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Abstract

Cryptosporidium parvuns among thenost common parasites in the known world and
represents one of the leading causes of death among the immunocompromised. As an
apicomplexanC. parvunmhas many similarities to othglobally important parasites such

as Plasmodium falciparumand Toxoplasma gondiiAmong these similarities are a
complex life cycle andhie ability to invade host cell$dowever, unlike most other
apicomplexans, the cryptosporidia appear to have lost tlaenesake organelle, the
apicoplast, and drastically reduced the size of their genome. For decades this caused
issues in classifying the cryptosporididis has been potentially resolved, however, by
recentphylogeneticstudies that revealed a strontatenship between the cryptosporidia

and the gregarine3he gregarines wengarasitesexclusivelyof invertebratesuntil the
reclassification to include the cryptosporidihough research into apicomplexan
evolution and biology is still a nascent fiekelven less is known about the invertebrate
portion. This is largely due to the lack of molecular tools and culturing techniques that
arerequired to explor@any organism beyonHasic phylogenetics, in addition to their

medical irrelevance prior to the insion of Cryptosporidium

Therefore,C. parvumrepresents potential model organism for the gregarines and the
evolutionary adaptations of apicomplexans from invertebrate to vertebratelhosts.

the purpose of this thesis, therefore, to establishoitle and methodologigbat would

be required to begin developin@. parvumas suchTo achieve this, firsk successfully
devel oped t he-tesncultlridgéysterh @.rpantum dapablegof maintain

a live parasite culture for 60 daysdditionally, | developechovel methods of detecting
and characterising the infectiomcluding NMR based characterisation of infection
metabolomesvhich also revealed a potentially more involved role for Taurine in the
pathology of the infectionFurthermoreto demonstrate the power and applicability of
this new system | produced the first experimental evidence for a functional ISC system
within C. parvum This also adds to aow growing list of norcanonicalmitochondria
containing organisms that still maam an active mitochondrial Fe/S cluster biosynthetic
pathway

In conclusion, this thesis represents a large step forward for bot@. tharvumand
gregarine fields and establishes many of the necessary techniques requaref@ush

in uncerstandinghese apicomplexarand their organelles
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Chapter 1An Introduction to Cryptosporidiumparvumand the
Cryptosporidia

1.1 The Cryptosporidia

The first species dfryptosporidiunto be described was the mouse pardsitewuris in

1907 by E. Tyzzer, who formgde namef om t he Gr eek f or fAhi dd:¢
seedo tothée appemreel of the oocyst and the almost imperceptible sporozoites
that were characteristically visible in other spore forming protq@gazer, 1910)

Tyzzer also noted that,nlike the majority of sporalating protozoa, members of
cryptosporidiaappearedo sporolate whilst still associated with the host cell, as opposed

to once passed into the environment like the majority of sporaf@ieszer, 1910,
Morrison, 2009)

As ApicomplexansCryptosporidiaare closely elated to many other parasites of medical
and veterinary importance suchB&sxoplasma, Babesi@nd, perhaps most infamously,

the malarial parasitd®lasmodiun{Kuo et al., 2008, Morrison, 2009, Abrahamsen et al.,
2004). PlasmodiumandToxoplasmaare especially importantarasites, as the causative
agents oMalaria and Toxoplasmosis, respectively. Both of these diseases are notable for,
among other things, a significalaick of preventative or curative treatmesyitions, a
common theme amongst the Apicompléxkegr et al., 2014, Torgerson and Macpherson,
2011, Liu et al., 2012)

Among its similarities to the other Apicomplexans are the multitudes of life cycle stages
thatCryptosporidiumexperiences. In order to complete a full cycle, from the excystation
of sporozoites from an oocyst, back to sperulatiorof an oocyst and its eventual release
from the host, members of the Cryptosporidia undergo both asexual and gexayadlé
stageqBorowski et al., 2010, Hijjawi et al., 2010, Leitch and He, 20P2yradoxically,
several aspects of tHée cycle mark it as significantly different from the rest of its
apicomplexarrelatives,for example members @ryptosporidiumsporulae prior to
release from the hagstvhereas close relativ@oxoplasmagondii only undegoes
sporulatia after release into the environmefityzzer, 1910, Dubey, 1998, Wélm and

Yarovinsky, 2014) Similarly, unlikemembers oEimeria, Toxoplasmar Plasmodium,

1-1| Page



members ofCryptosporidiumare uniquely capable of autoinfection; the ability to
complete an entire life cycle, sexual stages included, within one host and meétt a
without passing into the environmefi€uo et al., 2008, Muller and Hemphill, 2013)

Also, unlike all occidia, manyCryptosporidiumspecies are capable of infecting and
completing entire life cycles within ardad range of hosts, as opposed to being host
species specific. This is a trend seen throughout the biology of the parasite, including the
absence of an otherwise essential organelle, the apicoplast, found unilaterally throughout
all members of thépicomgdexa, with the exception of the gregarines, confounding the
difficulty found in placing the parasite phylogeneticqlGarreno et al., 1999, Borowski

et al., 2010, Fichera and Roos, 1997, Lim and McFadden, 201@ruker and Lupetti,

2012, Abrahamsen et al., 2004, Omoto et al., 20D4is observation has led many to
begin proposing that theryptosporidium sppnay, therefore, be better suited within the
gregarines as opposed to their own separate clasenRatempts using 18S rDNA
sequencing techniques have shown compelling evidence for the official classification of

Cryptosporidiumas a gregaring={gure1-1)(CavalierSmith, 2014)
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This lack of organelleswhichwill bedescribd in greater detailgn subsequent chapters
indicates that what remanwithin Cryptosporidiumrepresents the cqreessential
components ainyapicomplexanGregarina,Coccidiaor Haematozoalt is theoretically
possible, therefore, th&@ryptosporidiumcould be established as a model around which
aspects of @onceptual LashpicomplexanCommon Ancestor (LACA) may be built and
thus a model for the evolution of Apicomplexa. laddion to its reduced organellar
complement, the members ofCryptosporidium especially the human pathogen
Cryptosporidiumparvum possesses a radically reduced genome compared to its closest
genetic relatives. Compared to the 22.9 Mb genonte. ddicipaum, C. parvumholds
only 9 Mb (Widmer and Sullivan, 2012, Gardner et al., 200R)is sharp reduction in
genome size and phylogenetic placing sugges@Ghparvumost approximately half its
genome since divengg from the rest of thapicomplexan

1.2 Cryptosporidiosis

Cryptosporidiosis is a disease of global significance, constituting a significant burden on
developing economies in addition to bethg cause ad considerable number iofantile

deaths (<5 gars oldand is among the leading causes of fatalities in HIV pat{&hisley

et al., 2012, Striepen, 2013, Checkley et al., 2014, Torgerson and Macpherson, 2011,
Wanyiri et al., 2014)As our knowledge of thidisease has progressed, it has become
apparent that itheedsan urgent response. Advances in epidemiological research,
including wider and more reliable networks of communication, have identified
cryptosporidosis among the top four causes of patheigeinced diarrhoeéBriggs et al.,

2014, Checkley et al., 2014, Deshpande et al., 2014, Wanyiri et al., 2014)

Whilst the disease is termed from the collective grougrgptosporidiumtheir medical
relevance varies &m species to species. Amongst them, many species of
Cryptosporidiumhave shown an ability to infect and cause symptoms in humans,
including those commonly found in house hold pets sucB.asuris C. felis andC.
canis(Tablel-1). Cattle also appear to be a source of human infecGoystosporidium
bothC. andersonandC. bovisare common parasites of cattle tbabalso infect humans
(Table 1-1). However, the causes dfuman cryptosporidiosis are overwhelmingly

populated byC. parvumand to a lesser exte@t hominis This is in large part due to the
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highly zoonotic nature dE. parvum showing a much broader range of suitable hosts than

many of the other Cryptosporidienhancing its coverage.

Table 1-1: Host specificity of Cryptosporidium. Although members of the Cryptosporidiadisplay
relatively specific host specificity,severalthem caninfect humans in addition to ther typical hosts.

In this table, the columnentitled; Major hosts, liststhe animal in which the species oEryptosporidium

is most commonly found. The authors listed are typically the preliminary publishers of human
infection. *Additionally, though origina lly described as a parasite of many ruminantsC. parvumis
increasingly detected within Humans and in some studies had comparable or even higher incidences
in human populations thanC. hominis,which is considered to have the highest preference for humans
of the Cryptosporidia (Xiao, 2010)

Species name | Author(s) Major host(s)

C erinacei Kvaé et al, 2014b Hedgehogs, horses

C. scrofarum Kvac etal., 2013 Pigs

C viatorum Elwin et al., 2012 Humans

C. tyzzeri Tyzzer, 1912; Ren et al., 2012 Rodents

C. cunicilus Robinson et al., 2010 Rabbits

C. ubiquitum Fayeretal., 2010 Ruminants, rodents, primates
C. xiaoi Fayeretal., 2010 Sheep and goats

C. faveri Ryan et al., 2008 Marsupials

C. bovis Fayer et al., 2005 Cattle

C. suis Ryan et al., 2004 Pigs

C hominis Morgan Ryan et al., 2002 Humans

C canis Fayer et al., 2001 Dogs

C. andersoni Lindsay et al., 2000 Cattle

C. parvum Tyzzer, 1912 Ruminantsand humans *
C. meleagridis Slavin, 1955 Birds and humans

C. felis Iseki, 1979 Cats

C. muris Tyzzer, 1907; and 1910 Rodents

It is also of interest to note that different species will typically infect different regions of
the gasto-intestinal tract, a trait that appears to be relatively conserved within
phylogenetic groupingéayer and Ungar, 1986, Widmer et al., 200/)r exampleC.

parvumand the closely relate@. hominisare frequeny found to infect regions othe
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intestinal tract, typically the ileum, where@smurisis most commonly found within the
stomach of the hogWidmer et al., 2007, Gertler et al., 2015, Slapeta, 2017)

As a wateborne and zoonotic disease, the parasite is particularly prevalent in developing
countries, particularly rural areas and especially those which lack sufficient water
treatment network&Caccio, 2005, Striepen, 201Gheckley et al., 2014, Wanyiri et al.,
2014, Ungar et al., 1989)t is therefore unsurprising that human cryptosporidiosis
outbreaks most often occur in the equatorial climates, in regions such -Salsafan
Africa and Central America. In one studywas estimated that 6 % of travellers returning
from Mexico had contracted cryptosporidiosis during their \(Siair et al., 2008)
However, outbreaks still occur in modern countries, with typical water treatment
infrastructure still largely incapablof filtering out the parasites, resulting in almost
yearly outbreakgDreelin et al., Cantey et al., 2012, Widmer and Sullivan, 2012,
Deshpande et al., 2014, Gertler et al., 2015, McKerr et al., 2015, Thivieaje2916,

Utsi et al., 2016)Several mass outbreaks have been recorded in the US in recent decades
(Yoder et al., 2008, Yoder et al., 2010, Brunkard et al., 2011, Hlavsa et al., 2011, Hlavsa
et al., 2014, Copetal., 2015, Hlavsa et al., 2015, Mac Kenzie et al., 1994¢ most
notable being that of Milwaukee, Wisconsin in 1993 which saw over 400,000 homes
affected and a record 104 deaths from a single outljkéak Kenzie et al., 1994)

A significant factor which contributes to theeeming worldwide distribution of
cryptosporidiosis is the extremely resistant environmental stage of the parasite, the
oocyst. Responsible for protecting the infectious forms of the parasite until ingestion by
a potential host, the oocyst has been shtwresist most forms of water purification;
such as heating, bleaching and biological filtelidgr et al., 2011, Chauret et al., 1998,
Widmer et al., 2007, Hayes et al., 2018Yhilst heat inactivation of the pasite is
possible, it requires a sustained temperature of 60°C for greater than 15 minutes, a largely
inefficient and unachievable methodology for large scale water purification plants. UV
irradiation is aneffective, yet uncommon technique employed by @atompanies,
killing a significant number of oocysts in a relatively short period of {iHeyes et al.,

2013) Unfortunately, this is difficult to implement in the construction of water services
and even more seetroactively. This leavesiuch ofthe world, regardless of economic

prosperity, woefully ikprepared to prevent or control an outbreakrgptosporidiosis
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Cryptosporidiosisymptoms can vary from asymptomatic to severe, with abdominal pain
and diarrhea being most common. For those with compromised immune systems,
particularly HIV sufferers,death from dehydration is the most imminent threat
particularly in those areas identified above that lack sufficient water infrastructure
(DuPont et al., 1995, Meisel et al., 1976, Egger et al., 1990, Flanigan and Graham, 1990,
Gatei et al., 2006)n immunocompromised individuals the parasite can also be found in
other epithelial tissues, including most of the upper stafjfse digestive tract and the
respiratory tractWanyiri et al.,, 2014, Sponseller et al., 201#)pwever, emerging
evidence has shown that immunocompetent individuals may also be at risk of respiratory

infections(Sponseller et al., 2014)

Unfortunately, current methods of treatment are limited to basic symptom éicared

a handful of promising yet ultimately insufficiently effective dr¢@beckley et al., 2014,
Domjahn et al., 2014, Sparks et al., 2015, Manjunatha et al.,.2¥it6) no universally
accepted treatment regém, patients can expect treatment with any combination of
therapies including anparasitics such as paromomycin or azithromycin and diarrheal

treatments such as loperamide.

For otherwisemmunocompeterihdividuals, the only established treatment, altjffonot
approved within the EU for treatingryptosporidiosis, is the brosgpectrum anii
parasitic nitazoxanidéSparks et al., 2015, Manjunatha et al., 20N6)azoxanide is a
thiazolide which acts byinterfering with the respiratory system of the parasite,
effectively preventing it from proliferating within the host until effective clearance by the
immune systenfRossignol, 1994, Rossignol, 1999Jrials and subsequent widespread
use of the drug throughout the US have shown moderate efficacy in reducing symptoms
and disease patent periddowever nitazoxanide appears to be largely ineffective in
treating the disase in the most at risk groups; the young, the old and medically
immunocompromisedue to a reliance on a healthy immune system for effective drug
action(Rossignol et al., 1998, Hussien et al., 2013, Sparks €04l5, Manjunatha et al.,
2016) Additionally, nitazoxanide has been associated with an array of unpleasant side

effects including diarrhoea, headache, nausea and stomad|$ekis et al., 2002)

Alternative treatments rely on othéroadspectrumdrugs with varying degrees of
efficacy. Paromomycinan antiparasitic, has been shown to significantly reduce
diarrheal episodes in patients, although complete eradication of the parasite is seen in less
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than half of casefHussien et al., 2013Azithromycin, an antibiotic typically used in
treating bacterial infections, has shown promising potential to reduce parasite load,
clearing the patient of the symptoms of cryptosporidjdsisvever studies have shown

t hat the drug failed to eradicate the I
autoinfect rendering the treatment ultimately symptomatic @xithera and Roos, 1997,
Wang andZhang, 2013) In each case a functioning immune system is required for the
effective patient responses, for immunocompromised individuals, available treatments
are restricted to bed rest, hydration and symptomatic treatif@mskley et al., 2014,
Mead, 2014, Sparks et al., 2015, Goodgame et al., 1995, Wanyiri et al., 2idugh
anticryptosporidial drug development investment is similar to neglected tropical diseases
and is therefordargely lacking in noviecompoundsa few potential therapeutics have

been discovered recently. Combination treatment with garlicin and acetylspiramycin had
an average success rate of 76.2% in clearing the parasite in a study in China, in addition
to the identification of the enpounds: broxyquinoline, cloxyquin, cloxacillin sodium and
sodium dehdrocholate/hich showed effective reduction Gfyptosporidiunmactivity in-

vitro (Huang et al., 2015, Fritzler and Zhu, 2012)

1.3 Life cycle of the cryptosporidia

A defining feature of almost all apicomplexangspecially the species of
Cryptosporidiumjs a complex lifecycle Though the exact nature of the lfgcles can

vary between groups, most apicomplexamorporateelementsof sexual ad asexual
reproduction(Morrison, 2009) Species ofCryptosporidiumareno different, displaying
characterisc gpicomplexan stages such as merogony (asexual) and gametogony (sexual)
(Figure1-2) (Current et al., 1986, Borowski et al., 2010, Hijjawi et al., 2010, Leitch and
He, 2A.2, Ryan et al., 2016)n most cases, the host within which the parasite completes
its sexual stages is determined as the definitive (as opposed to reservoir or secondary)
host. ForPlasmodiumspecies the definitive hosts are the female members of the
Anophelegyroup of mosquitgFlorens et al., 2002)-or Toxoplasma gondthe definitive

host are members of théelidag or domestic catéDubey, 1998) Unlike Plasmodium

or Toxoplasmawhich are parasitewith indirect life cycles(more than one hoss
required for a complete life cyctenembers of theryptosporidiaare directlife cycle
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parasites; requiring only one host to begin and finish both sexual and asexual life cycles
stages Becausethey only require one host to complete tlife cycle, the parasitis
capable of propagating in almost any environment, regardless of zoological diversity.
Additionally, unlike many apicomplexans,the cryptosporidia are capable of
autoinfection,i.e. infecting the same host from a new infeciatycle without entering

the environment firstDubey, 1998, Florens et al., 2002, Leitch and He, 2012, Morrison,
2009)

Environment/ Ingesﬁon
Typically water . s
O /S’pm Trophozoite Meront |
\ jExcysted —— 4 / \ (-
A oocyst i\f \ ! 4 \
Thick  Autoinfection
oocyst Merozoites
cycle Host Cells
Thin
oocyst . .
¥ Host digestive tract
; Macrogamont
\‘J Meront Il
i /N
\ |
N
,/'\‘ Microgamont
Zygote s/ ———
Sole Diploid stage Merozoites Il

Figure 1-2: The generallife cycle of Cryptosporidiumspecies. Upon consumption of the oocyky the
host, typically through drinking water, the parasite passes intdhe gut and undergoes the process of
excystation. At this point 4 sporozoites, each haploid, emerge from the approximately65¢ m
diameter oocyst and proceed via a gliding motility to interact with and invade host epithelial cells
developing into trophozoites and soon merozoites. This represents the asexual stages of replication
within the life cycle. (Adapted from Bouzid et al., 2013)

The progression of the life cycle stages@oyptosporidiunis ore of the few extensively
covered areas of research into threup ofparasits (Current et al., 1986, Arrowood,
2002, Girouard et al., 2006, Borowski et al., 2010, Hijawi et al., 2010, Hijjawi, 2010,
Karanis and Adeyarbi, 2011, King et al., 2011, Leitch and He, 2012, Muller and
Hemphill, 2013, Ryan et al., 2018)ypically, the infection begins with the consumption
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of an oocyst by the potential hosisually by drinking contaminated wateralthough
infection thraugh contaminated food stuffs is possiflergerson et al., 2014, McKerr et

al., 2015) Upon entering the host digestive tracyetunknown series of chemical and/or
physiological triggers cause thaur sporozaiescontained within the oocyst to make their
way out during a process termed fAexcysta
ileum, these sporozoites will proceed to move along the epithelial surface in what has
been describedsfig | i d i n g.&venumly settling on the surface of a potential host
cell and invadingAt this point, unlikemanyintracellularapicomplexas (excluding the
gregarines)the parasite develops its parasitophorous va¢BMgseparate from the host
cytoplasm, usuallylong the brush boarder of the epithelial ciliais aspect of the life
cycle of Cryptosporidiumis like the gregarines, which also appear to form a
parasitophorous vacuole at the point of contact with the host cell. Hovggegarines

are typically todarge to be fully engulfed by host membranous intrusidins.the exact
nature of the location of the Pifiat has become a topic of much contention within the
research communifywith much debate over the definition of the ternntsa- andepk
celluar (Fritzler and Zhu, 2012, Guo et al., 2016, Leitch and He, 2012, Wilhelm and
Yarovinsky, 2014, Ryan et al., 2016)

Once fully enclosed by the PV the sporozoite then undergoes a transformation from its
rod like form to a genetically dispersedughly sphericastage termed the trophozoite.

Like both Plasmodiumand Toxoplasmatrophozoites in formit has not yet been
determinedvhether theCryptosporidiuntrophozoite is the main feeding stage as it is for
the otherapicomplexansor an adaptation step where the parasite prepares for the

following infectious stages

From the disseminatedgenetic mass begins to form individual rod like bodies,
approximatelytwo micrometres in length. Eventually a dilon becomes appant,
between a central genetic mass and surrounding individual bodiessiftdmeightin
total, signalling the formation of gype | meront from the trophozoite. These smaller
bodies eventually mature into individual merozoéesl emerge from the PV @dainto

the host ileum.

The merozoites, morphologically similar to smaller sporozoites, migrate across the gut
epithelia before invading new cells in a similar manner to the sporozoites, establishing

another PV within the membrane of an epithelial cellhat cilia brush border. Once
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encapsulated by the PV, the merozoites undergo merogony where either a type | meront
is formed again or the next step, a type Il meront, is produced. The pathways and signals

responsible for the determination of type | or tyjpare yet unknown.

