002669791.1 obtained from the NCBI website. The expression
graphs are ordered by e-value with the most homologous sequences first.
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Figure 54: ‘amoebasaline-chunk-and-wash’ differentiation graphs.

A collection of several graphs, plotting data from the ‘amoebasaline-chunk-and-wash’
experiment. a) The differentiation results of excised agar washed in 10ml amoeba saline
solution. b) The differentiation results of excised agar washed in 1ml amoeba saline
solution. c) The differentiation results of cells washed from plate with amoeba saline
solution. Nested in the bottom corner is a legend that shows which graph data relates to
non-flagellates, spinners and swimmers, this formatting is repeated for all of the
differentiation graphs.
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Figure 55: The effects of low temperature
upon differentiation.

A collection of several graphs plotting data
from the low temperature optimisation
experiment. a) The differentiation results
of cells in room temperature amoeba
saline solution. b) The differentiation
results of cells in room temperature Tris
solution. c) The differentiation results of
cells in cold amoeba saline solution. d) The
differentiation results of cells in cold Tris
solution. The plot formatting mirrors the
formatting in figure 40.
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Two graphs plotting data from the Klebsiella nutrient
source removal experiment. a) The differentiation results
of cells in the centrifuge removal method. b) The
differentiation results of cells in previous wash method.
The formatting mirrors the formatting in figure 40.

Figure 56: Improving Klebsiella nutrient source removal.
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Figure 57: The effect of agitation upon differentiation.

A collection of several graphs plotting data from the agitation

optimisation experiment. a) The differentiation results of cells in
non-shaken amoeba saline solution. b) The differentiation
results of cells in non-shaken Tris solution. c) The differentiation
results of cells in shaken amoeba saline solution. d) The
differentiation results of cells in shaken Tris solution. The plot
formatting mirrors the formatting in figure 40.
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Legend

Figure 58: Final optimisation of methods.

Percentage of non-flagellates:

A collection of graphs plotting data from the final
optimisation experiment which repeated the buffer,

Percentage of spinners:

centrifugation and temperature tests fora finaltime.a) | | c c c e e - = — — — — — -
The results of cells in centrifuged amoeba saline solution. P : _

ercentage of swimmers:
b) The results of cells in centrifuged Tris solution. c) The _— -

results of cells in centrifuged Tris solution. d) The results

of cells in centrifuged cold Tris solution. e) The results of
cells in cold Tris solution after multiple centrifuge spins to
clear nutrient. f) The results of cells in Tris solution after
multiple centrifuge spins to clear nutrient. The plot
formatting mirrors the formatting in figure 40.
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Figure 59: The effects of sodium azide (NaN3) upon
differentiation in aerobic and anaerobic environments.

A collection of graphs plotting differentiation data from
the first sodium azide experiment. a) The results of a
control sample. b) The results of cells mixed with 1 uM
azide. c) The results of cells mixed with 10 uM azide. d)
The results of cells in anaerobic conditions. e) The results

Legend

Percentage of non-flagellates:
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Percentage of spinners:
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_____._____

of cells in anaerobic conditions mixed with 1 uM azide. f)
The results of cells in anaerobic conditions mixed with 10
UM azide. The plot formatting mirrors the formatting in
figure 40.

145



C.Sykes U1363969

Master of Science by Research

0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285

Time (Minutes)