Merozoites that emerge from a type Il meront are typically fewer in number but larger in
size when compared to their type | analogédder emerging from the host cell, like each
time before the type Il merozoite will find a new hostll, invade and form a PV. This
marks the end of the asexual sectiorthelife cycle and the beginning of the sexual
stage. After the establishment of the PV, instead of forming into another meront stage,
the encapsulated merozoite instead transfortas aither of the main sexual forms of
Cryptosporidium the macrogamont or the microgamobespite the naming scheme,
microgamonts are only slightly smaller than the macrogamonts on average. Rather,
microgamonts are nardéor the less thannemicrometre bng microgametes, analogous

to spermthat they produce. Each microgamete is theoretically capable of fertilising a
single microgamonin turn producing a zygoté is not known how mangicrogametes

can be produced by a microgamont.

At this point the zgote which forms is the only diplostage ofC. parvum During the
process of maturing from a zygote to a sporolated oocyst, the organism becomes haploid
again through the production fafur sporozoites afteoneround of mitosis andnother

of meiosis.

Unlike mostapicomplexas, the matured oocyst that forms from the zygote leaves the
host cell fully spaulated and infectious. Many cyst formirgpicomplexas, such as
Toxoplasma gondiilo not fully sporulateuntil after release from the host cell and often

not until being passed back into the environni{Butey, 1998)C. parvumoocysts come

in two varieties the typical form, produced in roughly 80% of cases from a zygote, is the
fthi ck wal | e dparticolarlg reslient form bof ithe parasite often found in
contaminated water supplies arsdimcrediblyresistantto a plethora of environmental
hardshipsincluding UV exposure, heat, dehydration, salt and pH ledtlsrnatively, in
theoretically2 0 % of cases, a ft h(Currenveddl.|1886Rsthe ocy s
name implies, the normally environmentalhgsistant shell surrounding thefour
sporozoites is substanti alilcyk tweditidnreafoT fain wl
wal |l edd oo0cyst s emegenydm the gt celll reyeatingpthe entire

life cycle asexual to sexual, within the original host. This m&kgptospordium the
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only apicomplexas capable of true autoinfectiomheseassumptions, however, are
mainly based om-vitro studies and due to the nature of thin walled oocysts, observations

via in-vivo studies are lacking.

1.4 Cell biology ofcryptosporidia

1.4.1Similarities betweencryptosporidia and other apicomplexans

The organelle complement of the sporozoite stag€rgptosporidiumspecies shares
many similarities to the sporozoites of other apicomplexans, including the presence of the
apical complex and its complement of micronemes and a single rhoptry (althoegh oth
apicomplexans typically have four). In tA@icomplexa the apical complex is a region
found on the apical (hence the name) end of motileciifde stages. It is typically
electron dense and houses a variety of enzymes, dependingoogahismsthatinteract

with the potential host celb initiate and/or facilitate invasiol€. parvumis no different

and a number of proteins have been expressed, localised and functionally characterised
from its apical complex, including a potentially protective geni involved in invasion
(Elongationfacto U) and a gl ycoprotein that acts
between the sporozoite stage and a host epithelial (caliger and Riggs, 1999,
Matsubayashi etla 2013)

Additionally, upon invading a host cell. parvumdemonstrates the generation of a
parasitophorous vacuole (PV), a common feature among intracellular stages of the
apicomplexangMorrison, 2009) The PV forms upon successful invasion of the host cell
and serves to separate the host cytoplasm from that of the parasite, providing a number
of advantagesuch as limiting the effectiveness of the host MHC class | based immune
response and other defences sucpragyolysosomef.ingelbach and Joiner, 1998n
Cryptosporidium this structure is derived primarily from host cytoskeleton and
membrane, with high concentrations of actirhatdite of invasion preceding the creation

of the PV (Leitch and He, 2012, Elliott and Clark, 200@jost membrane proteins,
however, are excludetb a significant degredy all known apicomplexans in the

formationof theirrespectivePVs (Lingelbach and Joiner, 1998)
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Species ofCryptosporidiumalso display a cryptic organelle currently termed the
ACryst al |(6GB) dound8io dnyyda select few otheapicomplexans such as
PlasmodiumThe CB ofCryptosporidiunis an electron dense, honeyuo like structure

like that of the other apicomplexan$hough little is known about this diminutive
organelle, one study demonstrated localisation of @Gheparvum pyruvate:NADP
oxidoreductasdusion protein(CpPNO) to the CB, suggesting an active memiga
potential(Ctrnacta et al., 2006 However,doubt has been raised as to whether they are
the same organelle and the structure remains largely unexplored and unexplained
(Lemgruber and Lupetti, 2012)

1.4.2 Differenaes between the cell biology ofrgptosporidia and other apicomplexans

Perhag most immediately noticeable is the lack of the phylum namesake organelle: the
apicoplastRider and Zhu, 2010 hought to be a remnant plastid obtained via secondary
endosymbiosis byn ancestor of LACA. This iproposed due to the presence of 4
membranes, suggesting multiple endosymbiotic events and genes with close homology to
plant/algal plastids and ultimately a bacterial orifirm and McFadden, 2010, Seeber
and Solati-Favre, 2010, Lemgruber and Lupetti, 2012, van Dooren and Striepen, 2013)
Although the apicoplast no longer performs any photosynthetic role, it is typically
involved in biosynthetic pathways of important biological compounds such as iron
sulphur clugers heme groups anféatty Acid Synthesis. As such the organelliyscally
essential for theurvival of the parasitéSeeber and Soldafavre, 2010, Kumar et al.,
2011, van Dooren and Striepen, 2013, FichedRoos, 1997, Lemgruber and Lupetti,
2012)

These characteristics make a compelling case for the apicoplast as an essential aspect of
apicomplexan biology and yet it is completely absent frGnyptosporidiumand
potentially many gregarines. The only @ésnce of the prior existence of anything
resembling the organelle is the presence of several plant derived proteins encoded within
the genome ofCryptosporidiumwhich may have beeexported from an Apicoplast
containing ancestor before it was logtoughthis remains unexplore@hbrahamsen et

al., 2004)

1-13



Another defining feature dhe Cryptosporidiumis the success to which theyrvive in
the environmentlue to an effectiverotective shell, termed an oocyst. Td@mponents
of this resilient structure largely comprise of fatty aads carbohydrateslthough the
majority (>90%) is composed of proteifRBeduker et al., 1985, Kar et al., 2011, Widmer
et al., 2007, Mitschleet al., 1994, Nanduri et al., 1999)

1.5Cell biology of C. parvum

Whilst basic microscopic observation Gf parvumprovides little evidence for the
singling out of this particular species @ryptosporidium it is nevertheless an
observational truththat C. parvum is distinct from many other members of
Cryptosporidium EpidemiologicallyC. parvumis capable of a far greater range of hosts

than most, biologicall{. parvumdisplays both structural and enzymatic diversions.

1.5.1 The mitosome

The primary differences o€C. parvumc an be | inked to the org:
rather lack thereofUnlike the majority of theApicomplexa and indeed several
Cryptosporidia(such as the physically and genetically larGemurig, C. parvumlacks
typicalor6 canoni cal &8 mi the mdtile stagesid® parvimagpeéaeta d ,
maintain a single mitosome, a morphologically and metabolically distinct organelle from
mitochondria(Mogi and Kita, 201Q) The mitosome is a member of a recently described
group of potential mitochondrial adaptati@rsdescendants; the other member so far has
been labelled the hydrogenosome and is also both morphologically and metabolically
distinct fom the canonical mitochondrion, collectively the organelles in this group are
referred to as Mitochondrial Related @rgplles or MROgDyall and Johnson, 2000,
Makiuchi and Nozaki, 2014, Regoes et al., 200%)e distribution of MROs across the
tree of life coveramostknown organisms, with only members of Plantae and Rhizaria
lacking examples of either mitosomes or hydraggmes Howeverrecent publications

have usedgenomicdata to predicthe absence of a canonical mitochondriontle
rhizarianMikrocytosmackini(Dyall and Johnson, 200 Mogi and Kita, 2010, Burki et
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al., 2013, Makiuchi and Nozaki, 2014, Regoes et al., 200&]itionally, study of the
Monocercomonoidespeciesas revealed evidence for the first amitochaatdrio have
evolved through secondary loss of the organé@larnkowska et al., 2016)This
discovery lends further credence to the idea that all Eukaryotes descended from an
organism with an organelle that developed into the modern mitochondrion/MROs, as
opposed to previouproposals that some eukargstmay have diverged before the

endosymbiotic event.

The current hypothesis regarding the evolution of the mitosome suggeatdescendant

of original canonical mitochondria from the Last Eukaryotic Common Ancestor (LECA)
(Dyall and Johnson, 2000, Makiuchi and Nozaki, 2084%)such, understanding the roles
and functions of these MROs may hold the key to understanding the evolution of modern
eukaryotes, by deciphering which aspects of the original symbiontsiggiécant in the
development of the endosymbiotic event.

The mitosome displays a host of modifications, usually losses, compared to the canonical
organelle, for example: genome sequences of organisms containing mitosomes appear to
show an almost complketoss of ATP generation via oxidative phosphorylatiaok of
organellar genomayith little to no components of the TCA cycle or electron transport
chain remainingMogi and Kita, 2010, Makiuchi and Nozaki, 2014)

This |l oss of function also correlates w
mitosomes have retained the dual membrane aspect of the mitochondrion, electron
microscopy has revealed that the mitosome has nonetheless lost all traces of the
charateristic cristaeRigure 1-3) (Regoes et al., 2008} is possible, that with the absence

of the TCA cycle and majority of the electron transport chain, that the surface area
provided by the cristae no longer prad®d any benefit to the organelle and therefore was
not conserved. In its stead, parvumappears to rely entirely on ATP production from a
plant type glycolytic pathway, although ABeavengingfrom the host is theorised there
ultimately remains no evidee to support thigEntrala and Mascaro, 1997, Mogi and

Kita, 2010, Cook et al., 2012, Abrahamsen et al., 200M)itosomes also show a
significant reduction in locally stored genetic content, with some exampids &s those

within C. parvum showing a complete translocation of mitochondrial sequences to the
or gani s miRegoesetcal., 2205, Mogi and Kita, 2010, Makiuchi and Nozaki,
2014, Tovar et al., 1999)
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Figure 1-3: The spectrum of Mitochondrial Related Organelles (MROs). The distribution of

structural changes between canonical mitochondria (1, from chicken cerebellum), hydrogesmnes

(2 and 3 from Neocallimastic patricarium and Tritrichomonas foetu3 and mitosomes (46 from
Entamoeba histolytica, Trachipleitophora hominand Giardia intestinalig. The size of the mitosome

can vary greatly between species, with soime rea
Entamoeba histolytica(4) to others of less than 500nm such as those found Tmachipleistophora

hominis and Giardia intestinalis(5 and 6). The scale bars represent 100nm from4.and 50nm for 5

6. (Reproduced from van der Giezen and Tovar, 2005

Many other traditionally conserved aspects of mitochondrial metabolism have also been
lost. In theapicomplexas porphyrin biosynthesis is highly reported to be performed
within the apicoplast organelle, which interestingly neither the gregarines nor
Cryptogoridiahave retainedit has been confirmed that Cryptosporidia lack abdity

to synthesise porphyrin groups and by extension haem or cytochrome comfiaonds

and McFadden, 2010, Seeber and SolBatire, 2010yan Dooren and Striepen, 2013)

In contrast,jron-sulphurcluster biosynthesis has been conserved within organisms with
MROs, and C. parvumis no exception. Irosulphur clusters are amongst the most
ubiquitous compounds in life, conserved almost unidlie across all domains of life

(Xu and Moller, 2011, Lill et al., 2012, Ali and Nozaki, 2013)he methods of
biosynthesis of these compounds is therefore unsurprisingly also highly conserved.
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Current understandg of these pathways identifies three predominant tyffesSulphur
mobilisation (SUF), IrorSulphur Cluster formation (ISC) and Cytosolic ksmphur
protein Assembly (CIA) pathways. ISC and CIA pathways are the most common
pathways found in eukaryoticells, typically within the mitochondrion and cytosol
respectively(Ali and Nozaki, 2013)The SUF pathway appears to have been a bacterial
innovation and appears throughout those eukaryotes typically containing pdastiell
apicomplexans wi an apicoplasfKumar et al., 2011, Xu and Moller, 2011, Ali and
Nozaki, 2013)Of these pathways, it has been observed that even organisms with an MRO
have maintained the mitochondrial ISC pathway, often intaddio CIA or SURKumar

et al., 2011, Xu and Moller, 2011, Tsaousis et al., 2012, Ali and Nozaki,.2013)

The mitosome ofC. parvumappears as circle or oval, filmindred nanometres in
diameter, encased in a duaembraneTheonly mitochondrial proteinghat have thus far
been localised to this organelle are ki@at shock proteg60 (hsp60) and hspd®ogi

and Kita, 2010, Ali and Nozaki, 2013, Makiuchi and Nozaki, 2@ldock et al., 2012,
Putignani et al., 2004YheC. parvummitosome also appears to be completely absent of
the typical mitochondrial proteins such as cytochromes, with onkltemative Oxidase
(AOX) remaining of any compleklectron Transport Chaifie TC) biosynthetic pathway
(Roberts et al., 2004, Suzuki et al., 2004)silico predictions and preliminary functional
studies also describe the presence of a complete ISC pathway, as is also typical of
mitosome (Ali and Nozaki, 2013, LaGier et al., 2003)/hilst genome sequencing has
also identified the presence of tHelA machinery, it appears to have lost (or never
inherited) the SUF pathwathat other Apicomplexa matain within the apicoplast
(Kumar et al., 2011, Abrahamsen et al., 20@W)rrent understanding of the mitosome
within C. parvumis limited and based primarily an-silico predictions with the only
experimentaévidence being the localisation of recombin@nparvum SC components

to yeast mitochondria, though no such experiments have been perfor@eg@ganvum
itself (Figure1-4) (LaGier et al., 2003)
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Figure 1-4: Metabolic pathways of the6 t y p imimsomed The metabolic content of the mitosome
within C. parvumas predicted so far via the published genome has both a basic gl and ISC
iron-sulphur cluster biosynthesis pathways with putative mitochondrial/mitosomal targeting
sequences. Mitochondrial targeting of recombinant Isul/2 (IscU), Ferrodoxin (Fd1) and Nfsl (IscS)
has been confirmed within yeast expression systemdttmugh no experimental evidence exists

replicating this in a mitosome.(Adapted from Mogi and Kita, 2010)

As can be expected from a group so lacking in apparently essential organeti@sers
of the Cryptosporida are obligate parasites, entirely reliant on scavenging components
from a hostto survive.

1.5.2Metabolism of C. parvum

Most of that whichis currently understood of the metabolic pathway& oparvumis

based omnn-silico predictions, from genome sequences that have been published over the
last decadgAbrahamsen et al., 2004Yhe data has produced numerous interesting
observations regarding the metabolismCofparvum a significantly reduced ability to

produce essential biological compoumnt#snovaRider and Zhu, 2010)
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Perhaps foremost amongst tlighatC. parvumis incapable of synthesising fatty agids

with the absence of an apicoplast resulting in the loss of the type Il Fatty Acid Synthases
(FAS) typically found in theApicomplexa C. parvum does however, maintain a
cytosolic, type 1 fatty acid synthase (CpFASi)hough itappears to be incapable dx
novofatty acid synthesié€Zhu et al., 2000)Functional analysis of CoFASL1 revealkbeht

it instead acted as an elongase, showing a preference for 16 carbon chains, to which
CpFASL1 has been shown to add an additisnatarbong(Zhu, 2004, Zhu et al., 2004,

Zhu et al., 2010jThe lack ofde novdatty acid synthesis is unusual, considering the high
fattyacidc ont ent of the parasiteds (&nkwseta,n men
2010) This suggests that the parasite is capable of scavenging fatty acids from either the
host cell or extracellular matrix surrounding, which is not unusual for a parasite
(Mazumdar and Striepen, 200This hypothesiss further supported by theture of the
individual fatty acid compounds found withine parasiteyvhilst both 12 and 14 carbon

long chains (dodecanoic acid and tetradecanoic hanv beemdentifiedthe oocyst wall

consists exclusively those fattyiad s CpFAS1 i s capable of Op

Additionally, C. parvum appeas to be completely incapable of synthesising core
biological compounds such #% amino acids/aline and Leucine, with limited ability

to produce others such as Glycine and Tryptophan
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Table1-2) (Rider and Zhu, 2010, Abrahamsen et al., 2004)
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Table 1-2: Essential and noressential amino acids o€ryptospoidium parvum Although C. parvum
lacks the metabolic functions to producenost ofamino acidsde novq it retains some limited capacity
to produce most of the uncharged and a single hydrophobic amino acid through 1 or 2 step processes.
This list is split into two major columns: essential and noressential amino acids. It is important to
note, that except for proline,C. parvumcannot produce any amino acid without obtaining already

complex molecules from an external sourc€&hu and Guo, 2014 Rider and Zhu, 2010)

C. parvum’s Ability to synthesise AA de-novo

Limited capability

Metabolically Capable (2 upstream steps or | No capability
less)

Proline

Colour Key: Glycine

Cysteine

Selenocysteine

The trend continues into folate biosynthesis. Traditionally targeted during drug design
againstApicomplexa as a means of interrupting pyrimidine synthesis, it appears that the
C. parvummaintairs only two enzymes within the pathwgybrahamsen et al., 2004)

Of the two folate enzymes that are maintained Gy parvum a putative
phosphodiesterase/alkaline phosphaiaappears to beither plant or bacteriah origin,

a common theme amongst tApicomplexain generalwhich appear to have benefited
from numerous horizontal gene transfer eveS8imilar blast searches also reveal that

1-21



several components of the glycolytic pathway witGinparvumare also more likely to

be bacterial or plant in origin.

C. parvumalso displag several interesting adaptations withtse ATP biosynthetic
pathways. Amitochondrialtype AOX, which isnot found in any other apicomplexan
has been expressed and characterised fror@.tiparvum(Putignani et al., 2004, Mogi
and Kita, 2010, Roberts et al., 2004, Suzuki et al., 2004}. parvumas well asnuch

of CryptosporidiumspeciesAOX is acting as the terminal enzyme in the electron

transport chain, donating an electron to the fmalgen in the pathway.

Traditionaly, AOX is oftenfound as a @t of damage mitigation pathways in a variety
of organisms, particulyr obligate anaerobess it coveys resistance to oxygen free
radical formation by curtailing the electron transport olaicomplex I(Mogi and Kita,
2010, Williams et al., 2010, Saha et al., 2016, Dahal and Vanlerberghe, Qdi@rly,

C. parvum also maintains gyruvateNADP* oxidoreductase (PNO)though most
apicomplexans doot (Rotte et al., 2001, Mogi and Kita, 201@)terestingly, outside of
the Apicomplexa C. parvumbecomes less unique as the parasitic early dinoflagellate
Perkinsus marinuand the photosynthetic chromehditrella brassicaformi$oth share
homologywith CbAOX and the genome ®&f. brassicaformisilso contains a significantly
similar (E value of 2&) sequence to the putative phosphodiesterase/alkaline phosphatase
D.

From this it is clear thaC. parvumis grealy lacking severalkey biological pathway
often completely incapable of producing essential biochemical compoiéigsnakes

it clear as to whyC. parvumcannot survive as a facultative paradiyvever,t does not
explain howC. parvumcompensatesof these deficiencies. To understand this, it is
important to consider the interactions between host and parasite on a molecular level.

1.5.3 Host-parasite interactions

During host cell invasion bgsporozoite C. parvumhas been observed inducing arag
of physiologcal effects upon the host celhis preliminary aspect of the infection is so
far, the most studied and well understood of the Jpasasite interactions i@. parvum

infections. Among the reactions determined to be necessary for dutdesst-cell
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invasion are hostell tyrosine phosphorylation, which allows the recruitment of-nekt

actin to the site of invasiofklliott and Clark, 2000, Chen et al., 2008) parvumhas

also been shown aehting hostcell Cdc42, a component of membrane import via
endocytosisthrough the recruitment of phosphatidylinositekiBase to the hogtarasite
interface during invasiorthe inhibition of which was shown to significantly reduce the
par as i tyteibwdeshb host ¢diChen et al., 2004a, Chen et al., 2004 ibition

of hostcell GalactoséN-acetylgalactosamine (Gal/GalNAc) has also been shown to
prevent parasite invasion of hastlls and a putatey Gal/GalNAc binding lectin has
recently been localised to the apical region of@GhparvumsporozoitgJoe et al., 1994,

Bhat et al., 2007, Edwinson et al., 2018here have been numeroasiditional
proteins/méecules identified which appear to be involved in some manner witkchtst
invasion, including multiple Calvin Cycle proteins, Lectins and sewglsaloproteins

such as GP900 and GP40/15, although many of their exact roles and/or importance remain
largely unexploredPetersen et al., 1997, Barnes et al., 1998, Bonnin et al., 2001, Bhat et
al., 2007, Sturbaum et al., 2008, Chatterjee et al., 2010)

Once established within the host celaques consisting of hosactin andJactinin were
described within the host membrane, localised to the interface with the PV, although other
typical components of actin utilisation were unusually ab@eltibtt and Clark, 2000)

This accumulation foactin at the hosparasite interface is not observed in similar PV

forming parasitd oxoplasma gondii

Once established within a hestll, C. parvumundergoes merogony and the remainder
of its life cycle, alternating through various extra and intratzellatages Kigure 1-2)
(Leitch andHe, 2012) Although, as previously mentionéZl parvumcannot produce
many essential metabolic compoundg novg which suggests that thegre instead
scavenged from the hodturing the intracellular stageKeeping with the theme .
parvum however experimental evidence of metabolite scavenging remains largely at the
in-silico or even purelhhypothetical level.

Whilst the exact nature of which compounds are scavenged remains langgored,
investigatios into how the intracellular stages interagth the host have provided some
insight into the hosparasite interactions at this stag#itra-structuralanalysis of the
parasites routinely reveal th&. parvumnever makes direct contact with the host
cytoplasm, instead residing within the PV, aa&l suchmay possess some means of
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0channel |l i ngd s c a\teanoghe garasita tytoplas(@utrent etah,r o u g
1986, Arrowood, 2002, Borowski et al., 2010, Karanis and Aldeyarbi, 2011, King et al.,
2011, Leitch and He, 2012, Muller and Hemphill, 2013Dbservation via electron
microscopy has revealed a potential candidate for thistmle med t he o0f eede
due to its proposed functioognsistingof an unusual highly folded membrane thatfer

between the host membrane and R¥itch and He, 2012)However, unlike dier
Apicomplexa the PV ofC. parvumhas not been observpdnetratinghe host cytoplasm,

remaining ultimately extraytoplasmic.

Attempts to characterise the metabolic activity of the feeder organelledasadedan
ATP-binding cassette (ABC) prote®@pABC1, with sequence and structural homologies
suggesting a role in ion and possibly organic anion trangpepata et al., 2002, Sauvage
et al., 2009, Perkins et al., 1999)

Preliminary investigations into theffects C. parvum infections have on patient
metabolomes have also provided somsight into the nature of the hoeghrasite
interaction. Of the observations made, oneateis the change in Hexadecanoic acid
content of host faecal sampl¢slg Hublin et al., 2012, Ng Hublin et al.,, 2013)
Hexadecanoic acid the shortest chained fatty a€idparvumis capable of metabolising,
as the preferred substrate of CpFAS1, routinely metaboiisted the 22 chained
Docosawic acid(Zhu et al., 2010, Zhu et al., 2000)

Despite this, knowledge regardil@y parvumremains scattered. Investigations into its
cellular biology are marred by ineffective culturing systems and this in tukesma
difficult to properly interpret the results of experiments such as the metabolomics just

discussed.

1.54 Culturing C. parvum

The limits in our knowledge regarding this particular parasite, as well as the restrictive
pool of available medicationare in large part due to the state of available culturing
techniquegStriepen, 2013)C. murisandC. hominishave shown some progressitA

vitro culture systems, especially those of a fuedkfree natureandover the last 40 years

a multitude of tissue based cultures have been developdldw the growth o€. parvum
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in-vitro also (Hijjawi et al., 2010, Upton et al., 1994, Meloni and Thompson, 1996,
Arrowood, 2002, Hijjawi, 2010, Yin et al., 2010, Karanis and Aldeyarbi, 2011, King et
al., 2011 Muller and Hemphill, 2013, Miller et al., 2017, Morada et al., 20I6)date

C. parvumculture relies primarily on infected HCF cell lines or variations of the
previously identified CAC& or MDCK cells Unfortunately, these solutions bring with
them rnumerous crippling flaws, such as short culture $ifans and aberrant litg/cles.
Recent advances in the field have seen the introduction of more advanced culturing
systems, such as simulated migravity and hollowfibre/organoid approaches, in
attemps to overcome the inherent issues of these cell lines with promising results
(Morada et al., 2016, Alcantara Warren et al., 2008)

Despite tlese advancefhowever,the culturing systems are still insufficieftr most
research purposeandthe most reliable systems that exist at this timeGoparvum
productionrequire the continued infection of immueappressed or naive animals,
typically the young of livestock such as cows or sheep, or laboratory animalssuidea
(Girouard et al., 2006, Striepen, 2013)

This has resulted in a seasonal, expensivéadnmirintensivesupply method, with heavy

reliance on animals in an age of rapidly declining tolerance for animaliegrgation.

1.6 The hypothesis

As covered in the preceding introductid, parvumis among one of the more unique
members of the eukaryotes and especially the apicomplexans, eschewing traditional
levels of genetic and organellar conservation for alhigtreamlined and presumably
efficient celular biology. These traits, combined with the presence of a largely
unexplored organelle, a potentially basal phylogenetic routing amoagitoenplexas

in addition toC .  p a mising ghaba medical importece, showthere has never been

a more important time to study this parasite.

Therefore, it is the purpose of this thesis to provide the building blocks and preliminary
experimental evidence required to establishparvumas a model organisror the
Cryptosporidia and potentially the Gregarina and ApicompléXas will be achieved
through the exploration of three key hypothesis or objectagtisted below
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1. C. parvumcanbe successfully cultured on a scabeth volume and timwise,
conducive to broad x@erimentation.Because ofthe production levels, the
developedculturing techniquewill allow unprecedented exploration of the
parasite8genetic, metabolic and cellular biologg well as opening new routes

into exploring the genetic tractability of tharrentlydifficult to modify organism.

Once established, the culture will allow the exploratiolCof p a radaptatiéns to
parasitism andherole played by the mitosome. These concepts will be explored via the

following hypotheses:

2. The parasitic adagtions ofC. parvumhave led to the development of specific
hostpar asite interactions, which direct
including host mitochondrial' he identification and cataloguing of these effects
will allow for metabolomicsbaseddiagnosis of the disease. Furthermore, this
work will shed light on the role of haspecificity and the adaptatio®s parvum
maintains that provide it with a significantly larger repertoire of potential hosts
compared with almost any other apicomplexan.

3. The ISC pathwayis present and active within the mitosorok C. parvum
Specifically,the componets: IscS, IscU and Frataxin. Thigould show for the

first time a metabolic function for the relict mitochondrionfparvum

The results of these theoriasd how they were tested is described in fi®wing
chapters of this thesis, in addition to suggestions how they may be further improved upon

and explored in subsequent investigations.
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Chapter 2Materials and Methods

2.1 Cell culture

During the initial eperiments in3.3 the following cell lines were used: COL&BON
(Human oesophageal squamaad carcinoma), obtained fronCell Line Services,
Eppelheim, Germany; DL} (Human colon adenocarcinoma), KY-8B (Human
oesophageal squameasll carcinoma) and HG15 (human colorectal
adenocarcinoma), obtained from DSMZ, Braunschweig, Germany; -$JSA
(osteosarcoma) and HEF (ileocecal colorectal adenocarcinoma), obtained from ATCC,
Manassas, VA, US, Cat No. CRI098 and CCt244, respectively; MKNL (gastric
carchoma), obtained froddCRB Cell Bank, Osaka, Japan

Cells were cultivated in RPM1640 medium (Sigm&ldrich, Cat No R8758)
supplemented with 10 % foetal bovine serum (Sigktdrich, Cat No F8084), 100 U/mL
penicillin, 100 pg/mL streptomycin and 250 ng/mamphotericin B (Antibiotic
Antimycotic solution, Sigmaldrich, Cat No A5955) at 37 °C and 5 % eQAll
experiments used the COLGBON cell line unless otherwise stated. Experiments using

the standard RPML640 + FBS Antibiotic mixture are referredtoassi ng @A c o mp |
RPMI-1640 in the rest of this thesis.

2.2 Sources oCryptosporidiumoocysts

Several species and strainsgGrfyptosporidiumwere used for the experiments described

hence. Their origins are as follows:

Initial studies were performed o@ryptosporidiumparvum oocysts provided by the
Creative Science Companypgreur i fi ed and i dentified as t
originally acquired from the gastrointestinal contents of a dead red deeCealué
elaphug, sourced from the Glen Sdugxperimental deer farm (Scotland, UK) in 1987
(Moredun strains of Cryptosporidium parviz@15)
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C. parvumlowa Il was obtained from Bunch Grass Farm in the United States, isolated
from infected calves and is a commercially available species/strain that is frequently used

in C. parvumexperimentatior{Girouardet al., 2006, Sturbaum et al., 2008)

C.parvumWer u strain was supplied courtesy o
Parasitology Biology Centre CAS, Czech Republic. The Weru strain was originally
isolated from an infected human patient and subsequently maintained by passing through
SCID mice.

C. hominiswas supplied courtesy of Prof. Rachel Chalmers fromCityptosporidium
Reference Unit, Singleton Hospital of NHS Wales. The hominisused in this

experiment was from an original stock pul

2.3 Cell line infectons

Infections of cell cultures were performed at 1 X d6cysts per 10ml of cultured cells in
a 25 cm cell culture flask, once the cell culture density had reached 70% coverage of the

flask surface (70% confluent) unless otherwise stated.

Excystationwas achieved by adding 160bf 0.01% Trypsin and 406 bf 0.5 % Sodium
Hypochlorite to a pellet containing the desired number of oocysts, as had been established
by prior publicationgUpton et al., 1994, Gold al., 2001) The oocyst suspension was
incubated in a 37°C water bath for one hour, with intermittent vortexing. The excystation
procedure was monitored by phase contrast microscopy, using a haemocytometer and
stopped when visible sporozoites exceeded®0f the theoretical maximum (4x the
original number of oocysts present per sample). Samples were pelleted aff2r2€Qht
minutes, and suspended in cell culture medium, prior to cell infectie6 2% post
infection, T25 flasks were washed twicethwilO ml of 1x PBS, to remove wexcysted
oocysts and remaining sporozoites. Fresh media was then added. To ensure that
extracellular parasites (included nercysted oocysts) had been efficiently removed
following the wash procedure and that no trace€myjptosporidium parvuncould be

found, washes and final media were subjected to PCR analysis.
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2.4 Purification of Cryptosporidium from infected cultures

Growth media from infected cultures and a subsequent 5 mL wash (with 1x PBS) were
collected. The spensions were centrifuged at 5pfbr 5 minutes to remove host cells

and debris. The supernatant, which contain the oocysts, was then transferred to fresh
tubes, and the oocysts were pelleted by centrifugation at 8 {008 minutes. The pellets

were e-suspended in 1 mL of 1x PBS and carefully laid on top of 9 mL of saturated
(37%) sodium chloride solution, in a 15 mL Falcon tube. These two layers were then
topped up with 1 mL of sterile water before being centrifuged at 21608 minutes.

This certrifugation steps resulted in the formation of a milky white phase between the
PBS and salt layers, which contained the live oocysts. Using this methodology, empty
and nonviable oocysts fall to the bottom of the tube during centrifugation. The oocysts
were carefully pipetted from the interface. Because, the isolated oocysts may contain a
carryover from the sodium chloride solution, 9 mL of 1x PBS were added to dilute the
mixture and the oocysts were pelleted again at 2gLéff 8 minutes. The pipetting/

dilution steps were repeated twice.

2.5 Cryopreservation and resuscitation of infected cells

Medium was discarded from infected cell cultures and the cell monolayer was washed
once with 1x PBS. Cells were then trypsinised and suspended in 9 mL of laglé cu
medium prior to centrifugation at 500 x g for 5 minutes at 4°C. The supernatant was
discardedand the pellet suspended in 10 mL of engedia (RPMi1640, 20% FBS, 10%
DMSO). The cell suspension was then aliquoted into 2 mL samples irtubyge and
stored at80°C inside a Mr. Frosty TM freezing container (ThermoFisher Scientific, Cat
No 510060001). The cells were left for a minimum of two weeks before resuscitation. To
resuscitate cells, crytubes were removed from the freezer and immediately thatve
37°C in a water bath for 5 minutes. The cell suspension was then added to 8 mL of cell

culture medium, mixed gently, and then centrifuged at 500 x g for 5 minutes at 4°C. The
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supernatant wadiscardedand the cell pellet suspended in 10 mL of-ywamed cell

culture medium.

2.6 DNA extraction from oocysts and infected cultures

COLO-680N cells infected using the protocol above, were washed twice with 1x PBS,
prior to DNA extraction. Samples were taken six hours post infection and subsequently
ondysl, 2, 3,4,5,6,9and 12.

For COLG680N cells and epicellulaCryptosporidiumstages, DNA extraction was
performed using the Qiagen DNeasy Blood and Tissue kit (Qiagen, Cat. No 69504)
following the manufacturer's instruction. Ror parvumoocysts, saiples were collected

from cell culture supernatants as described above. Then, DNA extraction was performed
using the Omega E.Z.N.A. fungal extraction kit (Cat. No. D3Bp@dollowing the
manufacturer's instructions. Extracted DNA was quantified usingreDfap 1000
Spectrophotometer, by placing 2 ¢l drops
readout obtained, samples were restricted to those that gave relatively high purities for
wavelengths between 260/280 (~1.B) to reduce the possibiliyf unreliable results

from RNA/Protein contamination.

2.7 PCR amplification

PCR reactions were performed with the following general parameters:

For a reaction t otPLCIR Wbxl Urhe xdafbuFGelr: (PO o
MgCI2( 1 e,M)1 e L 10M)TPs2 (eL of forward pri mer
(10eM)(SeeTable2-1f or combi nati on@, uG.edy ,e 131af7 5GcET
Start Polymerase (Promega, Cat . Nvaried M7 4 0
dependant on sample source, final total |

PCR set up conditions were as follows: 1 cycle of 95 °C of initial denaturation for 5

minutes, followed by 36 cycles of 35 seconds denaturation steps at 95 °C, 30 second
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annaling steps (se€able2-1 for temperature) and an elongation step at 72 °CTsigle

2-1 for time). Then a final 10 minutes elongation step at 72 °C.

Table 2-1: PCR Primers. Custom Nucleotide sequences of the PCR primers used in Chapter 5 to
produce recombinant ISC structures in a selection of plasmids. Sequences are colour coded to
highlight GC clamp (blue) and restriction sie (red). Each was designed based on sequences obtained

from using Blasting yeast ISC sequences against publish€d parvumgenomes.

Label Sequence Species T":}arerg;t ]t;s:tc:‘ Ef:ij Target organism
CpFrat NdelF COGGGCATATGAATTCAATAAAATTATTAAAC C. parvim |[FXN |Ndel |Petldb |Escherichia coli
CpFrat BamHIR  |GCGCGGATCCTTATAAATTGACATGTATTCCAGTAGC |C. porvum |[FXN  |BamH1 |Petldb  |Escherichia coli
CplscS_NdelF CGGCATATGATCGTTCACAGATATTGCAGGC C. parvum |ISCS  |Ndel  |Petldb  |Escherichia coli
Cplsc5_BamHIR  |GCGGATCCTCACGTCCATTTIGAGTGAATCCTIC C. parvum |ISCS  |BamH] |Petldb  |Escherichia coli
CplscU_NdelF CGGCATATGTTGCAATTAAGACAGCTTATCG C. parvum |ISCU |Ndel |Petldb |Escherichia coli
CplscU BamHIR  |CCGGATCCTCATGATTTGAGCTGTITIGTICTTG C. parvumn |ISCU  |BamH] |Petl4b  |Escherichia coli
Cp_IscSN_Xmal F |[GCATCCCGGGATGATCGTTCACAGATATTIG C. parvum |ISCS  |Xmal  |pBEVY-l |Saccharomyces cerevisiae
Cp IscSN_Sacl R |GCATGAGCTCTCACGTCCATTTGAGTGAATC C. parvum [ISCS [Sacl pBEVY-l |Saccharomyces cerevisiae

The resulting amplified DNA was visualised on a 1.8 % agaf@de gel and stained
with ethidium bromide.

2.8 Electron Microscopy (EM)

0.5 cm diameter, 200 em thick aclar fil m
were sterilised by UV light/Ozone exposure for@Dminutes in a sterilised tissue culture
cabinet. The disks were then deposited intovedl plates. For each well, 1lnof COLO-

680N cells at a concentration of 2.4 ¥ tells/ml was added. Once the cells had reached

50 to 60 % confluency, the cultures were infected with 50QQgarvumoocysts, giving

an approximate MOI of 0.4. On days 6, 7, 8, 9, 12, the superwvasamemoved,and

cells were washed with 200 mM cacodylate buffer (pH 7.4). The buffer was aspirated and

1 mL of fixative, containing 2.5% Glutaraldehyde in 100 mM cacodylate buffer (pH 7.4),
was then added and left at 40C overnight. Next, each well waedasice (10 minutes)

with cacodylate buffer prior to staining with 1 mL of 1% osmium for 30 minutes at room
temperature. The samples were washed and dehydrated through an ethanol series (30 %,
50%, 70 %, 90% and twice 100%) before being embedded in(Agar Scientific) low

viscosity resin.

Sections were cut initially with a glass knife and ultrathin sections of 65 nm were cut with

a DIA T O ME éiamond knife on a RM@®ATXL ultramicrotome. The sections were
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placed onto 400 mesh uncoated copper grids.gfitie were then stained for 45 minutes
in 4.5 % aqueous Uranyl Acetate, washed again, and subsequently stained for 7 minutes
with Reynoldds | ead citrate. Stained gr
visualised with a Jeol 1230 Transmissided&on Microscope at 80kV equipped with a

Gatan Multiscan digital camera.

2.9 Fluorescence microscopy

50-60% confluent cultures were infected witbryptosporidiumoocysts in 2well
permanox base chamber slides (Sightdrich, Cat No C6682), with vargg oocyst
numbers dependant on the nature of the experinbetection was achieved through
extensive use of Indirect Immuifloiorescence assays (IFA) and a variety of fluorophores
(Table2-2)

Table 2-2: Fluorophore Emission and Excitation peaks. A variety of fluorescent antibodies and

stains were used in the experiments to detect and visualise the infection and a variety of organelles.

This list encompasses the various wavelengths liged by these fluorophores and the colour used to
represent them in the relevant figures.

Stain/Antk Excitation| Emission

body Target/s peak peak Colour in Figures

DAPI Nuclear material 350 470 Blue
Cryptosporidium

Crypta-glo | oocyst wall protein | 490 525 Green
Apicomplexan

SporoGlo | sporozoites 490 525 Green

Propidium

lodide Nuclear Material 535 617 Red

CMXRos Mitochondria 580 600 Red
Various parasite

VVL proteins 490 525 Green
rabbit derived

Anti-rabbit | antibodies 557 576 Red
rat derived

Anti-rat antibodies 557 576 Red

2.9.1 Infection quantification
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At harvesting points, cultures were washed with 1x PBS and then fixed in methanol for
10 minutes at room temperature. Next, the methanolr@rasved,and the cells were
permeabilisd with 0.002 % TritoAX100 in 1x PBS at room temperature for 30 minutes.
Cells were then washed three times prior to incubation for 1 houRiith conjugated
Cryptosporidiurespecific antibodies (Cryptglo, WaterborneTM, dilution 1:10;
Spordslo, WaterlwrneTM, dilution 1:1), nonconjugatedant-CpClec(dilution 1:60),
propidium iodide (500 nM), oFITC conjugated/i ci a Vil Il osa I)ectin

Cells were washed a further three times with 1x PBS and then mounted with an aqueous
mounting medium. Tis was done using either Fluromount (SigAldrich, Cat No
F4680, with no DAPI) or Fluoroshield (Sigr#ddrich, Cat No F6057, with DAPI).
Slides were visualised by fluorescence microscopy using an Olympus 1X82 or Zeiss

Elyra P1 confocal microscope.

On tendays posinfection, the supernatant of infected cells (containing oocysts and
COLO-680N cells and debris) was filtered through 40 um nylon Corningsteliners

The flow through was spun down at 2,000 x g for 8 min. The supernatant was then
discardedthe oocysts and debris were resuspended in 100 ul 1x PBS and added on poly
L lysine coated slides. The slides were rinsed once in 1x PBS, then the oocysts were fixed
with 4% paraformaldehyde for 30 min. The slides were rinsed one more time in 1x PBS
and bbcked overnight in 3% filtered BSA. The slides were washed once in 1x PBS and
1 drop ofFITC conjugatecCrypt-a-glo (Waterborne ing was added for 1 hour. The slide

was quickly rinsed and mounting media containing DAPI (Sigddich, Cat No F6057)

was tren added prior to covering with coverslip and sealing with nail polish.

2.9.2 Cellular biology and localisation

COLO-680N cells were used exclusively and infected with £xT@yptosporidium
oocysts. For comparison, control niriected cells were seedeatsh the same day.
Following 48 hours posnfection the supernatant was replaced by fresh media for all

samples.

At seven and ten days post infection the media was aspirated from the cultures and washed

twice with 1 x PBS. The media was removed and redlagigh further prewarmed
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complete RPMI1640 (1% Antibiotic/Antimycotic), containing 3.5% formaldehyde, for

15 minutes at 37AC as per the manufactur

For mitochondrial observation fresh, psarmed, serum free RPMI640 (Sigma
Aldrich, Cat. No R8758) (1% Antibiotic/Antimycotic) containing 200 ndhermoFisher
Mitotracker Red CMXRos (Molecular probes; Cat. No M7512), was added to the wells

and incubated in the dark at 37°C for 45 minutes prior to fixation.