100 L L L3 100 L 3 = L 2
a) y b) B
90 £ =
A A
_ - &0 - 3+
) o : )
.E 20 3 ". ....... A R ,' ¥
k] B s = % g
2 % - £ Z 60 Y 7
= -'l' \ 3 g 5 ‘"
T 50 ! = 3 50 “R s
3 | BN 3 38 FS Il
s I A s Ia S s
o 40 + N @ 40 " 3
& K ; & 7o, ;
£ I ke g Iy Y
g w0 g A% g 7 S
5 1 1NN 5 F; ! N \
] z AN ; = A
0 i [ CErT . 20 ! = A3
] ’ ~ 'l 7 "'\ \\
10 I v ‘-————M'— 10 r d ~-»
! ~ /] -
- b -
o8 L L o
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270
Time (Minutes) Time (Minutes)
100 e - y O TErT " 100 N N "
c) " d) :
90 %0
80 = 80
g “a g
£ Y A £
g " % s 5
k] x =
é_ 60 ¥ K 2 60
£ i s g N
g s0 S 3 : =
5 s be % -—-—-N
u 40 A @ 40 | - . 4
) . % - L. N
g RN £ ; i " SN
g 30 - 5 10 S -~ s
o 4 a, . -
< Vs .. & ;’;l T S |
20 B g 20
7 7 )
/ I
10 r 4 >, 10 &
7 -—— ¥
/ ’ /
o == 0 -——a—A
D 15 30 45 60 75 90 105 120 135 150 165 180 135 210 225 240 255 270 0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270
Time (Minutes) Time (Minutes)
100 P 100 B — U —
*.
e) f)
%0 90
...
— 80 . = 801
® ., 3
g 70 ‘_ § 70
5 K k|
2 &0 5 _.‘ 2 60
o . - =]
& : K &
3 50 LY A o 3 w0
3 3 ’ < <
- % .
S L7 I S a0
2 40 ' ! @
: N
- 0 AW A $ 30
g PEaght Y % L] S
& 3 » k SN, & 50
A ™Y
10 d z i Sso 10
7 .,
% e .
0 o
0 15 30 45 60 75 90 105 120 135 150 165 180 195 210 225 240 255 270 285

Time (Minutes)

Figure 60: Repeat of sodium azide differentiation in aerobic
and anaerobic environments.

A collection of graphs plotting differentiation data from the
repeat sodium azide experiment. a) The results of a control
sample. b) The results of cells mixed with 1 uM azide. c) The
results of cells mixed with 10 uM azide. d) The results of
cells in anaerobic conditions. e) The results of cells in
anaerobic conditions mixed with 1 uM azide. f) The results
of cells in anaerobic conditions mixed with 10 uM azide.
The plot formatting mirrors the formatting in figure 40.

Legend
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A collection of graphs plotting differentiation data from the
first FBS experiment. a) The results of cells mixed with 0.2%
FBS. b) The results of cells mixed with 1% FBS. c) The results
of cells in anaerobic conditions mixed with 0.2% FBS. d) The
results of cells in anaerobic conditions mixed with 0.2% FBS.
e) The results of cells in microaerophilic, CO, rich conditions
mixed with 0.2% FBS. f) The results of cells in microaerophilic
CO; rich conditions mixed with 1% FBS. The plot formatting
mirrors the formatting in figure 40.
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Figure 61: A comparison of the effects of foetal bovine serum
(FBS) upon differentiation in anaerobic and microaerophilic ! r
. . egen
CO; rich environments.
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Figure 62: Repeat of FBS experiments in anaerobic and microaerophilic CO; rich environments.

A collection of graphs plotting differentiation data from the first FBS experiment. a) The results of
a control sample. b) The results of cells mixed with 0.2% FBS. c) The results of cells mixed with 1%
FBS. d) The results of control cells in anaerobic conditions. e) The results of cells in anaerobic
conditions mixed with 0.2% FBS. f) The results of cells in anaerobic conditions mixed with 1% FBS.
g) The results of control cells in microaerophilic, CO; rich conditions. h) The results of cells in
microaerophilic CO; rich conditions mixed with 0.2% FBS. i) The results of cells in microaerophilic
CO; rich conditions mixed with 1% FBS. The plot formatting mirrors the formatting in figure 40.
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Figure 63: The effect of FBS addition to differentiation in Legend
anaerobic environments.

. . . .o . Percentage of non-flagellates:
A collection of graphs plotting differentiation data from the first

FBS experiment. a) The results of a control sample. b) The results
of cells mixed with 1% FBS. c) The results of cells mixed with 0.2%
FBS. d) The results of control cells in anaerobic conditions. e) The . . _

ercentage of swimmers:
results of cells in anaerobic conditions mixed with 1% FBS. f) The —_— .-
results of cells in anaerobic conditions mixed with 0.2% FBS. The
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plot formatting mirrors the formatting in figure 40.
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Figure 64: A repeat of effects of FBS addition in anaerobic Legend
environments.

Percentage of non-flagellates:

A collection of graphs plotting differentiation data from the first FBS
experiment. a) The results of a control sample. b) The results of cells
mixed with 1% FBS. c) The results of cells mixed with 0.2% FBS. d)
The results of control cells in anaerobic conditions. e) The results of _ ,

. . . . X Percentage of swimmers:
cells in anaerobic conditions mixed with 1% FBS. f) The results of cells —_—_ -
in anaerobic conditions mixed with 0.2% FBS. The plot formatting

Percentage of spinners:

mirrors the formatting in figure 40.
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Figure 65: The effect of addition of FBS upon differentiation in
microaerophilic CO; rich and glucose rich environments.

A collection of graphs plotting differentiation data from the first
FBS experiment. a) The results of a control sample. b) The results
of cells mixed with 0.2% glucose. c) The results of cells mixed
with 1% glucose. d) The results of cells mixed with 1% FBS. e) The
results of cells mixed with 0.2% FBS. f) The results of control cells
in microaerophilic, CO; rich conditions. g) The results of cells in
microaerophilic CO; rich conditions mixed with 1% FBS. h) The
results of cells in microaerophilic CO; rich conditions mixed with

1% FBS. The plot formatting mirrors the formatting in figure 40.
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Figure 66: A repeat of the effect of FBS addition to microaerophilic CO; rich and glucose rich
environments.

A collection of graphs plotting differentiation data from the first FBS experiment. a) The
results of a control sample. b) The results of cells mixed with 1% glucose. c) The results of
cells mixed with 1% FBS. d) The results of cells mixed with 0.2% FBS. e) The results of control
cells in microaerophilic, CO; rich conditions. f) The results of cells in microaerophilic CO; rich
conditions mixed with 1% FBS. g) The results of cells in microaerophilic CO; rich conditions
mixed with 1% FBS. The plot formatting mirrors the formatting in figure 40.
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sorbitan monolaurate (TWEEN20) upon differentiation in
comparison to glucose rich environments.

A collection of graphs plotting differentiation data from
the first FBS experiment. a) The results of a control
sample. b) The results of cells mixed with 1% glucose. c)
The results of cells mixed with 1% TWEEN20. d) The
results of cells mixed with 0.2% TWEEN20. The plot
formatting mirrors the formatting in figure 40.
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Figure 67: The effect of addition of Polyoxyethylene Legend
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of TWEEN20 upon differentiation in comparison to
glucose rich environments.

A collection of graphs plotting differentiation data from
the first FBS experiment. a) The results of a control
sample. b) The results of cells mixed with 1% glucose. c)
The results of cells mixed with 1% TWEEN20. d) The
results of cells mixed with 0.2% TWEEN20. The plot
formatting mirrors the formatting in figure 40.
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Figure 68: A repeat experiment on the effect of addition Legend
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Figure 69: The effect of TWEEN20 upon differentiation Legend
in microaerophilic CO; rich environments.
A collection of graphs plotting differentiation data from Percentage of non-flagellates:
the first FBS experiment. a) The results of a control sesssssresnssnegfgeennnnnnnn
sample. b) The results of cells mixed with 1% TWEEN20. Percentage of spinners:
c) The results of cells mixed with 0.2% TWEEN20.d)The ||~~~ =~~~ ®-------
results of control cells in microaerophilic, CO; rich Percentage of swimmers:
conditions. e) The results of cells in microaerophilic CO; ——— -
rich conditions mixed with 1% TWEEN?20. f) The results
of cells in microaerophilic CO; rich conditions mixed
with 0.2% TWEEN20. The plot formatting mirrors the
formatting in figure 40.
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Figure 70: The effect of TWEEN20 addition in anaerobic and microaerophilic CO; rich
environments.

A collection of graphs plotting differentiation data from the first FBS experiment. a) The results
of a control sample. b) The results of cells mixed with 1% TWEEN20. c) The results of cells mixed
with 0.2% TWEEN20. d) The results of control cells in microaerophilic, CO; rich conditions. e) The
results of cells in microaerophilic CO; rich conditions mixed with 1% TWEEN20. f) The results of
cells in microaerophilic CO; rich conditions mixed with 0.2% TWEEN20. g) The results of control
cells in anaerobic conditions. e) The results of cells in anaerobic conditions mixed with 1%
TWEEN?20. f) The results of cells in anaerobic conditions mixed with 0.2% TWEEN20. The plot
formatting mirrors the formatting in figure 40.
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Xl.  Sequences of the purification proteins of interest