The cells were then briefly permeabeds with 0.2% Tritorx100 in 1x PBS for 10
minutes, washed twice with 1x PBS and four drop$IdiC conjugatedSp or o Gl o E
(WATERBORNE, INC) or Crypia-glo (WATERBORNE, INC) added, with incubation

at 37°C for a further 45 minutes. The final sample was thehe&dthree times with PBS,
dried and FluoroshieldE with DAPI ( Si gma
Antifade mount (Sigma Aldrich, Cat. No P10144) was added before applying a glass
coverslip and sealing. Slides were visualised by fluorescence soapy using an

Olympus 1X82 or Zeiss Elyra P1 confocal microscope.

2.10 Atomic Force Microscopy (AFM)

1x1®oocysts were suspended in 25 eL 1x PE
sheet prenounted on a magnetic specimen disc (Agar sciengfid)left to sediment for

an hour at 40C in a humidified chamber.
5% Glutaraldehyde in 1x PBS. Samples were then washed twice with 1x PBS, once with
deionisedvater and akdried at room temperature in a dusfarea for 2 hours. Samples

were then washed twice more willkeionisedwater, left to akdry again followed by a

final drying step using a gentle strearmitfogen.

Samples were analysed by Atomic force microscopy (AFM) using a Bruker multimode
8 (Bruker Corporation, Massachusetts) scanning probe microscope with a Nanoscope V
controller. The samples were imaged using the ScanAsyst peak force tapping mode, with
RTESPA silicon cantilever probes (Bruker Corporation, Massachusetts), which have a
nominalspring constant of 40 N/m and a nominal tip radius of 8 nm. Data collection and
processing was performed using the Nanoscope software (version 1.40, Bruker

Corporation, Massachusetts). Images were scanned over a surface area of at least 10 x
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10 & m saldtionaf 2048 x 2048 pixels. The scan rate was 0.2 Hz. Images were
processed using the Nanoscope Analysis software (version 1.40, Bruker Corporation,
Massachusetts) and custom scripts writteATLAB to remove the sample surface tilt

and scanner bow3-D representations of the data in height and gesde error channels

were subsequently rendered in Nanoscope Analysis.

2.11 MALDI-ToF Mass Spectrometryi Lipid analysis of oocysts

Aliquots of 1.25 x 10 or 2.5 x 10 cattleproduced or COLE80N-prodiced oocysts
suspended in 1x PBS were pelleted at 2,100 x g for 8 minutes. A matrix buffer was
prepared by dissolving 20 mg/mL (saturated) alpy@no4-hydroxycinnamic acid

matrix into a 40% acetonitrile 0.15% trifluoroacetic acid, which was then placad in
sonicating water bath for 15 minutes. Undissolved matrix was subsequently removed by
centrifugation at 16,000 x g for 10 minutes. The oocysts weseues pended i n 5
matrix buffer. Samples were left to incubate in suspension for 30 minutes. Mpkesa
werethenrs uspended by gently tapping the tut
384 MTP ground steel MALDToF plate wells (Bruker) in triplicate. Samples were
allowed to air dry before the plate was placed into the MALDIF mass spectrometry

instrument (Bruker UltrafleXtreme).

For negative polarity compounds the following-gptwas used; Laser frequency: 2000
Hz;

lon sources: (1) 19.94 kV, (2) 17.79 kV; Lens 6.09 kV; Reflector 1: 21.22 kV, 2: 10.74
kV; Suppress at 500 Da; Pulsed ion extractB0 nS; Matrix Suppression mede
Deflection; Range 66RQ000 Da; Sample rate 1 Gs/s; For each sample 7500 shots were

summed and saved.

For positive polarity compounds the following set up was used; Laser frequency: 2000
Hz;

lon sources: (1) 24.92 kV, (2R.27 kV; Lens 7.47 kV; Reflector 1: 26.53 kV 2: 13.39kV,
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Suppress at 500 Da; Pulsed ion extraction 80 nS; Matrix Suppression Dejtetion;
Range 602000 Da; Sample rate 1 Gs/s; For each sample 7500 shots were summed and

saved.

The mass spectromgtdata files were exported from the Bruker Flex Analysis software
in ASCII format for preprocessing in MATLAB prior to the application of PCA 41.

2.12 MALDI-ToF Mass Spectrometry of infected cultures

Cell cultures were trypsinised and cell numbensistdd to 3 x 10cells/mL. 1 mL of
each sample was then transferred into a fresh tube and pelleted at 500 x g for 5 minutes
at £C. The samples were then mixed in the alpy@no matrix as per the lipidomics

protocol.

To analyse the cell pellets, the MBL-ToF Mass Spectrometry instrument (Bruker
UltrafleXtreme) was calibrated before use with the commercially available Bruker
Calibration Standard 1 protein mixture (Bruker, part number 206355). The spectra of the
intact cell pellets were then collected ngsithe MALDI-ToF Mass Spectrometry
instrument settings described below and the inbuilt calibration program for this

calibration mixture provided with the instrument.

The spectra were collected using the following settings on the mass spectrometer: Linear
mode; Laser frequency: 500 Hz.

A positive polarity was implemented with the following set up was used; lon sources: (1)

24.93 kV, (2) 23.08 kV; Lens 7.49 kV; Suppress at 5000 Da; Pulsed ion extraction: 400
ns;

Range 500060,000 Da; Sample rate 0.13 GgResolution enhanced 100 mV electronic

gain; Smooth high. For each sample 3600 shots were summed and saved.

The mass spectrometry data files were exported from the Bruker Flex Analysis software

in ASCII format for preprocessing in MATLAB prior to the gtication of PCAL
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2.13 Scanning electron microscopy (SEM)

Samples were prepared using the same method as with the specimens for AFM with the
exception that instead of the mica the sample was deposited on a BEMmarbon

tape disc. The samples were visualised in a Hitachi s3400 variable pressure SEM at 50 pa
and 5 kV.

2.14 Realtime cell viability analysis

Cell viability and proliferation was determined by electrical impedance monitoring using

the XxCELLigene system (Acea Biosciences, San Diego, CA, US). 16 well xCELLigence

pl at es, containing 100 ¢l of compl ete R
XCELLigence system for 30 minutes prior to initial calibration. Megativecontrol

wells were then seededtwi3x1## COLO6 80N cel |l s in 100 ¢l 0
RPMI-1640 negative controls had 100¢l of a
between the wells were topped up to approximately 75% full wittwarened PBS at

37°C. The plates were again inctdsh for a further 30 minutes before executing the
XCELLigence programme. The programmes used were monitored and altered during
experimentation to either el ongate or pr
depending on whether a continued grovtend or early complete senescence was
observed. The results were exported to an excel spreadsheet and the data analysed.

2.15 Animals and infection

For this studysevendayold BALB/c mice (n=9) were infected at ti&zechlinstitute of
Parasitology, Bilogy Centre using prestablished protocols detailed in Meloni and
Thompson, totalling three mice per condition (Meloni and Thompson 1996). Three
separate groups were used, one infected with 100,000 oocyStspairvumlowa I,

another group was infectedth 100,000 oocysts of thé. parvumWeru isolate and the
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final group were given a PBS control. The groups were kept physically spate and never
allowed to interact. Infection was monitored from Blagostinfection by anilinecarbot

methy! violet stainig of faecal smears staining of faecal smegigufe2-1), in addition

to an anti gen RIDARQEIGK Gyptospopidiurd, esappliedfiby R
Biopharm (Milacek and Vitovec 1985)At ten days posinfection, the mice were
euthanized by cervical dislocation and decapitation. This study was carried out in
accordance with Act No 246/1992 Coll. of the Czech Republic. The protocol was
approved by the 'Committee for Animal Welfare of Biology Centre Czech Academy of

Science and the veterinary administration authorities with regards to the animal

experiments.

Figure 2-1. Confirmation of a mouse infection via modified anilinecarbol-methyl stain. Following a
similar rationale as acid fast staining, the purple methyliolet stain cannot be decoloured by ethanol
when taken up by the oocyst. This leave€ryptosporidiumoocysts as bright purple objects, as
indicated by the arrows. Estimates regarding parasitdoad of the animal can be made from the
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enumeration of average oocysts per oil field (shown is an image representative of a 1000x

magnification oil field from a mouse of typical infection).

2.16 Sample preparation for NMR

Sample preparation was largely based upon an atigimethodology published by
Gonzalezt alin 1997(Gonzalez et al., 1997)

2.16.1 Animal samples

Animal samples were retrieved from the contentthefileum and surrounding intestinal
structure by dissecting out the area of interest and washing through with three ml 100%
ethanol at room temperature via syringe inserted into the opening, collecting the wash

through.

2.16.2 Tissue culture samples

COLO-680N models of infection (n=18) were established as note2ldnin 30ml
cultures within 75 crhflasks and maintained for 10 days. The infected monolayers were
then washed three times with PBS and removed from the surface of the flask via cell

scraperCells were collected from the flask via 5 ml of PBS.

2.16.3 Metabolite extraction and NMR analysis

Collected samples were then centrifuged for three minutes at 20@)@Be supernatant
discarded and the pellet weights recorded. The samples wesugpnded by vortex in
two ml of 75% ethanol then transferred to a new tube and an additional five ml of 75%

ethanol added.

2-39



Two ml of two mm diameter glass beads were added to the samples and agitated by vortex
for 30 seconds before incubating the samfadethree minutes at 80°C. The samples were
vortexed for a further 30 seconds or until the sample was completely homogenised. Tissue
culture samples were collected by draining the media, adding six ml of ethanol at 80°C
to the culture flask and scrapingetbells off the surface by cell scraper, decanting the

mixture of lysed cells into 15 ml polyethylene tubes.

The samples were then decanted into two ml tubes, retaining the glass beads in the falcon
tubes. The beads were washed with an additional two 806, 75% ethanol and again

the liquid was decanted into sterile two ml tubes, retaining the glass beads in the tube.

Cell debris and general detritus were removed from the samples by centrifugation at
16,000x g for 10 minutes and the supernatant tramefk to new, sterile two ml
microcentrifuge tubes. The samples were then dried via Rotorvac overnight at 40°C,
suspended in 330 ¢l doubl e dford@minuteseTde wa t e
supernatant for the samples were recombined into &sin§ ml microcentrifuge tube

per original samples and frozen-a0 °C until the day before NMR analysiBventy

four hours prior to analysis, the sample tubes were placed into a freeze drier until
completely desiccated. For NMR analysis, the sampleg wespended in one ml of
deuterated water and spiked with the sodium salt of the calibration control compound 3
(Trimethylsilyl)-1-propanesulfonic acid (DSS) to a final concentration of 20 mM and a
tested pH of 7.5.

2.17 NMR protocol and analysis

Samplesvere analysed using achannel Bruker Avance Ill 14.1 T NMR spectrometer
(600 MHz 1H) equipped with a 5 mm Q€I cryoprobe. For controls: six separate,
uninfected 25 cm2 COL@G80ON 100% confluent monolayer cultures were analysed in
addition to three unimicted BALB/c mice. Infected samples consisted of six 25 cm2
COLO-680N 100% confluent monolayers in addition to three lowa infected BALB/c and
three Weru infected BALB/c mic®nedimensionNMR datasets were acquired with a
pulse repetition rate of 5 s oveé28 scans, preceded by eight equilibrating dummy scans
and suppression of the rmsal Deuterium Oxide solventD¢O) resonance using
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presaturation. Processed NMR spectrographic datasets were produced by Topspin 3.2 and
analysed using Chenomx NMR Suite sien 8.2. Partial Least Squares Discriminant
Analysis (PLSDA) of the Chenomx data were generated with the freely available
Microsoft Excel Addi n fA-masée€i 20150 by Numeri cal Dyn
for Microsoft Excel 2015). Pathway predictions wpreduced by the MetaboAnalyst 3.0

web tool, using a hypergeometric test and relabe®veennessentrality against Homo
sapiens anMus musculudatabases for the tissue culture and mouse models respectively
(Xia et al. 2015).

2.18 ISC antibodies

2.181 Identification of target gene sequences

Frataxin, IscS and IscU sequences were successfully identified within the genGme of
parvumutilising blast searches against the NCBI database, using the published sequences

of the protein homologues & cereisiaeas the search templateable2-3).

Table 2-3: Accession numbers of the putativeC. parvumISC genes identified via a blastn search and

the corresponding S. ceevisiae homologues. These sequences were used to identify potential
mitochondrial targeting sequences in addition to the design of suitable primers for gene amplification
via PCR.

Accession number

C. parvum Protein (yeast homologue) C. parvum S. cerevise
IscS (Nfs1p) AY029212 NP_009912
IscU (Isulp) XM_627477 KZV07380
Frataxin (YFH1p) XM_625594 AJV18575

Complementary primers were then designed for each sequence, to allow for the
amplification of the target gene, with the intentional addition oba 30 r 56 rest

endonuclease site that would facilitate insertion into the vetCadte2-1).
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2.18.2 pET14b recombinant protein construct cloning

To produce the desired antibodies, it was first necessapngiruct plasmids containing

the recombinant proteins, suitable for expression i&.acoliline. pET14b Figure2-2)

was chosen due to its high expression ratirminal polyhistamine tail addition, T7
promoer and Ampicillin resistance selection marker. This would allow quick and
efficient identification of successful transformants as well as easy purification of the

desired protein via affinity chromatography.

(4669) Apol - EcoRI BspDI - Clal (24)
(4598) Aatll | HindIII (29)
(4596) Zral . \ | / NheI (229)
(4480) SspI A | BmtI (233)

'BIpI (458)

/ _PaeR7I - PspXI - TIiI - Xhol (515)
* - Ndel {522

~_ Neol (580)
-~ _Xbal (619)

__BglII (677)

~~ _.SgrAl (718)

(4156) Scal

(4046) Pwul
(3921) PstI

__sphl (s74)
W\ Econr (934
\\ — Sall (959)

(3676) AhdI —_ Jf
[ — PshAI (1024)

—— Eagl (1247)
~— Nrul (1282)

— BStAPI (1359)
BfuAI - BspMI (1362)

(3199) AlWNI ~ X

BsmI (1667)

“
MscI* (1754)

(2763) AFINIT-Pail L350 » . BpulOI (1889)
(2667) BspQI - SapI ~ T BsgI* (1943)

(2554) BStZ171~ - /]
(2535) BsaAlI - - |
(2528) PFIFI - Tth111I /

(2425) Pfol
(2424) BsmBI Pvull (2374)

Figure 2-2 Site map of pET14b Map obtained from addgene 2017, restriction sites utilised in these
experiments have been underlined with red (BamHI and Ndel). pET14b was utilised for its
combination of restriction sites that would allow universal inserion of any of the 3 target

recombinant sequences without conflicting restriction sites.
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Initial plasmid cloning and production was achieved via transformation of competent
DH5 B. coli, due to their rapid replication rate and lack of T7 expression. The
recombinant protein was expressed via the transformation of the plasmid into
BL21(DE3)pLysScompetent. colicells. This strain was chosen due to their inducible
expression of T7, via dac UV5 promoter, decreased protease activity and low

background expression levels.

Transformations were performed with gmeepared, chemically competent Eli cells otherwise

stored at80°C. All further steps are performed under flamed sterile conditiOnce removed

from the-80°C freezer, the cells were allowed to thaw on ice for no more than five minutes before
aliquoting 50 ¢l of cells into sterile 1.5 n
be added to the thawed cells and mixedgeyntly tapping the edge of the eppendorf. The
cell/plasmid mixture would be left to incubate, on ice, for fifteen minutes. During this time freshly
prepared LB agar plates, with appropriate selective antibiotic, would be removed from cold
storage and plad into a 37°C incubator to prearm. A heat block or watdrath would also be

set to warm to 42°C. After the cells had completed their incubation, the containing eppendorfs
would be added to the 42°C heat block/wdiath and left for 45 seconds then inttiaely placed

back on ice. The tubes would be left on ice for a minimum of one minute and a maximum of two
before adding 250 ¢l of SOC medi um. Two al i
then be taken from each eppendorf by pipette and usszbtba prevarmed agar growth plate.

The seeded plates would be left, agar side up, for two minutes before placing them back into the
37°C incubator and incubating for 16 hours. Once colonies had formed they were picked via
sterile pipette tip and used tooculate 5 ml of sterile LB broth with selective ahittic in a

sterile testube and incubated for a further 16 hours at 37°C, shaking. Plasmids could then be
purified from the culture utilising the reagents and protocol of the QIAGEN, QlAprep Spin

Mini prep Ki't ( QI AGEN: Cat No. /| D: 27104) , t vy
pl asmid extraction and gene insertion were t
with complementary restriction endamcleases and visualising thesuéis on an ethidium

bromide agarose gel. Any plasmid that appeared to contain the desired insert was then mailed to
Eurogentec for sanger sequencing. Only those plasmids that displayed the insert without mutation
were used in the transformation of the egsing E. coli line2.18.3 Expression and purification

of recombinant ISC proteins

Cultures of successfully transformed BL21(DE3)pLyscoli were incubated at 37°C

for 16 hours in a shaking incubator and used to inoculate 2 litres of sterile LB media,
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which was incubated and shaken until ansé3aDf 0.5 was achieved at which point IPTG

was added to a final concentration of 0.5 mM. The cultures were then left to incubate for

4 hours before centrifuging at 3,000 x g for 30 minutes. The supernatant evas th
discarded,and the pellet washed twice in PBS. The pellet was then weighed before
resuspending in Novagen BugBuster reagent at 5Sml/g of pebetd 1 € | / ml of B
was added to the mixture to inhibit proteolysis. The mixture was left to shake at a low
setting for 20 minutes at room temperature and subsequently centrifuged at 16,000 x g
for 20 minutes at 4°C.

The supernatant was then addedmoequilibrated NiCl affinity column and the flew

through and elution fractions collected.

Aliquots of the fractions were then mixed 3:1 with 4x SBSGE loading buffer and
boiled at 95°C for 10 minutes to denature the enzymes and any remaining DNA. The
mixture was then passed througBGgaugeneedle to ensure any remaining cells were
completely shredded before being loaded on a suitableF3lisE gel. The identity of
potential bands was corroborated by subsequent-tpshantibody detection based
westernblot. Once fractions containing the protein of interest were identified, the
remaining volume of the correct fractions were combined and added to large scale SDS
PAGE gels. The bands corresponding to the proteins of interest were then excised from
the gelsand used to inoculate Rabbits (for IscS) or Rats (for IscU or Frataxin) which

subsequently produced polyclonal antibodies to the target proteins.

2.18.4 Target verification

Antibody target verification was performed vi&na-stepprocess:

1. Western blobf recombinant expressed target peptide and a negative control
2. Mass spec identification of the labelled peptide, via analysis of the appropriately

sectioned acrylamide gel slice

Additional confirmation was performed using lysates from purified oocyséstdar the

presence of the native protein.
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2.18.5 Localisation inin-vitro cultures

The main methodologies followed are as written in Chapter 2.9. The dilutions used for
antibody staining of the cultures was originally inferred from the optimum Wesligtrn
dilutions, but later optimised based on the results of thgTaale 23). Anti-rat (CplscU

and CpFrataxinand antirabbit(antiIscS)secondaries, conjugated to TRITC (Excitation
557, Emission 576), were used in the I#Avisualise the locationd proteinantibody
binding

Table2-4: Antibody dilutions.Optimum dilutions for the use of custom antibodiesGoparvumISC
detection, as inferred through a trial and error process.

Optimum dilutionof artibody
Antibody
Target Westerrblot | IFA
CplscS 1in 300 1in 100
CpFrataxin 1in 1000 1in 200
CplscU 1in 200 1in50

2.19 IscS Complementation in yeast

To demonstrate CplscS was truly a functional homoldgE&], it was necessary to
utilise a trasgenic method, recoveringfslp function with theC. parvumprotein. |
elected to useplasmid transformation of an NESknockout strain. Plasmid
transformation would provide a quick, efficient and easy method of introducing
recombinant CplscS to the yeass$ing tools already at hand from the production of the
recombinant proteins for antibody generation.

2.19.1 pBEVY-L recombinant protein construct cloning

pPBEVY-L (Figure 2-3) was selected as the most suitableteefor CplscS due to the
following key aspects:

9 High copy nuEBndier in DH5U

1 Ampicillin resistance marker
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LEUZ2 selection
Compatible restriction sites for target gene insertion that did not conflict with the
sequence of CplscS

1 simple expression profile (constitutive)

These traits would provide forample but effective process to confidently assess the
complementation of CplscS in yeast.

The CplscS construct was assembled in a manner similar to that noted in Chapter 2.18.1,
with appropriate use of restriction endocleases as listed Fable2-1. In place ofC.
parvumgenomic DNA, the CplscS pET14b plasmid was used as the template in PCR.
Similarly, successful PCR/transformants were tested for usingomplementary

restriction edo-nuclease digest and visuafig the results on an agarose gel.