>AK3

GCTATGCATCCAACGCGTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTT
GGCTCGAGTTAATCAAATAATTTGCATACTTCAGCAAACACTTCTTCTTGTGTCTTTGAACTATCAATTGTCTTG
ACTCTATCAGTCTTCTTAAAGTATCCAATAACTGGCATTGTTTGGTCGCTATAGGTCTTGAATCTCTTCTTAATA
CTTTCGGCATTGTCATCAGATCTACCACTCGTCTTACCTCTTTCTAACAATCTTTGTTCCAAAATTTCTTCTGGAC
AATCAAAGAAGAGGACAAACTTGAATTTACAGACATGAGCTTCAAAGTCAACAGCTTGTTGCATTTCTCTTGG
GAAGCCATCGATCAAGAACGTAGCATCCTTTTTAGGATGGTTCAAAATAGCATTTCTTAACAAACCAAGAGTA
ACAGCACCAGGCACAATCTTACCTTCCTTAATGTATGACGAGATCATTCTACCCTGTTCTGTATCCTTAGCAGCT
TCAGCTCTCAACAAATCACCTGTACTATAATGGATAAAACCATACTTTTCAACAAGTTTGGCACATTGTGTGCC
CTTTCCTGATCCTGGACCACCATTAACACAAATAACATTTCTCCAATTCTTGACAGATTCTTGAGCAGCAGAAA
GTCTAGCCATATGCCAAATCGAATTCCCGCGGCCGCCATGGCGGCCGGGAGCATGCGACGTCGGGCCCAATT
CGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAACGTCGTGACTGGGAAAACCCTGGCGTT
ACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCGTAATAGCGAAGAGGCCCGCACCGATC
GCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCCTGTAGCGGCGCATTAAGCGCGGLGGG
TGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTAGCGCCCGCTCCTTTCGCTTTCTTCCCTT
CCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGGGGGCTCCCTTTAGGGTTCCGATTTAGT
GCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTCACGTA

>C8

CTATAGATACTCAGCTATGCATCCAACGCGTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAAT
TCACTAGTGATTTGTCGTTAATCTTTTCGAGGACCATTCAGGACTTGTTAAGATTGCACAATGAGACAGTTCAC
AAATTTGTTCCAAAGGAATTCATGTCGATTGTTCAGAAGGAGAGTGTAATGGACCTTACGCACGGAGATTACT
TTGAAATGGAATTGGATGTGTTGTTTGCTGACATTAGAGGTTATACAAGTATTTGTGAAAAGATGACACCAGA

TGAAACTTTTGAATTTTTGAATAATTATTTGTCATTGGTTGGACCAGTTGTGAGAGAACATGGTGGATATATTG
ACAAGTATTTGGGTGATGGTATTTTGGCATTGTTTTTGACTCCTGGTCAATCTGTTTTAGCAGCGATGGAAATA
CAAAGAAGATTATTAGAATTCAATAAGAGTAAGAAATATCCAACAGTTAGAGTTGGAATTGGAATTGCAAGA
GGTAAATGTGCAGTTGGATTGATTGGTGAAGATCAAAGAGTTGATCCAACCATTATTGGAGATACTGTCAATT
TGGCAGCTCGTTTGGAATCTTTGACTAAACATTACAGAGTTGACATTCTCGTTACGAAGGAAGTAATTGAAAC
ATCTCCACTTCTTCCAAAGAGGAATCAAAGAAAAATAGGCCGCTTAGCAGTTGTTGGAAGACAACAAGCAAGT
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TGGGTATTTGAAATTCTCACAAGAACACCTTCAACAGTTTCGAATAACTCTCACGAATTGAAAGCCAAAAACAA
GACCAACTTTGAAGATGCTATTGAGATAATGTCTGGAAGTTACTCTCATGGTGAATGCGTTCCAGATAAGCTT
ACAATTGATGGACAGAAACACAATTTTGGGGTGGTGGATTCCATGAATATGAGCTCAACTATGAATAATCTTA
AAAGTGAAGATGTAGTTAAGGCGATTGAGTTATTTGGAAAGGTTGTGAGCAGAGATCCGACTGATTTCGTGG
CTAATATGCGATTGGAAAAACTCAGAGAAATGGTGGACGACGTTAGTATGCGAAGCTCATGG