(7027) BspQl - Sapl Pvull (54)
(7008 .. 7025) L4440 | | [CAP binding site)

(6808) Drdl p M13/pUC Reverse (185 ..207)

(6755 .. 6774) pBR3220ri-F _ NV S S _[lac operator]
(6501) AlwNI NV S S T _M13 Reverse (204 .. 220)
, . , o] o

~___—pHybLex-R (375 ..399)
) __Pstl -Sbfl (602)

— Sall (604)
— Xbal (610)
(6022) Ahdl
(5982) Bmrl . ___BamHI (616)
(5956) Bsal

T GPDpro-F (708 .. 731)
(5904) Bgll _ ~

(5875) NmeAlll —

__Pfol (1274)
(5653) Pvul —__

— ; \ ‘Bsgl (1613)

(5541) Scal —_ ’ / TspMI - Xmal (1675)
/ / / Smal_(1677)

. AccB5l (1679)

Kpnl (1683)

Eco53kl (1687)

Sacl_(1689)

EcoRIl (1691)

(5453 .. 5472) Amp-R — ]

7036 bp
(5103) Aatll —

— " Nhel (1849)
(5101) Zral — |\ 77 Y= Bmu (1853
(5044 .. 5062) pBRforEco ~ '/

. BsmBI (1996)
PaeR7I - PspXl - Xhol (2027)

(4729) PpuMl ~_—

(4713) PAIMI “Nsil (2325)

(4575) BStEN

(4295) Aflll

(3864) EcoRV ' ‘BmgBI (3119)
(3749) Btgl BsrGl (3489)
Figure 2-3: Site map for pBEVY-L. Obtained from addgene in 2017, restriction sites utilised in these
experiments have been underlined in red (Smal and Sacl). Selection this plasmid was based on

optimum insertion site restriction sequences, absent from the target recombinant sequence and a
high expression ratio.
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2.19.2 Transformation of IscS heterozygous knockouts

Transformation of the IscS heterozygous knockout strafryeast were performed via

the following protocol:

A frozen aliquot of the yeast HetDip NFS1 Knock Out Strain, YCL017C
(Cloneld:23424), was removed from&0°C freezer and scraped, under flamed sterile
conditions (as are all further steps), with aikegpipette tip which was then used to
inoculate a preavarmed (to 30°C) YPD agar plate containing the G418 selective
antibiotic. Once inoculated, the plate was placed agar side up in a 30°C incubator and left
for 30 hours. A sterile pipette tipwastheeus t o pi ck approxi mat el
a single colony on the plate and added to 1 ml of sterilgprdsed water in a 1.5 ml
eppendorf. The tube was then spun at 17,000 x g for 20 seconds and the supernatant
carefully removed then replaced with 1 ofl 0.1 M LiAc. The tube was spun again at
17,000 x g for a further 20 seconds and the supernatant again carefully discarded. The

following was then added in the order of listing:

1.240¢l of 50% PEG

2. 36¢l of 1M LiAc

3.10eg Sal mon sperm ssDNA
4. 5¢l of CpllplesBidp BEVY

5

.69¢l of water

The tube, now containingll the above in addition to the yeast cells, was vortexed for 1
minute before placing into a 30°C incubator for 25 minutes. During this team a heat block
was warmed to 42°C. The tube was then placed id2ZR€, prewarmedheat blockfor

another 25 minutes. The tube was then removed from the heat block and spun at 800 x g
for 2 minutes and once more the supernatant was carefully discarded. The cells within the
tube werethenre us pended i re,d@OoOnicesle do fwastteerr.i 1Al i gu
then the remaining mixture were used to inoculatewasmed G418/LEU minimal

media agar plates.
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2.19.3 Sporulation of transformants

Successful colonies from the G418/LE&klective plates were picked and grofer 8

hours in 5% Glucose YPD. They were then spun down at 17,000 x g for 20 seconds, the
supernatant discarded, washed with water and finalbpspended in a glass tégbe at

an ODyoo of approximately 0.25 in 1 ml of 1%KAc, at 25°C for 4 days, smgkAliquots

were taken from the culture and analysed for sigrespofulation If less than 60% of the

culture was sporolated at this point, the mixture was incubated for a further 24 hours.

Spheroblasting of the spores was perform
adding 500 ¢ilonafsegdt ewaitlee, ached 150 ¢l of
incubating at room temperature for 30 minutes. The mixture was then observed ander th
microscope to confirm the formation of spheroblasts. If spheroblasting was insufficient,

the mixture was left to incubate for a further 30 minutes.

Compl ete disruption of the spherobl asted
sterile mineral oiland vortexing for two minutes. The mixture was then spun down at
17,000 x g for 20 seconds.

The hydrophobic spores, now liberated from the ascii, would remain in the mineral oll
| ayer, on the surface of the mirenovedly. 90
careful pipetting and diluted 1 in 20 YPD. Serial dilutions of this mixture were then added

to YPD plates in 10 ¢l aliquots and incul

2.19.4 Identification of functional complementation

20 randomly selded colonies from the sporolated YPD plate were analysed for mating

type via PCR using primersTadep-®.ci fi c to el

Table 2-5: Yeast mating type primers. Oligorucleotide sequences of specific primers for the detection
of yeast mating types via PCRused in the complementation experiment to detect alpha, A or

heterozygous mating types.

Label Nucleotide sequence

Yst _30_ MAT|AGTCACATCAAGATCGTTTATGG
Yst_Alpha_Mat_HML | GCACGGAATATGGGACTACTTCG
Yst_a_Mat_HML ACTCCACTTCAAGTAAGAGTTTG
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The successfusporulationof Saccharomyces cerevisiasuld result in haploid cells,
identi fied by a s Figurg2l4eHaphadicellsvgpuld cgnpaim eithea o r
native NFS1 or the G418 resistance gene selective marker, in addition to the plasmid.

Yeast (diploid)

Sporolation - Budding

(loss of cell wall)’

Spheroblast
Spores

Mature yeast
(diploid)

l Mating of an «

Mature yeast (haploid)

Figure 2-4: The mating cycle of the yeasGaccharomyces cerevisiabnder normal conditions, the
yeast replicates asexually, via budding and the creation of a daughter céudding). Under stressful
conditions, such as insufficient environmental nutrients, the yeast replicates sexually via the
production of haploid spores through meiosigSporolation). The use of KAc as a growth media,

immediately after growth in glucose rich YPD instigates the sexual reproduizin cycle.
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Chapter 3Developing a robust and easy to use

Cryptosporidium parvunculturing system

3.1 An introduction to C. parvumculture

C. parvunculture is an inherently complicated matter. During the natural life cycle of the
parasiteC. parvumhas bothntra-cellular and extracellular life cycle stages, invading a
multitude of host cells during this tinfeeitch and He, 2012)Though different species

of Cryptosporidiumcan infect a variety of regions along the digestive tr@ciparvum
typically infects epithelial tissues of the upper intestinal region, typically the ileum
(Current WI Fau Reese and Reese, 1986)

Typical pathophysiology of &. parvuminfection includes localised deterioration of
microvilli, leading to dehydratioand a variety of nutrient based deficiencies as the gut
lining loses its capacity to absorb passing foodst(ffsitch and He, 2012) In
immunocompromised individualsZ. parvumcan also be found in most other epithelial
tissues, including most of the upper stages of the digestive and respiratory tracts as well
as other unrelateokrgan systems such as the liver and h@anigan and Graham, 1990,
DuPont et al., 1995, Sponseller et al., 201deach cas&;. parvumundergoes the same
complex life cycle, consisting of multiple intracelinland extracellular stages, many of
which share morphological similarities with other apicomplexatarrison, 2009) As

such, developing a means of studying these life cycle stages in detail would provide an
insight not just intaC. parvumor Cryptosporidiumgenus but possibly the gregarines or
evenApicomplexa The new understandings that could arise fromwiuisk range from
determining the contributions of host versus parasite during the invasion processes, to

mapping the chronological generation of various organelles in each life cycle stage.

Though animal models &. parvuminfection are well establishethey contain a large
number of disadvantages with regards to studying the pa(&sitepen, 2013)in-vivo

studies are inherently impractical for any live cell experimentation and whilst there are
times the inclusion of a whole organism can help understand the pathology of a parasite,

a mae limited model can provide a better resolution of cause and effect. As is often the
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case in molecular pathology, a simpleryitro monoculture can be used to equal effect,

often opening up avenues of research previously unexp{Btadpen, 2013)

Unfortunately, whilst many attempts\veabeen made and partial success withessed over
the last 30 years, a sufficiently effective long tenrvitro culture ofC. parvumstill does

not exist(Striepen, 2013)Human Coleredal carcinoma (HCI8) and Madin Darby
Caninine Kidney (MDCK) cells have both shown promise during the quevilecades

of C. parvumexperiments, yet often fall short either due to rapid culture senescence or an
inability to properly cultivate the range of endogenous phase€s pdrvumnoted in the
medical literature(Upton et al., 1994, Hijawi et al., 2001, Girouard et al., 2006,
Arrowood, 2002) However, with the advent of increasing advanced nuuiture
systems, advances have been made whilst maintaining the use & &@MDCK cells
(Alcantara Warren et al., 2008, Karanis and Aldeyarbi, 2011, Muller and Hemphill, 2013,
Morada et al., 2016) A recent publication tackled the challenge of cell cuthased
oocyst production using a hollow fiber technology that mimics theaehyc oxygen
gradient of a blood vessel system within the (Mbrada et al., 2016) However,
specialised equipment ieededand the required cell culture media supplements are
expensive. In addition, the complex nature of the system precludes the studyin@.of the
parvum life cycle or cell biology in real time, relying instead on destructive sample

acquisition for static time point observations.

As a direct result of this lack in suitable culture systeBisparvumresearch is also
lacking an effective genetic maniptibn tool. CRISPRClustered Regularly Interspaced
Short Palindromidrepeats)s a technique that has rapidly gained popularity across the
various fields of biology as both an effective and easy to use system. Whilst some
headway has been made showing viability of C. parvumas a target of CRISPR
mediated genetic exploration; the current HE&nd MDCK models are incapable of
sustaining the transgenic resul¥énayak et al., 2015)This has left the field relgg on
in-vivo models, again, which are highly inappropriate solutions due to cost, laboriousness

and ethical issues.
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3.2 Goals

It is clear from the advances made, that whilst HECand MDCK cells provide useful
platforms forC. parvumstudy, they nevéeless continue to fall short of providing a
comprehensive model of infection. It is of significant importance that new methodologies
and systems for culturing this parasite are found, especially those that allow live
observation of the infection and psita biology(Striepen, 2013)Therdore, | decided to
approach the issue by attempting to develdp. parvumculture from a different cell
culture than those already studied, continuing in the footsteps of previous attempts whilst
applying modern techniques and knowledge of the parasiteachieve this would
involve a preliminary screening of semaindomly selected tissue cultures, with the only
selection based on the shared usage of a single media type. This would allow for both a
simpler execution of &argescaleexperiment, as well asinimising the possibility of

disassociatingnediabasedeffects with the host cells.

| also intend to validate these results using a multitude of established and novel
methodologies, not only to ensure the best reliability but also to develop and pegent

methods of exploring and validating future culturing techniques.

3.3 Results

3.3.1 Screening for new hostell cultures

A panel of seven human cancer cell lines were tested for their capacity to sOpport
parvum propagation including COL®80N (osophageal squamowgell carcinoma),
DLD-1 (colon adenocarcinoma), KYSE (oesophageal squametsl carcinoma),
HCT-15 (colorectal adenocarcinoma), S3$A(osteosarcoma), MKN (gastric
carcinoma), and the colon adenoma carcinoma cell line -BiCWhich ha most
commonly been used for the investigationGfparvumin cell culture. The cell lines
were infected with th€. parvumstrain Moredun using an input of 50,000 of excysted
oocysts per ml, as described2rB8. After an incubation period of two weekSOLO-

680N cultures were the only ones that had produced a noteworthy nunthgoasfyum

3-52



oocysts, with an approximate increase ofdl8 over the number of input oocysi&dure

3-1a). Additionally, while the HCI8 cultures had succumbed to senescence after 14 days
of infection, COLG680N cultures remained viable and produced oocysts for almost eight
weeks in total without subulturing, requiring only weekly media replacemefitre
3-1b). As a result, totalC. parvumoocyst production in the COL®80N cell line
exceeded the HGB-mediated oocyst production (2.5 x*Xbcysts/ mL) by 20 times (5

x 10°) after ten days of incubatiorFigure 3-1c). At day 60, COL@680N cells had
produced a total of 1.2 x 1@ocysts/ ml.
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Figure 3-1: C. parvumeculture screenresults. (a) Oocysts recovered from culture after an initial
inoculum of 1x1® and a 2week incubation period Initial tests showed a clear disparity between a
single cell type, COLG680N, and the other cultures. COLG680N appeared to demonstrate a much
higher capacity for producing C. parvumoocysts than the previous gokstandard HCT-8 (b) culture
lifespans of infected COLO-680N and HCT-8, when compared, showed that COL@80ON was

capable of maintain a viable and productive culture for a longer period than HCT8. Although
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uninfected cultures showed similar disparities and thereforehtis result should be interpreted as an
innate advantage of COLG6 8 ON, i ndependent from either el

oocyst productionof HCT-8 and COLOG680N culturesover the course of a culture lifespan.

3.3.2 Verification

3.3.21 by PCR

C. parvuminfection of COLG680N cells was further confirmed using PCR to defect
parvum DNA. The primers were designed arou@d parvumspecific sequences and
optimised by testing on DNA obtained from purified commercial oocysre3-2). C.
parvumspecific primers did not produce bands in fmafected COLG680ON cells.
Examination of culture media taken during a standaPeday infection revealed

successful detection by day six by the HSP70 primaecs day nine by the 18sRNA

primersFigure3-3. The amplified DNA regions were sequenced to confirm their identity.

CFICR Cri8siFICri8s1R  Cri8s2F/Cri8SJR2 GPBOX1FIGP6OX1R  GPBOX2F/GPBOX2R
2 \a 2 2 &
Q Q 9 9 J
<\°\°«;‘x°$ 6“\0«\@9& é“\"@ x\°‘¢ <\°‘°® x\°§ 6’5“)6\ @&V
M1 éo”@voﬁ“ M2 ‘,,o"‘P \9"3’ M2 ¢°6(P \95’@ M2 "‘9\93’& M2 @9‘9 \9"’”
m b L o & & P & P & & g
~—
750bp
250bp - -
Hsp70F3/Hs p70R3 Hsp70F4/Hsp70R4  CRU18SFICRU18R Hs18s1F/Hs 18s1R
N2 s 2 s
Q < < <
: 6\\)“‘ o\* - \\)‘(\ 0\\?. 6\0«‘ 0\"} 6\\)‘0 0\9
LN @ W © 8 @ 8
M1 ¢o’ RS M2 (“Q\oﬁ o° m2 ¢°§ O M o
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M1: 1Kb DNA Ladder (Promega)
. . M2 100bp DNA Ladder (Promega)
=21 e (-k negative control

Figure 3-2: Optimisation of C. parvumdetectionvia PCR. Custom primers, designed for specificity
towards C. parvumgene segments (with the exemption of Hs18S which was used as a positive control

to test for host DNA), were used in PCR performed oi€. parvumDNA purified from whole oocyst
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fractions and on COLO-680N DNA from 25cnt flasks to select for the greatest sensitivity and
specificity to C. parvum DNA and not host DNA. Primers HSP70F4/R4 and Cr18s2F/JR2 were
selected for further experiments.
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PRIMERS 9@ Q‘aﬂ 00\‘ Oﬁx 0.35 Oq’* 0"?‘ 0'5‘ Gd O w2

Cryptosp. =
18sRNA -

Cryptosp. | P——— 3
Hsp70 -

Figure 3-3: Detection of C. parvumin culture via PCR. Successful detection o€. parvumDNA after
a period of six days was achieved by the HSP70 primers. Although slight, successful detectio of

parvumwas also achieved by 18sRNA primers at nine days pesfection.

3.3.2.2 by Indirect Fluorescence Antibody assay

The identity of the COL@80N-producedC. parvumoocysts was further confirmed
using different specific staining methods. Crggglo (Waterborné¥); an antibody that
recognises the oocyst cell WaVicia Villosa lectin (VVL, Vector labs; binds to specific
O-glycan mucin repeats of. parvumsporozoites), a mucilike glycoprotein that
contains a @ype lectin domain (CpClec; binds to surface of the apical region and to
dense granules of sporozst and merozoites) and direct sporozoite stainisiggu
propidium iodide and Spord& (Waterborné") resulted in near identical staining
patterns irC. parvuminfected COLG680N cells indicating the presence of oocysts and

other norextracellular life stags ofCryptosporidium(Figure3-4).
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Figure 3-4: Infection detection via Indirect Immunofluorescence Assay (IFA). COLG680N infections

as visualised by a variety b commercially available IFA techniques including: (af) a FITC
conjugated antiroocyst wall protein COWP-1 antibody, Crypt-a-glo, (g1) a FITC conjugated anti-
apicomplexan sporozoite antibody, SporoGlo, and (m and n) TRITC conjugated lectin VVL. Scale
bars.candf:20 em, i and | : 1Bachermmthod prodaceddcormborath@imagery.

of cultures containing roughly spherical bodies, approximating ® e m i n di amet er, ma
description of a typical C. parvum oocyst. The oocysts were also visible via meentional light

microscopy, but typically were considerably hard to spot without guidance from the IFA.

To confirm the production of fresh oocysts and eliminate the possibility of recounting the

initial infection (though steps were taken to prevent #gsjescribed in Chapter 2, section
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2.3), Crypta-glo stained oocysts were excysted and used for the infection of (380N
cultures. Then, cell cultures were washed to remove remaining-&gjpt stained
oocysts. Upon harvesting neither the infecteduces nor the newly produced oocysts
displayed Cryp#-glo staining Figure3-5b i and iv). Imaging of stained oocysts that had
been kept in a cefree media suspension, did, however, display fluorescence cardirmi

its viability as an experimental parameteig(re3-5a). However, oocysts were detected
using DAPI and the corresponding phase contrast imaging, supporting the conclusion that
only the new oocysts were beingtdcted Figure 3-5b i, iii, v, vi). Subsequent
experimentation with lowa Il and Weru strains also produced similar, successful
infections of COLG680N.
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Figure 3-5: Confirmation of novel C. parvumproduction, via DAPI nuclear staining. (a) C. parvum
oocyst stained with Crypta-glo retained its fluorescence after ten days in RPMIL640, providing
evidence that any original oocysts from the infection could be detectdyy fluorescence. (b i and iv)

IFA of the ten-day cultures could not detect any green fluorescence, indicating that none of the
original oocsysts from the infection remained in culture, being successfully removed during the pest
infection wash step. (ii andv), nuclear DNA staining by DAPI revealed multiple circular structures

that suggested the presence @f. parvumoocysts (iii and vi) Phase contrast imaging of the same areas
produced corroborating imagery of oocyst like structures that aligned with thetsuctures from ii and

v, strongly suggesting that there was a successful infection and the oocysts observed where not simply

the remnants of the original infecton. A1 I scal e bars represent 5 &m.
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Conventional Crypta-glo andSpordGlo IFA studies also showdea clearly intracellular
population ofC. parvum Moreover, it can be clearly seen that the larger stages of the
parasite (most likely zygotes/developimgcyst$ exert significant pressure on host
nuclei, appearing to impact into the typically ovoid hostlei. | consider this to be a

sufficient body of evidence th@t parvumis an intracellular and not epicellular parasite.

3.3.2.3 by Scanning Electron Microscopy

Final verification of the presence of oocysts within the culture was performed via
Scaniing Electron Microscopy (SEM) as describe@ifhi3.The resulting images detailed

the presence of roughly spheri crRigure3B.odi es
Combined with the IFA and PCR results, thisadest conclusive evidence that COLO

680N can maintairaC. parvuminfection and furthermore, at a rate that exceeds previous
cultures such as HG8 and MDCK.

30um

Figure 3-6 Scanning Electron Microscopyof purif ied oocysts recovered from a COLE580N culture.
The spherical bodies, approxi matel y Gpramumoatystdi a met

and further confirmed the successful propagation of the parasite within the culture.
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3.3.3Infectivity of CO LO680N derived C. parvumoocysts

Early exploration of the possible benefits of a CO&G&DN culture focussed on the
infectivity of C. parvumoocysts produced by the culture. Oocysts derived from the
supernatants of COL®80N cell cultures, but not from tiseipernatants of HG8 cell
cultures, were able to initiate infection of novel cell cultures. Infection of GEGBGN

cells with cattlederived C. parvumoocysts resulted in similar amounts of infectious
oocysts in 25 independent experiments. In additthree rounds of infection using
COLO-680N culturederived oocysts were performed with no noticeable changes in
oocyst production efficacy showing that COIBBON cells are suited for the continuous
long-term cultivation ofC. parvumoocysts. These prelimina findings show that a
COLO-680N platform forC. parvunmpropagation already provides many advantages over
the previous platforms. This warranted further exploration, to establish the abilities and

limits of this novelC. parvumculture and potential monolture model of infection.

3.3.4 Cryopreservation ofC. parvuminfected COLO-680N cultures

Among the other limitations df. parvumculture that COL@80N may address, is the
nature of long term storage. Currently, cryopreservation ofCaggtosporidiunresults

in parasite death and is therefore not a suitable method of storage. However, preservation
of infected cell cultures was hypothesised to provide a solution to this. During the early
experiments, the extended nature of CO&&DN parasite culturesiggested that the cell

line may be suitably hardy to be used in this manheo-weekold C. parvumMoredun
straininfected COLG680N cells were cryopreserved, as P& stored for two weeks at
-80°C, and resuscitated. Three days after resuscitatiempresence of ne®. parvum

stages was detect&thure3-7. This demonstrates th@t parvuminfected COLG680N

can be cryoconserved, providing the first ldegn storage system for any

Cryptosporidium
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Figure 3-7: Detection of oocysts within COLOG680N cultures after resuscitation from
cryoconservation. An upward trend in oocysts recovered from the cultureconfirmed via IFA,
suggests that oocysts survived the il freezing process and can undergo the typical life cycle,

producing oocysts, after resuscitation via typical mammalian cell cryoconservation methodology

3.3.5Comparing HCT-8 and COLO-680N cultures

3.3.5.1 Long term culture viability

To continue dtailing the properties . parvuminfected COLG680N, the viability of
infected and notinfected cultures was compared by electrical impedance monitoring
using an XCELLigence system. Initial results were promising, with no evidence of
significant cultwe death during infection in COLG80N. However, longer studies
revealed an unexpected effect whei@irparvuminfection appeared to increase the-life
span of COLG680N cultures. While the number of viable cells in-fiected COLG

680N cultures droppedfter two weeksC. parvuminfected cultures remained viable
during the whole observation period of 50 dayigyre3-8a, data only shown for first 10
days). HCT8 cell cultures infected with 50 oocysts displagetbntinuous proliferation

rate of host cells until day five, after which cell cultures displayed data consistent with no
change in cell number&igure 3-8b). To test if the different growth patterns observed
were of statistical significance | applied a eway ANOVA analysis to the data. The
results revealed infections of 500000 oocysts (a multiplicity of infection of 0WL05

at inoculation) resulted in significantly different data compared to the othextiorfe
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doses. Infected HGB cultures did not display any noticeable differences. Following
these results, | decided to examine the comparisons between the novel@80IN@nd
established HCB cultures further.
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Figure 3-8: Infected culture growth patterns. Graphical representations of culture viability as
detected by the xCELLigence cell viability detection systemThe XxCELLigence experiment
monitored the changes in cell growth rates, utilising electroconauivity as an indirect measure of
total cells in population. COLO680N cultures (a) displayed some degree of reactivity to infection,
with certain ratios of parasite to host cell appearing to increase host longevity. HC8& cells (b)
displayed no significantinteraction, both the negative andinfected samples confirmed the long
observed notion that HCT-8 has a markedly short lifespan in culture and undergoes rapid

senescence at the end of a8culture cycle.

3.3.5.2 Mass Spectrometry fingerprinting of cufes

By comparing the changes of the proteomes of each culture, | theorised it may be possible
to determine if signatures of successful infections could be detected, granting insight into
the array of potential similarities or differences between C®BON and HCT38

cultures during an infection. To achieve this, a MALEDDF mass spectromethased
fingerprinting approach was used on infected and uninfected culRigesg-9b-f). PCA
analysis of the resulting daproduced separate groupings of the C&d8DN but not the

HCT-8 sample conditions, suggesting either a greater amohtparvumproteins or a

more profound change in the proteome of CEG&&DN compared to HGB (Figure3-9a).
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The principle component 1 value of over 95% indicates that the separations/groupings
shown on the 2-dimensional graphs are an accurate representation of how

different/similar the samples wergidure3-9a).
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3.3.6 Comparing culture producedoocystswith commercial product

3.3.6.1 COLG68ON culture viability

COLO-680N cultures that were infected with either Captleduced oocysts or Lab
produced (COL@680N) oocysts showed similar growth pattefigure3-10), a strong
correlation ceefficient and insignificant ANOVA result from the numerical data strongly

indicate that there was no statistically significant variation.
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Figure 3-10: COLO-680N growth patterns COLO-680N cultures were infected with either standard,
commercially available oocysts (purple) or oocysts purified from COLG680N cultures (orange).
ANOVA and correlation statistical tests were used to etermine the results reliability/significance.
Uninfected cultures were used as the negative contrdllo differences in cell growth patterns could
be determined from comparing the two populations infected with the different oocysts, confirming
that the effect on growth rate was independat of extraneous factors such as potential

protein/supplement from the source material the commercial oocysts were initially purified from.
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3.3.6.2 Mass Spectrometry fingerprinting of oocyipidomics

COLO-680N and catd#-producedC. parvumoocysts were compared via a lipidomics
approach. The lipidomics characterisation was performed using MAKIH mass
spectrometry for the analysis of lipids within the range of 600 to ZX@0@ns(Figure

3-11 a-d). Principal Component Analysis at a 95% confidence level showed a pattern
consistent with samples having a large degree of similarity between one another. The
algorithm did notseparatehe sample groups, although some subtle diftersrseemed

to be detectable. This can be seen in the 2D graphical representation of the results, with
high X and Y axis scores (PCl and PC2) indicating that the majority of the
differences/similarities observed by the data analysis can be accuratelgmnéuies a 2

dimensional format for interpretatioRigure3-11e and j.
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Figure 3-11: Lipidomic fingerprinting of the lipid contents of lab produced and commercially sourced
oocysts. The spectra produced by both the positive-{@ and negative (ed) sampling sets appeared

to be similar. PCA (e and f) analysis revealed that some differences could be detected between the
Commercial and lab grown populations of oocystY -axis units are arbitrary and not useful in direct

comparison, instead graphs are compared via relative peak heights. However, the analysis was
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unable to resolve the two sets completely, suggesting that whilst differences existed, they were not

substantid enough to rule out the use of lab oocysts as an alternative to commercially sourced oocyst.

3.3.7 Life cycle stage identification

After establishing the initial validity of the parasite culture as a method of producing
oocysts, it was important to expe the progression of the characteristic life cycl€ of
parvumwithin COLO-680N.

The current understanding of the major stages of Ghgptosporidiumlife cycle,
including sporozoite, trophozoite, meront, macrogamont, microgamont, zygote,
immature oocyts and matured oocyst have been defined based on the investigation of
infected tissue from patient biopsies and animal dissections. However -aulbme
models of infection, such as HES[ have repeatedly fallen short of displaying full life

cycle progresion.

3.3.7.1 ldentification of life cycle stages via Electron Microscopy

Examination of infected COL®80N cells via conventional Transition Electron
Microscopy (TEM) successfully identified the entire life cycle of the parasite could be
demonstrated whin a single COL@G80N culture Figure 3-12a-h). Among those
observed, the most frequently occurring were the larger extracellular stages, including
type Il merozoites and sporozoit@gre3-12a and c). In each case a mitosome, nucleus,
crystalloid body and typically the rhoptry could be observed. This is in keeping with
previous findings in thén-vivo models of infection, whereas previoimsvitro models
commonly faied to demonstrate comprehensive examples of typicatyife stages.
Interestingly, again in keeping with previous findings, mitosomes could only regularly be
observed in the extracellular stages, with exceptions occurring in very young intra
cellular sages Figure3-12b). This suggests that the mitosome is maintained throughout
hostcell invasion and is instead lost during the maturation of the intracellular stage. This

adds a point on the life cycle timelinethvas previously vaguer.
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Additionally, due to théhigh-resolutionnature of EM, detailed parasite organelle and
previously unreported structures were observed within the infected cells that do not
constitute normal hostell morphology. Among those featés presentvasthe feeder
organelle that connects the host cell to the parasitophorous vacuole. Feeder organelles
have been postulated to be involved in facilitating nutrient transport tpatasite;
however,their exact roles during infection are langelot understood. Th€. parvum
mitosome and the crystalloid body were also identified. Notably, these cryptic organelles
were described in lifstages other than the sporozoites which had not been previously,
including trophozoites, merozoites and miaownts. Previously, both organelles had

only been detected i6. parvumoocysts or the excysted sporozoites. In addition, we
observed the presence of dense arrangements of the host cytoskeleton around the
periphery of the parasitophorous vacuoleCofpavum suggesting a parasiteduced
intracellular/epicellular rearrangement of host cells as supported by previous work. These
observations also lend significant weight to the argumentGhatarvumis indeed and
intracellular and not epicellular parasife further and more novel observation was the
peculiar arrangement of host cell cytoskeleton andmisichondrion. Whilst networks

of host cytoskeleton interacting with the parasite is nedescribed, this is the first time

that evidence has been prated that this interaction includes the host mitochondria and

may warrant further study.
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Figure 3-13 EM images of C. parvumstructures of interest. (a) Clearly visible is the feeder organelle of :

intracellular stage of C. parvum most likely a meront. An enhanced image of the region (ai) reveals interest
topology of the organelle, suggesting that it may derive from the host machinery assagination is clearly showi
to occur on the parasite (arrows). (b) A merozoite, the same as imaged kigure 3-12, reveals a number c
interesting organelles including the nucleus (n), crystalloid body (cb);. pavumds singl e r hi
apical complex (ac). Also visible is the remnant mitochondriotthat C. parvumpossess, the mitosome (bi). T

individual layers of the characteristicdouble membrane are clearly visible in the closap (arrows).
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3.3.7.2 Atomic force microscopy of isolated oocysts

AFM was employed to investigate the nature of the oocysts in a high magnification
topological approach. AW has been previously used to elucidate unique surface details
at a level of resolution not visible using any other imaging modalities in other parasites
(e.g.Giardia and of Trypanosoma spp.Two distinct types of oocysts were observed in
the forcedistance curvebased imaging fror€. parvuminfected COLG680N cultures.

Most oocysts imaged were of a larger type that was indistinguishable from the images
obtained from the cattproduced oocyst$-{gure3-14). Theidentity of these oocysts was
determined twalbedtbhe adt Rt gk owing to the
rarely passing into the environment and therefore unlikely to be present in the commercial
sample. However, a smaller type was also olexkmhat most likely represents thin
walled oocysts and may contribute to the contin@ugarvuminfection pattern that we
observed in cell culture, since thivalled oocysts are thought to be responsible for

infection dissemination within organisms arsbstes.

d.

Figure 3-14: Atomic force microscopy (AFM) imaging of purified oocysts from COLO-680N cultures

revealed two distinct populations. Population (a) is believed to be representative of the thin walled
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variant of an oocyst, indicated by its slumped posture and comparatively less rigid structure when
compared to oocysts from population (b), which are believed to be thick walled oocysts. Current
understanding of C. parvum life cycle biology places thethick-walled oocyst (b) as essential for
completing the life cycle and passing from the host into the environment whereas thin walled oocysts
(a) are believed to be responsible for maintainingC. parvumautoinfection in healthy individuals

where the asexual lié cycle does not continue indefinitely (unlike in immunocompromised patients)

Similar observations of commercially supplied oocysts failed to produce evidence of thin
walled oocyst populations but did show compar#titek-walledoocysts, similar to those

purified from the COLG680N culturegrigure 3-15. No observations could be made that
markedly distinguished commercial and COB80N produced oocysts except for the
tendency for c¢commer c hea Howeverctlisscoutd be eaplaided | u m
due to the expected hydrophobic nature of the lipid rich oocyst wall, which could be
lessened in the COL-GB0ON oocyst sample due to the remaining cellular detritus after the
simple purification method employed.

Figure 3-15: AFM captured images of commercial (a) and COLG680N produced (b) oocysts. Whilst

both commercial and COLO-680N produced oocysts displayed similar structures, typical of those
described in the literature, commercially supplied oocysts showed a greatly enhanced likelihood of
grouping together. This resulted in all AFM image captures of commercial oocysts capturing at least

2 and never a lone oocyst.
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3.3.8 Observation of hostHUMAN -FASN activity during infection

Western blots of infected and control group cultures revealed an interesting difference in
the response of COL®80N cultures when infected, compared to the previous- gold
standard HCI8 andnon-C. parvumpermissible DLDB1 (Figure3-16). Although COLQ

680N has been shown to maintain higher than expected levels of fatty acids/lipids in
previous literature, these results show that FASN actigityholly insufficient in
determining potentially effective hosell cultures forC. parvum,as DLD-1 clearly
expresses a much higher level of FASN compared to either or HCF8 and

yet cannot be observed to maint@inparvumcultures to anylegree However, unique

to COLO-680N was a marked increase in FASAti\aty once infected, unlike HG3 or
DLD-1. Perhaps as interestingly, HBTFASN expression levels decreased in response
to infection, highlighting further the potential importance of FASN responsiveness to

infection as opposed to simply the typical eegzion levels.

3-73



Colo 680

Colo 680 Infected
HCT-8

HCT -8 infected
DLD infected

DLD

150 —| . gy o + ..

100 —

SO — T e s

37

Tub
100 —
75 —
PLD2
75
50 —1 ACC

Figure 3-16. Anti-FASN western blot of various cancer cell lines and their subsequent responseo
parvuminfection. Each sample wa®btained from identically aged, 5 days postinfection, 2D, 75cn,
30ml cultures and adjusted via dilution with ddH2O to obtain identical cell numbers DLD-1
displayed the highest natural expression of FASN, whereas only COL680N and HCT-8 levels

responded to infection.

3.4 Discussion

Here | have presented raovel cell culture that enables the sustainable, continuous
propagation of infectiou€. parvumoocysts and the systematic investigation of the
Cryptosporidiumlife cycle. Previously attempts to cultiva@yptosporidiumin cell

culture were affected bylack of oocyst production or required sophisticated, expensive
equipment and methodologies to support 3D cultures that are not commonly available to
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research laboratorie§Striepen, 2013, Hijjawi, 2010, Yin et ak010, Karanis and
Aldeyarbi, 2011, Muller and Hemphill, 2013, Morada et al., 20T6e COLG680N
platform does not share these flaws. The CAA8DON platform enable€. parvum
propagation, the sustainable productiorCofparvumoocysts, and the inves#gion of

the C. parvumbiology at a laboratory scale in standard, easy to use 2D tissue cultures

with commonly available equipment and knbow.

In addition, this data demonstrates a lbegn maintenance of the cdithe and
subsequently a prolonged pration of oocysts as well, in addition to a first of its kind
ability to cryoconserve the parasite for greater long term storage or transportation,
systems both urgently needed by the f{@ttiepen, 2013, Checklat al., 2014)

All C. parvumlife cycle stages could be detected in infected CE&8DN cells,
mor eover, the presence of additional pr e
indicatethat the systematic analysis ©f parvumreplication in COLG680N cells will

provide novel insights resulting in a substantially improved understandi@gpzrvum
biology. COLOG680N-produced oocysts were indistinguishable from cgiteduced
oocysts by staining with antibodies that specifically bind toGh@arvumoocyst cell

wall and though some variation could be seen utilising lipidomics, and atomic force
microscopy techniques, it was often to the same degree as the variation seen within the
groups. Thus, | present for the first time, a new collection of tapigdimics and AFM)

for investigating the cell biology and the compositiorCoyptosporidiumwhich can be
incorporated in further studies to provide a better understanding of the infection and life

cycle of the parasite.

It remains unclear why COL®80N cells, in contrast to other cell lines that have been
investigated so far, suppof@. parvum propagation. Nevertheless, the whole cell
MALDI -ToF fingerprinting studies suggested tRatparvuminfection of COLO680N

cells results in a substantial changethe features of the cultures, whilz parvum
infection of HCT8 cells, a model commonly used for the studyingcoparvum does

not. This may indicate a specific susceptibility of CO&8DN cells toward€. parvum
infection. There also exists a moungt body of evidence that suggests a link between
squamous cell carcinomas and cryptosporidiosis which, given the nature of these results,
| believe warrants closer examinatig¢@hebl et al., 2012, Benamrouz et @012b,

Benamrouz et al., 2012a)In addition, the presence of two different populations of

3-75



oocysts (suggestive of the presence of thin oocysts) was detected in@0NZultures

by Crypta-glo/ DAPI double staining and atomic force microscopy. Thegmess of thin

walled oocysts may also contribute to the successfplarvumpropagation, since thin

walled oocysts are thought to be responsible for the maintenance and dissemination of
infection within tissues and organisms it stands to reason that thely werform a
cruci al role i n maintai ni ndgntetfere@witbraviro oi n f
culture (Current WI Fau Reese and Reese, 1986, Current et al., 1986, Mitschler et al.,
1994, Hijjawi et al, 2001)

Additionally, previous studies of COL680N had suggested that the expression of-high
levels of fatty acid synthase (FASN) might promote cell viability, and could also be
beneficial to the parasite, since it is unable to synthesize fattydeisvo(Orita et al.,

2010, Abrahamsen et al., 200RatherC. parvumhas been shown to maintain a peculiar
Fatty Acid Synthase, dubbed CpFASwhilst node-novosynthesis activity could be not
observed, it wafound that CpFASL can act as an elongase, limited to expanding fatty
acids at least 16 carbons lofhu et al., 2000)This is a potentially crucial insight into
the parasiteods medtceelbasasigaificantpdrtiormohthesocygstwalt h e
C. parvummaintains in comprised of long chain fatty acids. Preliminary experiments
exploring the potential links between this host fattyd dependence and CO88 0 N6 s
FASN activity displayed interesgpresults. Whereas high levels, such as those found in
DLD-1, proved insignificant in determining permissibility, COIB80N displayed a
FASN expression level response to infection with the parasite. With the emerging,
published, evidence th&. parvumRNA is exported into the host cell, the question is
raised as to whether a) host FASN expression is a potential target of this RNA secretion
and b) if COLG680N is more susceptible, somehow, to@Gh@arvunRNA, which could
explain the results | observéd@/ang et al., 2017)This could represent a revolutionary
step forward in not only predicting potentially suitaldevitro cell cultures but in
understanding hostnd even specific hosell specificity and warrantsfurther

examination by future investigations.

In conclusion, the discovery of COLGBON as a cell culture platformo produceC.
parvumwill provide a stepchangeregardingresearch orCryptosporidium 1) It is the

first easyto-handle system that enabtbe longterm sustainable production of infectious
oocysts at a laboratory scale and removes the constant dependence on immunosuppressed

animals for production d@ryptosporidiunpocysts along with all its ethical implications.
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2) C. parvuminfected cellcultures can be frozen and stored. Prior to the establishment
of the COLQG680N cultivation system fd€. parvum oocysts had to be freshly acquired
from animals and could not be stored over longer periods. 3) This study paves the way
for establishment otompoundscreening platforms for the identification of a6t
parvum drugs and the systematic elucidation ©@f parvumbiology, including the
utilisation of a CRISPR transfection systévfinayak et al., 2015)

The establishment of a robust culturing system also allows a mdepth examination
of the hostparasite relationship than previously possible as well as -ayide wide
examination of parasite metabolic processes. As such it is the purpose of @hiapter
investigate the broader metabolic nature of the-pasisite interaction and Chapter 5
will investigate the potential role of the mitosome in #rphur cluster biosynthesis, a

highly evolutionary conserved and essential metabolic pathway.
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Chapter 4Host-pathogen interaction of a Cryptosporidium

infection in a metabolic context

4.1 An introduction to metabolomics in parasitology

Among the collection of experiments now made available by the existence of long term
culturing is the concept of metabolomiés a parasiteC. parvumnteracts directly with

host tissue and therefore it is likely to have an array of complex relationships with the
host metabolic processes. Previous studies utilised a Gas Chromatography Mass
Spectrometry (GEMS) approach to explerthis concept, though ontwo papers have

been published on the subject one on mouse and the other on human faecal samples, both
showing a clear relation between infection and a change in metabolite(dgetkidin

et al., 2012, Ng Hublin et al., 2013)hilst working on different sample sources, each
identified hexadecanoic acid as a significant contributor to the change in the metabolome
during infection. Hexadecangio r Paliiticd acid is a common fatty ati found
throughout the tree of life; its appearance is not surprising when considerin@. that
parvumappears to rely heavily on the host for fatty acid synthesis. Among the other
shared observations was the large change in relative abundance of vaniiooisieids

and components of their pathways. However, whitest ofthese metabolites appeared

to decrease in infected mice faeces, an increase was seen in humans. This is not unusual,
previous explorations of other metabolomes have highlighted a tenttenatherwise

similar organisms to have almost contradictory changes in their metabolomes occur under
the same environmental pressures (such as a change in diet or infédtidop and
Nicholson, 2008, Bezabeh a&it, 2009, Jansson et al., 2009, Le Gall et al., 2008ir

closing marks included the call for further studies and the development of new methods
of study to broaden the knowledgebase of metabolomics to shed light ofteits

paradoxicabualities.