>PAS1

CGCGTTGGGAGCTCTCCCATATGGTCGACCTGCAGGCGGCCGCGAATTCACTAGTGATTTTACTCGAGCTAGG
ACTCCCACATTGGCTTCTCCATTTCCTTTGGCTTGTGCTTTGAGATCGGCAACAGTCTTTTCCAGTAATTCTCTAT
CCTTCTTTTCGAACATTGTGAATACTTGAGCACCTACAATATCAGATTGTTTATAACCAAACATTCTTTGGGCTG
CAGGATTTATCAAGTCAATCAAACCAGATTCATTACACAAGATGGAACCATCTACAGAGGCATTAAGGATACT
TCTCACATTAGATGAGTCGCCACTATTTTGTTTCTTGTTCTTTCTTTGGAAGAGTTCAACCAATCCATTTGGTAC
AGAATTATACAAGATAAAGTTTCTCAAATGCTCATTACTATCAAGAATATTGAGAGGGATATAATTTAGCATTG
ATCTTAAAGATTGAACGTGGCTAAAGTGAGACACCATATGCACAATCGAATTCCCGCGGCCGCCATGGLGGCC
GGGAGCATGCGACGTCGGGCCCAATTCGCCCTATAGTGAGTCGTATTACAATTCACTGGCCGTCGTTTTACAA
CGTCGTGACTGGGAAAACCCTGGCGTTACCCAACTTAATCGCCTTGCAGCACATCCCCCTTTCGCCAGCTGGCG
TAATAGCGAAGAGGCCCGCACCGATCGCCCTTCCCAACAGTTGCGCAGCCTGAATGGCGAATGGACGCGCCC
TGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCGTGACCGCTACACTTGCCAGCGCCCTA
GCGCCCGCTCCTTTCGCTTTCTTCCCTTCCTTTCTCGCCACGTTCGCCGGCTTTCCCCGTCAAGCTCTAAATCGG
GGGCTCCCTTTAGGGTTCCGATTTAGTGCTTTACGGCACCTCGACCCCAAAAAACTTGATTAGGGTGATGGTTC
ACGTAGTGGGCCATCGCCCTGATAGACGGTTTTTCGCCCTTTGACGTTGGAGTCCACGTTCTTTAATAGTGGAC
TCTTGTTCCAAACTG

>PP_PFK

GCTGGAGCTTGCAAGCTTCACGTGATATCCCAAGCTTGGCATATGAGCGTGGTGGTGCCGAAAGATGTGCCG

ACCCTGGGCATTCTGGTGGGCGGCGGCCCGGCGCCGGGCATTAACGGCGTGATTAGCAGCGTGACCATTGAA
GCGATTAACAACGGCTATCGCGTGCTGGGCTTTCTGGAAGGCTTTAACTATCTGATTGCGCAGGATGATAGCA
AAATTGTGGAACTGACCATTGATGCGGTGAGCCGCATTCATTTTGAAGGCGGCAGCATTCTGAAAACCAGCCG
CGCGAACCCGACCAAAAAAGCGGAAGATCTGACCAAATGCGTGAAACAGCTGCAGAAATTTAACGTGAGCCT
GCTGGTGACCATTGGCGGCGATGATACCGCGTTTAGCAGCATGAGCATTGCGAAAGCGGCGAACAACGAAAT
TCATGTGTGCCATGTGCCGAAAACCATTGATAACGATCTGCCGCTGCCGTATGGCATTCCGACCTTTGGCTATG
AAACCGCGCGCGAATTTGGCGCGAGCGTGGTGCGCAGCCTGATGAGCGATGCGCAGACCGCGAGCCGCTAT
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TTTATTGTGGTGGCGATGGGCCGCCAGGCGGGCCATCTGGCGCTGGGCATTGGCAAAAGCGCGGGCGCGCA
TCTGACCCTGATTCCGGAAGAATTTACCAACGAAGCGGGCGAAATTCAGGTGACCTTTAAACGCATTTGCGAT
CTGATTGAAAGCAGCATTATTAAACGCCTGGCGCTGGGCAAAGATCATGGCGTGATTATTCTGGCGGAAGGC
CTGCTGGAATATATGAGCACCGAAGAACTGAAACAGGCGTTTGGCAACCAGCTGAAATATGATGCGCATGAT
CATATTATGCTGGCGGAACTGGATTTTGGCCGCCTGGTGCGCGATGAAATGCGCGATCGCGTGAGCAAACGC
GGCCTGAAATTTGCGTTTACCGAAAAAAACCTGGGCTATGAACTGCGCTGCGTGAGCCCGAACGCGTTTGATC
GCGAATATACCCGCGATCTGGGCAACGGCGCGGCGCGCTATCTGCTGAGCGGCGGCAACGGCGCGCTGATTA
GCGTGCAGGGCGATAAA
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