In response to the growing need for an alternative method of exploring metabolomes, the
scientific community has begun exploring the usagi#idfluclear Magnetic Resonance
(NMR) (Sengupta et al., 2016, Jacobs et28lQ8, Saric et al., 2008, Bezabeh et al., 2009,

Hong et al., 2010)'H NMR based metabolomics has been shown to be a powerful
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alternative to GEMS for metabolic screening. The methodology is simpler and with
fewer steps between sample recovery and amsalgessulting in reduced loss of sample
during preparation. This translates to a more reliable result in terms of quantification and
reproducibility, although G@®AS still provides a higher level of resolution and NMR

should not be considered a wholesaldaegment of the technique.

Initially established in 2002 as a tool for toxicologi4 NMR has seen a significant
uptake in the ladtve years, becoming an established technique in a variety of disciplines
including immunology, drug design and increasynglthin the medical field as an early
warning diagnostic. However, adoption’efNMR based metabolomics within the field

of parasitology is still in its infancy, with less than 20 published papers, mostly
concerning malariéSengupta et al., 2016, Teng et al., 2009, Wu et al., 2010, Balog et al.,
2011, Li et al., 2011, Sengupta et al., 2011, Ghosh et al., 2012, Lamour et al., 2012,
Sonawat and Sharma, 2012, Sengupta et al., 2013, Teng et al., 2014, Chengld,al., 20
Arjmand et al., 2016)Although still early in its adoption, the results produced by these
experiments have shown great promise in exploringpassite interactions and as such

warrant further exploration.

As a potential model species for the evimimary move fromgregarinesto other
Apicomplexa the development of 8 NMR protocol for the exploration &. parvum
infections could provide the necessary tools to bHdgMR to the rest of thehylum
in addition to furthering our understanding dfiet hostparasite interaction in

cryptosporidiosis.

4.2 Goals

| decided to take a novel approach to exploring the metabolom@.gdarvuminfection.

Whilst | will examine the metabolic shift within mouse models of the infection, | will also
examine fothe first time the effects an infection has on the metabolome of a cell culture,
an unprecedented observation in bothAlpe&complexaand parasitology. One potential
drawback of the methods used so far, especially in the previouM&Gtudies of
cryptospaidiosis, is centred on the use of faecal samples as a sample source. Whilst a

change in faecal metabolites is an important indicator of altered processes within the host,
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it is impossible to comment on the cause of an observed changeniema bol i t e
abwndance. An increased amount of a metabolite within a faecal sample could equally be
the result of decreased absorption or increased production of the metabolite. By exploring
the effects on the metabolome of thevitro culture | have developed, we can
comfortably eliminate the effects of a decreased absorption by removing external
contributors to the metabolome and, by comparing to the observations from the mouse
faecal samples, further elucidate the Hmmthogen relationship in the context of

metabolism

4.3 Results

4.3.1 Mice faecal sample extractions

Mouse models of infection, infected with. parvumstrains Weru or lowa Il, were
monitored for several days for successful infection before culling andiméstinal
faecal extraction as detailed h16.1 before processing the samples for metabolite

extraction andH NMR analysis as detailed h163.

Casual observations of the spectra produced by'Hh&IMR already revealed clear
distinctions between the infected and uninfected mice, as well asdyethe different
strains of infections Kigure 4-1a). Several metabolites were readily distinguishable,
including the peaks of metabolites indicating mitochondrial AP synthesis; creatine
and creatine phosptea (Figure 4-1b), taurine Figure 4-1c) and lactateHigure 4-1d)
(Wallimann et al., 201,JHansen and Grunnet, 2013, Schaffer et al., 2014)

These preliminary indicators of mitochondrial activity suggested that whatever effects the
infection was having on the host gut metabolome, it included a substantial impact on host
energy metabolism.
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Figure 4-1: NMR spectra of infected mice intestinal samplesa) Stacked Spectra produced from

infected mice samples after processing via the Chenomx software package, representing the average

spectra obtainedfrom each infection condition (from triplicate), including the negative control and

Weru and lowa Il infections. Amongst other noticeable differences were the changes in peak

intensities and shapes, displayedverlaid are the peaks for creatine and creatia phosphate (b),

taurine (c) and Lactate (d). In each case higher peaks can be observed for the lowa Il infectipns

indicating more abundant amounts of these metabolites were present in lowa Il infected cultures

Further experimentation would be required to determine definitively if this was a result of over

production or under-utilisation.

To explore the spectra in detail, the data from the mice guts (n=9) was processed through

the Chenomx NMR Suite, version 8.2. The result was a list of 151 compouhdsetba
detected within the spectraable 4-1).

Statistical analysis of the data, with freely available Microsoft ExceliAdd fi-basel t i

201506, by Par

ti

al

Least

SOpudatermirsed ghifi@ r i mi |

separation of the three conditions, (Uninfected con@oparvumlowa Il andC. parvum

Weru infections), whilst maintaining group cohesibig(re4-2a). The loading values of

the variable compound ctyiibutions Eigure4-2b), suggest certain metabolites were more
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considerable to the separation of the groups than others. To further illustrate the impact
each sample had on the separation, the data from theDRLBading values was
extracted and used to create a heat map of the metabolites shrawedn. The presence

of L-alanine and valine, two common amino acids, as large impact contrilgies

with the previous literature and -dkoisocaproate is a component of the
valine/leucine/isoleucine biosynthetic pathwéyg Hublin et al., 2013, Ng Hublin et al.,
2012) Whilst this data alone provides arnriguing insight into the effects on the host
metabolome, importing the results into a metabolic pathway tree could produce a more

detailed view of what aspects of the host
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Figure 4-2: a) 2D graphical representation of a PLSDA Partial Least Squares Discriminant Analysis
of the Chenomxdata. Successful separation of the three experimental groups can be observed by the
lack of overlap observed between diffeent experimental groups. The lack of overlap between lowa
Il (blue) and Weru (purple) groups suggest that the different strains assert consistently different
effects on the metabolome. b) The loading plot, used in formulation of the PLIBA. Those samples
furthest to the extreme edges of the axis represent the samples contributing most notably to the

differences observed, including Lactate and Alanine.

Upon exporting the results to MetaboAnal

metabolomic dataanal ysi s o, sever al met abol ic
highlighted as being heavily involved in the changes observed during inf€&toet
al., 2015) Asindicated in the preliminary observatiosgyveralamino acid biosynthesis

pathways were among the first noted, including glycine, valine and taurine pathways. The
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metabolic pathways discovered through MetaboAnalyst were presented graphically
(Figure4-3a) and those pathways of greatest note determined as those furthest from the
X, Yy axis intercept, representing both the overall completeness of the pathways and
number of contributing detected metabolites detectethinwithe data. To better
understand to what extent these pathways were involved, the MetaboAnalyst suite can
also render the individual pathways, highlighting the metabolites seen within the data in
red as shown ikigure4-3 b-d andFigure4-4a-c. Converting the KEGG compound codes
within the pathways reveals the metabolites that contributed towards the predictions made
by MetaboAnalyst Table4-2), this allows a more critical observation of the validity of

the predicted pathways. When comparing the compounds listeabie4-2 to the heat

map inTable 4-1, it becomes clear that every compound contributed positively to the
characterisation/differentiation of one or more conditions, even if other conditions
showed variable levels. From this observation it can be stated that the pathways predicted

to beaffected by infection are a reliable interpretation of the data.
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Figure 4-3: a) A graph representing the pathways detected by MetaboAnalyst 3.0 from théhenomx
data. The xaxis represents the relative copleteness of a pathway based on the metabolite detected.
The y-axis represents the relative size of the entire pathway and the size of the points represents the
combined significance of both data points. Full maps of the pathways were rendered and metatesi
present in the data highlighted in red for the following: (b) glucoronate interconversions, (c) Valine,

leucine and isoleucine biosynthesis and (d) Taurine and hypotaurine metabolism.

4-86



‘wisijogela 8s01oNs pue yaieis (9) pue wsljogelaw asoloees (q) ‘wsljogelsw
auluoaly} pue auuas audA|b (e) :Buimojjoy ayl 1oy pai ul paybiybiy erep ayi ul Juasald sayjogelsw pue piapual aiam skemyred auy Jo sdew | p- aunbiq 55
A__.

[

ario0e l_ ) 190

/<\ \ -

D 590000 A L92000
Bﬁso 500700 :88 EVT000 246200 250009
EE0E0D 06T00D TEZTOO nnmNaU mawgu NmNSU m
)
sﬁo 2wz . £07000 [
oron) }
Eso 838 812000 Esu .

e A

ooy _vzrood | [ eevoao

é\% 1

GBLE0D  SEZTOX  66ES00  0O¥S0D ﬂ 107500  €19T00
7

)

160102 F0¥S00

9 e

. _L
L

l—l—l



Table 4-2: KEGG | D key. Extracting the KEGG ID tags from the produced pathway maps gives the

following compounds, arranged by order of appearance throughoutigure 4-3 and Figure 4-4.

KEGG
ID Compound Name
C00029 | Uridine diphosphate (UDP) glucose
C00532 | Arabinitol

C00379 | Xylitol

C00181 | Xylose

C00407 | Isoleucine
C00123 | Leucine

C00183 | Valine

C00245 | Taurine

C00097 | Cysteine

C00089 | Sucrose

C00031 | Glucose

C00116 | Glycerol

C01697 | Galacttol

C00243 | Lactose

C00794 | Sorbitol

C00137 | Myoinositol
C01083 | Trehalose
C00208 | Maltose

C03719 | Phenylacetate
C01026 | N,N-Dimethylglycine
C00213 | Sarcosine
C00037 | Glycine

C00581 | Guanidoacetate
C00300 | Creatine

C00430 | 5-Aminolevulinate
C02291 | Cystathonine
C00897 | Maltodextrin
C00258 | Glycerate
C00188 | Threonine
C00114 | Choline
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One pathway ohotefrom Figure4-3 is that of Taurine/Hypotaurine synthesis (d). Existing
medical reports fron€C. parvuminfectionshave noted increased levels of taurine within the
stool samples of patients. This would appear to agree with the observations from the
experiments. Exploring the original spectfégure 4-1) also reveals that thdifference

observed is a relative increase in Taurine abundance.

However, as highlighted previously, whilst this data is useful in determining markers of
infection, alone it cannot be used to imply with certainty the exact relationships between the
infection and affected pathways. Taking taurine as an example, the current theory is that a
decreased absorbance of host intestinal tissue, via destruction of villi surfaCepdrtyum
infection, results in a relative increase in taurine passing out of the However, this
assumption is fundamentally flawed. Taurine is an important aagitbthat is involved in a

wide variety of biological processes, among which many are directly involved in-osmo
regulation. Given that observations of damaged villi surfagtsn the gut of patients is an
established pathology &f. parvumandfollowing that this damage is assumed to be the cause
behind the watery diarrhoea that characterises cryptosporidiosis, it would be a reasonable
assumption that osmegulation withinthe host gut would be heavily wpgulated.
Therefore, without further evidence to support either theory it would seem premature to
assume heightened taurine levels are a result of unabsorbed taurine and not possibly the result
of up-regulated taurine bgynthesisThus,the experiments were repeated on cell culture

models of infections as well.

4.3.2 Cell culture sample extractions

COLO-680N models ofC. parvuminfection were maintained for 10 days before
extracting metabolites as describe@ih5.2and 2.15.3 The NMR spectra demonstrated
clear differences betweearachstrain and species @ryptosporidiumused Figure4-5).

As with the mice samples, differences between creatine, creatine phosphate, taurine an
lactate (Figures 6Md) were readily visible in the raw spectra. As before, numerical data
of the compound concentrations, as calculated by trenomxsoftware, was exported

into an excel graph and listing 161 total compounds of varying concentrati@mss ac

samples when eliminating samples with no observable chahiges?LSDA generated
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by the same statistical analysis as before, produced ample separation of the different
experimental conditions,Figure 4-6a). Furthermore, the separation of the individual
infection groups suggests that differences between Gotptosporidiumspecies and

within individual strains ofC. parvum may illicit different metabolic responses in cell
cultures, as supported by the praigin-vivo data from4.2 The loading scores plot of

the PLSDA showedmanyamino acids contributed heavily to the separations, as well
lactate, several fatty acaterivatives and taurin€igure4-6b). This data \&s also used to
inform the heat map dfable 43 andTable4-4.

4-90



Creatine
phosphatase

[reterErer—"

1 [ [ H 1 [ H L ) £ [ 3 [
PPM M
c. d.
Taurine
2 ) [ 2 2] [ - [ [ 1] [1] [1] ") 7] [
FiM Ffu

Figure 4-5: NMR spectra of infected cultures.Stacked Spetra produced from infected cellcultures

after processing via the Chenomx software package, representing the average spectra obtained from

each infection condition, including the negative controlC. hominis C. parvumWeru and lowa |l

strain infections. Amongst other noticeable differences were the changes in peak intensities and

shapes, displayedverlaid are the peaks for creatine and creatine phosphate (b), taurine (c) and

Lactate (d).
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Table 4-4: The second half of the heatmap
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Figure 4-6: PLS-DA statistical analysis of the information provided by the Chenomx screening
Produced clear groupings, separating the controls (green), C. parvum lowa infection®lue), C.
parvum Weru infections (purple) and C. hominis infections (red). As the grouping areas do no
overlap the separation between the infection conditions again indicates that metabolome differences
can be at least in part explained by differenCryptosporidiumstrains/species. b. The loading biplot of
the PLS-DA analysis shows lactate as a significant contributor to variation, as seen before in figure

2b, in addition to taurine and myao-inositol among others.

Metabolic pathway fitting via MetaboAnally8.0 revealed that amiraxcid biosynthesis
pathways for glycine, alanine and arginine were influenced by infection. These were in
addition to taurine, pantothenate and CoA biosynthetic pathways as sheiynr#d-7a.

As with Figures 5ay, the graph shows a combination of how much of a pathway is
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completed by data from the NMR, as well as simply how many metabolites were detected.
Among other pathways, perhaps the most significant detections were glF@oes (
4-7b), taurine Figure 4-7¢) alanine Figure 4-7d) and arginineKigure 4-7g) amino acid
pathways as well as, potentially the synthesis and degradation of kefanes4-7e)

and pantothenate and CoA biosyntheBigure 4-7f). Performing the same decoding as
previously produced a table of compounds involved in the most likely affected metabolic

pathways.
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Figure 4-7: Metabolic pathways detected from NMR data of infected cellsa) Data analysed by
MetaboAnalyst 3.0, utilising all compounds which displayed some degree of chanpecause of
infection, produced a graph of pathways most heavily impacted (x axis) and pathways containing the
most amount of the given compounds (pathway impact:-gxis), with statistical significance of the
predicted pathways increasing as the colour ranges from yellow (low) to red (high). Six pathways
were chosen to be ofnterest by their position on the graph, with metabolites present in the
experimental samples highlighted in red, inalding: (b) glycine, serine and threonine metabolism, (c)
taurine and hypotaurine metabolism, (d) Alanine, aspartate and glutamate metabolism. The

remaining 3 are represented irFigure 4-8.
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Table 4-5: KEGG ID key. Extracting the KEGG ID tags from the produced pathway maps gives the

following compounds, arranged by order of appearance throughoutigure 4-7 and Figure 4-8.

KEGG
ID Compound Name
C00049| Aspartate

C00263| Homoserine
C00037| Glycine

C00430| 5-Aminolevulinic acid
C00097| Cysteine

C00581| Guanidoacetate
C00300| Creatine

C00213| Sarcosine

C00719| Betaine

C01026| N,N-Dimethylgycine
C00213| Sarcosine

C00245| Taurine

C00041| Alanine

C00033| Acetate

C01042| N-Acetylaspartate
C00041| Alanine

C00042| Succinate

C00164| Acetoacetate
C00864| Pantothenate
C00183| Valine

C00062| Arginine

C00148| Proline

C02305| Phosphocreatine
C00791| Creatinine

C00624| N-Acetylglutamate
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As was the case previously, the metabolites featured in
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Table4-5 represent defining characteristicsatfleastone experimental condition, indicated

by their green filling inthe heat map. Interestingly, several of the metabolites appear to be
substantially red fo€. hominisinfections, suggesting that changes seen in these metabolite
levels (for example glutamate) should not be considered reliable indicatofS. dfcainis
infection. Alanine, Ethanol and-Bhosphocholine also appear to represent variable changes
within the host metabolome durif@. hominisinfection. On the other hand, changes in
fructose, lactate and xylitol levels appear to be uniquely regul@&. inomins infections

compared teC. parvum

4.4.3 Comparison of mice faecal and COL&G80N metabolome changes

MetaboAnalyst data from anti2 and4.3, demonstrates thatanyaltered pathways are
shared between the mice and tissue culture metabolites, partidalaiitye and amino

acid metabolic pathways. To properly explore to what extent the two experiments may
corroborate each other, compounds and their relative effects on thBAd&ta were
compared. Tabulation of only those compounds which showed positidang values
(reliable contribution towards separation of sample groups) generated a more succinct list

of potential compounds of interest.
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Tables-6 displays the resulting compounds fr@n parvumlowa Il infections, a total of
18 different compounds were revealed to share similar[PA8ontributions across both

the mouse and cell culture models of infection.
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Table 4-6: Comparing the data for C. parvum lowa Il infe ctions from 4.2 and 4.3. Eliminating
metabolites that do not show reliable contribution towards sample differences, results in a collection
of 18 compounds. Further exploration of the compounds and their related biochemical properties
revealed a large promrtion of the compounds (13 of 18) to be involved with mitochondrial activity

(red text), such as ATP synthesis or control of Reactive Oxygen Species (ROS).

Shared changes @. parvumlowa Il infections

Mouse | Cells | Pathways Function
1,3-Dihydroxyacetme Glycolysis Energy supply
3-Hydroxy-3- ]

Ketogenesis Energy supply
methylglutarate
Anserine Carnosine synthesi| ROS scavenging
Asparagine Numerous Numerous
Aspartate AA Synthesis
N-linked o
Fucose ) Cell surface sigalling
glycosylation
Glycine Purine synthesis Numerous
Glycylproline Collagen synthesis| Connective tissue
Isoleucine Ketogenesis Energy supply
N-Acetylaspartate Numerous Numerous
N-Acetylornithine Waste
N6-Acetyllysine Epigenetics Gene rgulation
o Numerous, CoAl Numerous, Energy
Pantothenate (Vitamin B5) ]
synthesis Supply
Syringate Krebs cycle Energy supply
Taurine Numerous ROS, Osmoregulation
] ] Cytoskeleton and
UDP-N-Acetylglucosamine Sugar synthesis )
nuclear pore formation
Polysaccharide o )
UDP-glucose ) Lipid formation
synthesis
) Mitochondrial  quality
mya-Inositol Numerous
control

Among the individual compounds listed, several have already been noted in the literature
as being characteristic @. parvuminfections; ncluding taurine, aspartate and myo

inositol. These compoundsave roles in osmeregulation, protein biosynthesis and
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cytoskeleton assembly among others. However, almost every metabolite shares one target

in common: the mitochondrion. As highlighted in
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Tables-6 by the red text, mitochondrial pathways appear frequently in the list of pathways

each metabolite is involved in.

Analysis of the metabolite level changegGnparvumWeru strain infections resulted in
a smilar observationTable4-7). Among the compounds, those that have already been

noted in the literature included pyroglutamate and valine.

Table 4-7: Comparing the data for C. parvum Weru infections from 4.2 and 4.3. Eliminating
metabolites that do not show reliable contribution towards sample differences, results in a collection
of 10 compounds. Exploration of the compounds and their related biochemical propertiesvealed a
large proportion of the compounds (8 of 10) to be involved with mitochondrial activity (red text),

such as ATP synthesis or control of Reactive Oxygen Species (ROS).

Shared changes . parvumWeru infections

Mouse| Cells| Pathways Function
Cysteine Oxidative stress
2-Hydroxybutyrate _
synthesis response
Acetone ! Ketosis Energy supply
Citrate TCA Energy supply
. Creatine
Creatine . Energy supply
synthesis
Metabolic regulation]
Formate Folate cycle _
and methylation
. Potentially Ketosis
Levulinate Unknown

based energy suppl

Mannitol cycle _ )
Potential  parasity

Mannitol (Non-
. energy source
mammalian)
o Protein Regulation of

Methylguanidine _ ) _
catabolism inflammation
Glutathione

Pyroglutamate Glutamatestorage
cycle

Valine i CoA synthesis | Energy Supply
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The potential implications are numerous are not necessarily radical, as an increase in
mitochondrial activity would not be beyond expectation in the context of infection.
However, current theories regarding the interactiogtweerC. parvumand the host cell

are limited to lipid scavenging and possible membrane hijacking, unlikely to illicit such

a comprehensive mitochondrial response as seen in this data. A potential solution to this
disparity could also explain the mamgorphological individualities ofC. parvum
Considering thatC. parvum according toin-silico predictions, is only capable of
producing ATP exclusively viaglycolytic pathwayandlacks many other mitochondrial
processes such as fatty acid synthesispay be possible thaf. parvumis directly
interacting with the host mitochondria/l processes in some manner. If this hypothesis
could be proven correct, it would provide significant insight into Bowarvunmmanaged

to effectively remove so many appatgnessential biochemical components whilst
maintaining significant similarities to the other apicomplexans (such as the loss of

porphyrin synthesis with the apicoplast).

4.3.4 The role of host mitochondria duringC. parvuminfection

To investigate the pential role of host mitochondria during infection, | employed an
Indirect Fluorescence Assay (IFA) approach to determine if the mitochondria of the host
cells were responding tGryptosporidiuminfection. Our results demonstrate that on
multiple occasionsthe host mitochondria were shown to congregate in large densities
near theCryptosporidiuminfection Figure 4-9). With confocal microscopy, a 3D
imitation of the infection can be rendered from z stacks andagisgn even more
intricate association between host mitochondria and par&siter€4-10). Transmission

El ectron Microscopy images of infected c
congregation around th@arasitophorous vacuole, with evidence of cytoskeletal
involvement Figure4-11a). A cartoon based upon the electron microscopy image was
constructed to better illustrate how the observed morphology might bevised#pA
(Figure4-11b).

With the combination of microscopy and metabolomic data, it can clearly be stated that
an intricate relationship exists between the host mitochondriaCayptosporidium
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parvum possibly guiled via host cytoskeletal structures, although the exact mechanism

and biochemical drivers are unknown.

Sporoglo Composite

Figure 4-9: High resolution confocal scans, utilising the Zeiss Airyscan acquisition method, of
infected COLO-680N monolayers Scansrevealed numerous examples of heavily infected host cells
(largest nuclei, DAPI, blue) that displayed substantial mitochondrial networks Nlitotracker
CMXRos, red) associated with the parasite3poroGlo, green). A, b and d wee all visualised through
the median portion of the host cell, while ¢ was acquired from the surface of the cell, indicated by the
lack of a contiguous host nucleus. In each, it can be observed that mitochondrial arrangement within
the host cell is highly @asociated with parasite presence. It can also be observed that the parasite is
exerting a significant amount of physical force on the host nuclei, evidenced by the deformed nature

of the typically oval nucleus.
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s

Figure 4-10: A 3D section of the same area dsigure 4-9a . Mitochondria (red) car
around the parasite (green). The close associati
indicates that the host mitochondria are drawn to the parasite after infection, allowing the established
parasitophorous vacuole to become surrounded. The impacting effect of the parasite on the host

nucleus (blue) can also be seen to greater effect.
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Figure 4-11: a. Infection of a host cell by C. parvum. Mitochondria of the host cell appear to closely
associate with the parasitophorous vacuole surrounding the parasite, while cytoskeletal structures
appear to be asociated with the organelles. b. Cartoon of image a. demonstrating the presence of

mitochondria, cytoskeleton, nuclear material and Cryptosporidium.

4.4 Discussion

Solutionrstate'H NMR offers a novel approach to metabolomics that is especially useful
where sample volume sizes are particularly small. AlthoughiMEholds an advantage

for detecting lowlevels of metabolites with unique mass signatuiedggetermining the
change in metabolite quantities, NMR provides a viable alternative. Initial andlgsis o
data showed a clear distinction between the metabolic fingerprints of infected and
uninfected samples, even between infections of different strains of the paFagite (

4-2).

Of importanceis the degreeot which these results, both from thevitro and invivo,

agree with the previous literature. Our study also demonstrates that metabolic compounds
L-alanine, isoleucine and succinate were detected as contributors to the variance between
the sample condiths that indicated infection. Moreover, even though valine was not
detected in the uninfected controls, it was visible in the infected samples and in agreement
with previous reports.
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The predictive fits of the metabolic pathways highlighted a remarkaeton of
pathways including several involved in amino acid biosynthesis, sugar metabolism, CoA
biosynthesis and taurine biosynthesis. Of the predicted metabolic pathways, which have
been previously shown to be influenced by infectio@.iparvumspecifcally as well as

other apicomplexans, there are several whose presence should have been projected, such
as the amino acid biosynthesis pathways for alanine and glycine as the previous reports
had already highlighted their potential involvem@g Hublin et al., 2013, Ng Hublin et

al., 2012, Sengupta et al., 2016)

As a parasiteCryptosporidiumis dependent on host derived biosynthetic pathways for
survival, for exampleC. parvumis incapable of producing the noaty of amino acids
de-novo, instead relying heavily on the import of host metabolites via active channelling
(Abrahamsen et al., 2004, Rider and Zhu, 2000)e potential target of parasitism, as
determined by myindings, was the biosynthetic pathway for glycine, threonine and
serine which was upregulated in both cell culture and animal experiment&tigasyum

andC. hominisare incapable of manufacturing these amino acids de novo, instead relying
on scavengig host serine and glycine, utilising serine and glycimgroxy
methyltransferaset® convert one to the other when neededyle et al., 1998)The
reliance on host amino acids could provide a novel method for combating the infection,
based upon previous studies that identified other amino acid metabolic chains as potential
targets(Doyle et al., 1998, Zhu et al., 2010, Fritzler and Zhu, 2012, Sparks et al., 2015)
For example, glycine reuptake inhibitors (GRIs) that are often used in treating
schizophrenia, could be utilised to partially starve the parasite of the metabolite and offer
anintriguing future direction of research that could incorporate statistical analySis of

parvumoccurrence in correlation with specific drug usage.

In addition to the amino acid biosynthesis pathways, it is also apparent that taurine
synthesis is implidad in the metabolic profile of the disease. Primary links between
taurine andC. parvuminfections come from excystation techniques where taurine has
frequently been used in the past as an agent for inducing excystatio+viftoo icultures

as sodiumauocholateg(Upton et al., 1994, Gold et al., 2001, Feng et al., 200@)Vious
metabolomic studies of faecal samples fr@ryptosporidiuminfected patients also
revealed a possible link between increased taurimeergrations andC. parvum
infections, explained at the time as the result of characteristic decline in gut absorption

via villi malformation caused by the parasfidég Hublin et al., 2012, Ng Hublin et al.,
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2013) However, an even greater increase in taurine levels was observed in my
experiments with the infected COL&BON cell cultures, wherein malabsorption is not an
applicable explanation as explained previously. Therefore, the malabsorption theory does
appeara support these observations and a new hypothesis must be formed.

To form this new hypothesis, | will draw upon the collection of observations made during
these experiments. In the host, taurinedesralroles, those relevant to the cell types
involvedinclude: cell membrane integrity, osmoregulation and adipose tissue regulation.
Combining this with the other pathways and relevant metabolites observed duiimg the
vitro andin-vivoinfections Figure4-3, Figure4-4, Figure4-7 andFigure4-8) presents a

new possibility for a metabolomics based theory of {pasasite interaction, oneah

centres heavily on the host mitochondrial processes.

As may be expected in a theory wherein frogbchondrial activity is affected, there is

a substantial change in the abundance of adenosine derivatives (AMP, ADP and ATP);
displaying increased abunuze inC. parvumlowa Il infected models (cells and mice),

with a similar increase in creatine levels@n parvumWeru infections. This heavily
implicates a role for the host mitochondria in the context of infection as each species and
strain used lackshe creatine kinase needed to produce creatine phosphate therefore
eliminating the parasite as a direct source of these comp{bdghamsen et al., 2004)
Levels of pyruvate inC. hominisand pantothenate i€. pavum lowa Il infections
highlight further a potential interaction withxidative phosphorylation. Moreover, the
further increase in lactate levels detecte@ imominiscell cultures aneC. parvumlowa

I mouse infected samples, compared to the contiradésate a strong contribution from
anaerobic pathways most likely from the host (due to the relatively small biomass of the
parasite and assumed corresponding contribution to metabolite levels). This suggests that
more ATP is being produced than the oxiia capacity of the host mitochondria can

maintain, producing a net increase in lactate as the oxygen debt increases.

These data suggest tl@atparvumandC. hominignfections may be directly or indirectly
inducing an increase in host mitochondrial\dtti If factual, this would result imany
oxygen free radicals being produced by the metabolic machinery. Consequently, cell(s)
would respond with a matching increase in the synthesis of antioxidants such as taurine
(Zhang et al., 2004, Giris et al., 2008)
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Further support for this hypothesis, that host mitochondrial activity is deliberately
interfered with by invading. parvumcan be seen in the way host mitochondria appear
to congregate around the infectiore(iparasitophorous vacuol&jdure4-9, Figure4-10
andFigure4-11).

Nevertheless, taurine also plays another role withirs,cil example as a diureficin

et al., 2016) Taurine is involved in the maintenance of the ionised forms of magnesium
and potassium within the cell, producing a diuretic effect that may contribute towards the
characteristic wateloss of a patient with cryptosporidiosis. Furthermore, it has been
found that taurine levels influence production of short chained fatty acid, another aspect
of host biology theorised to be scavengedbparvum(Hansen and Grunnet, 2013, Yu

et al., 2016) These observations and logical links place taurine at the centre of a
metabolic web linkingC. parvum parasitism, metabolism, host interactions and

pathology.

These observations suggest thiie increase in taurine typically detected in
cryptosporidiosis patientsdé stool, I S mo
absorptive qualities. It is likely that the intcallular role of taurine in this disease has

been overlooked and thtite pathophysiology of this disease is more complicated than

currently understood, extending greatly beyond simple villi degradation.

These results provide a promising method of determining infections via a possible
comparativeéH NMR of patient and refence biopsies. This method offers an alternative
approach in the medical field, where current methods of diagnosis are reliant on separate
methods to achieve the same result as NMR, with infections detected by laborious and

often inaccurate microscopy asttain typing dependant on successful PCR.

Lastly, it cannot be overstated the impact of observing the close relationship between the
host mitochondria and the parasite, biochemically and physically, which has never been
seen before at this level of detall reproducibility. The comprehensive alteration of
mitochondrial associated metabolites in association with the infections indicates strongly
that Cryptosporidium parvum and therefore possibly other members of the
Cryptosporidia has significant interaicins with the host biochemical machinery beyond

that previously expected.
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In conclusion, | have demonstrated for the first time that the uskd dfiMR is
indispensable in understanding hpsthogen interactions at a cellular level. With the
application ofa more usefriendly and reproducible approach of metabolomics, through
the 'H NMR methodology described, it will be easier for t@eyptosporidiumand
apicomplexan community to further explore the remaining aspects of the disease
met abol ome samplespFruture expdrimedits would be best approached by
increasing the number of strains analysed lotitro andin-vivo to test the relevant
proposed hypotheses, as well as applying the techniques to entirely new species such as
the gregarines or coatians. Additionally, elucidating the more pathogenic influences of
taurine biosynthesis in the pathobiology of cryptosporidiosis is critical. With these data,
a metabolomicshasedmethod of diagnosing and treating the disease could become a

reality.
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Chapter 5Experimental evidence for a functional ron Sulphur
Cluster biosynthesis pathway in the mitosome of

Cryptosporidium parvum

5.1 An introduction to mitosomes and Iron Sulphur Clusters

The typical eukaryote maintains a standard complement of organelles that ar
recognisable to most with basic knowledge of eukaryotic biolaggucleus,golgi
apparatusendoplasmic reticulummndmitochondria. Until as recently as the late 1990s,

it was presumed t hat al most al |l eukary
mitochondrion. First described in the L @entury, the mitochondrion is rad-shaped
organelle, typically betweesneandfivee m i n di ameter, encased
and possessing characteristic cristae and matrix that provide a large surfate area
volume ratio for efficient biochemical processes. Chief among these processes is
oxidative phosphorylation, the main souafeATP and thus energy for the eukaryotic

cell.

As mitochondria appear to be present throughout the eukaryotic tree of life, it has been
postulated and widely accepted that during the development of the Last Eukaryotic
Common Ancestor (LECA)an alphaprateobacterium was engulfebdut not digested
instead being incorporated into the cell as a symbiotic intracellular organism, this is
referred to as the Endosymbiotic evébunning Hotopp, 2011, Martin, 2017, Sagan
1967) Over time, through horizontal genetic transfer events to the host nucleus and
further adaptations to their new environment, the original mitochorik#aprokaryote
became fully integrated into its host, becomiihg mitochondriawe know today
Evidence of this can be observed in the double membrane of the mitochondrion (a relic
of the original engulfment), the prokaryotic genes within the mitochondrion (with
sequence similarity to thelphaproteobacterium) and their independent nature of
replication (separate from host mitosis) among other biochemical clues such as pathways
with homologues in thelphaproteobacterigSagan, 1967, Martin, 2017, Picard et al.,
2011, Kluge et al., 2013)
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The dramatic inease in ATP availability, from the mitochondrion, within eukaryotic
cells has been postulated to be essential to the development of the much more complex
and eventually mukcellular forms of eukaryotes, unseen in either of the other domains

of life (Eubacteria or Archea) (Huettenbrenner et al., 2003, Blackstone, 2013, Okie et

al., 2016) This has, however, resulted in a strong dependence efikagyotic cell on

the mitochondrion, with the volume of ATP proddcand subsequently utilised
preventing the loss of mitochondrial function from being anything but fatal. Further to
this, unt i | the | ate 19 8O0 O0are thattwaswliaceverbde | i e
could only be explained as the result of early etiohary branching, occurring after
LECA but before the endosymbiotic evémbvar et al., 1999, Dyall and Johnson, 2000,
Okie et al., 2016, Martin, 2017)

However, in 1999, an amitochondriate was described thmgampd to maintain several
mitochondrial genes within its nucleus, dismissing the notion that it evolved from a
lineage that diverged prior to the endosymbiotic event. This organism, the patasite
Entamoeba histolyticawas shown instead to possessirastically reduced form of
mitochondria(Tovar & al., 1999) Initial identification of the organelle was achieved
solely from the localisation of Chaperonin CPN60, one of the putative mitochondrial
proteins detected within the genomekofhistolytica This organelle lacked may key
featurescalfd dmiamoahondr i a, i ncluding ge
generation. Localisation studies confirmed the mitochondrial nature of CPN60 and thus
a new hypothesis was needed to explain the nature of this new organelle, now termed the
0 mi t o s o mbeéefore been pbstulated that the mitosome is the result of reductive
evolution from an ancestral organism with a canonical mitochondria, where function loss
and ultrastructural changes have produced highly specialised forms of the mitochondrion
(Dyall and Johnson, 2000, Regoes et al., 2005, Makiuchi and Nozaki, Zd1éxact
development timeline of this and other mitochondrial related organelles (MROS) has yet
to reach consensan der Giezen, 2009, Makiuchi and Nozaki, 2014, Hjort et al., 2010)

Mi tosomes can vary | argely in size, from
the characteristic double membrane of a mitochondiiowar et al., 1999, Williams et

al., 2002) Unlike the mitochondria, mitosomes do not possess any discernible cristae,
membrane potential or, perhaps most notably, any form of ATP metal@igi and
Johrson, 2000, Regoes et al., 2005, Makiuchi and Nozaki, 2014, van der Giezen, 2009,

Tovar et al.,, 1999)Instead, mitosomes seem to have eschewed all but one major
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biochemical pathway: that of Iron Sulphur Cluster biosynthesis via the ISC patAlvay
and Nozaki, 2013, Makiuchi and Nozaki, 2014, van der Giezen, 2009)

Iron Sulphur (Fe/S) Clusters are, as the name implies, compounds consisting of Iron and
Sulphur atoms arranged in a variety of possible geometric armstates. Fe/S clusters

are utilised by many metalloproteins and are produced via one of few different pathways,
depending on the organism in question. Currently, three pathways are known to be utilised
throughout the Prokaryotes and Eukaryotes; the $oiphur Cluster (ISC), Nitrogen
Fixation (NIF) and Sulphur Assimilation (SUF) systems. Unusually, each of these
pathways has been described in at least a bacterium and a eukaryote, with ISC typically
residing in the mitochondrion of eukaryotes thouglait also be found in the cytoplasm,
where Fe/S clusters are then taken up by components of the CytoseBaljpbamprotein
Assembly (CIA) machineryXu and Moller, 2011, Ali and Nozaki, 2013, Lill et al.,
2015) Perhaps most importanflgo organism has yet been described as lacking a form

of Fe/S biosynthesis or usage, even among more atypical eukaryotes such as parasitic
species Kigure 5-1) (Dellibovi-Ragheb et al., 2013)ndeed, the fact that mitosomes
appear to have retained Fe/S cluster biosynthetic pathways and not the TCA cycle has led
many to begin theorising, that perhaps the Fe/S pathways and not the inpredsetion

of ATP were the leading promoters of the endosymbiotic efwamt der Giezen, 2009,

Ali and Nozaki, 2013, Makiuchi and Nozaki, 2014)
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Figure 5-1: Distri bution of the Fe/S cluster biosynthetic pathways throughout eukaryotic parasites.
Whilst most parasitic organismshave maintained the ISC and CIA pathwaysE. histolytica appears
to have replaced the ISC pathway with the more commonly bacterial SUF mechami. P. falciparum
(in addition to other apicomplexans) has also acquired the SUF pathway which is found within the
apicoplast. However,C. parvum appears to have lost the SUF pathway along with its apicoplast.
(Adapted from Dellibovi-Raghebet al, 2013)

The mitosome o€ryptosporidiumparvumappears to be no different in this regard. Ultra
structural analysis of. parvumhas shown the presence of a single,-300 nm long,
double membrane bound, oval organelle, within the sporozoffe parvumwhich ha

been shown to typically associate with another cryptic organelle, the crystalloid body
(Alcock et al., 2012, Keithly et al., 2005, Ctrnacta et al., 2006, Lemgruber and Lupetti,
2012) Like E. histolytica C. pavumCpn60 was found to target this organelle and no
genetic material was present wittfRiordan et al., 2003)rhein-silico predictions have
shown the absence of the citric acid cycle and the presence of @dt®Gthomologues,
similar to the predicted contents of the rhizarMikrocytos mackini(Figure 5-2 and
Figure 14)( (Abrahamsen et al., 2004, Burki et al., 2013)
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Figure 5-2 The hypothetical contents ofC. parvun®d s mi t b appears to be the same adl.
mackini, maintaining only the ISC machinery, basic import/export machinery and a cytosolic

glycolytic pathway. (Adaptedfrom Burki et al, 2013)

Though then-silico predictions regardinG@ .  p a 1S path@vay has been known for
some time, it remains largely unexplored or verified. What little exploration there has
been has focussed on phylogenetics and confirmatipatafive mitochondrial targeting
sequences in the sequences of CplscS and CplscU, with no actual proof of function or

localisation to the mitosom@&aGier et al., 2003)

5.2 Goals

With the availability of a robusand easy to use cell cultutegcause othe efforts in
Chapter 3, it is now possible to explore the hypothesisChparvummaintains an ISC
pathway and that it is localised to within the mitosome. Secondly, it should be possible
to use this to detenime the location/nature of the mitosome in life cycle stages beyond

the sporozoite, an unprecedented feat.
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To achieve thesegyoals, | propose to develop specific antibodies to several key
components of the ISC pathway predicted to be within the genon@& parvum
Frataxin, IscS and IscU (henceforth referred to CpFxn, CplscS and CplscU respectively)
Doing so will add to the growing body of evidence behind the importance of Iron Sulphur
clusters; in the evolution of the mitosome. Furthermore, the suctessfof the new

culturing system, will add credibility to its utility and scientific importance.

5.3 Results

5.3.1 Identification of ISC homologues in C. parvum

Potential ISC homologues were identified via a tblastn (protein to translated nucleotide)
search of theC. parvumgenomes listed in the NCBI. The search parameters were
constructed usin§.cerevisiaecomponents of the ISC pathway; Nfslp (IscS homologue),
Isulp (IscU homologue) and Yfhlp (Frataxin homologue). The closest matches to each
within the genome ofC. parvum,as determined via a blastn (protein sequence to
translated nucleotide sequence) search, were chosen as the targets going forward (Table
2-2, Figure 5-3). Both putative Isulp and Nfslp homgles showed encouraging
conservation of sequence whereas the putative Yfhlp sequence showed little amino acid
conservationHowever the putative Yfhlp sequence did maintain a conserved secondary
structure as predicted Iyo separate secondary structuregiction programs (PSIPRED

and JPRED4) to contain mitochondrial frataxin like domgMsGuffin et al., 2000,
Drozdetskiy et al., 2018Figure not shown, data available upon request).
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Figure 5-3: CLUSTALO alignments of S. cerevisia@nd putative C. parvumISC protein sequences

a. Nfslp and IscS, Yfhlp and Frataxin, and finally Isulp and IscU. Yfhlp and Frataxin similarities

are more apparent in secondary structureshan primary sequences.
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The sequences were then parsed through a further search, using blastx (translated
nucleotide to protein search) to identify and align@hgarvumsequences with similar
proteins in otheApicomplexa(Figure5-4 andFigure5-5)(Altschul et al., 1990, States and

Gish, 1994) Similar sequences for IscS and IscU were found throughout the
Apicomplexa but not fataxin which was only present in a small selection, as had been
previously demonstrated in past studies of apicomplexan Fe/S cluster pa(Beelysr

et al., 2008) This remains true even when searching via predicted secondary structures
using PredictProtein.corfRost et al., 2004)Each gene was also processed through
Mitoprot to determine the possibility of a mitochondreigeting sequence, if anyaple
5-1)(Claros and Vincens, 1996¥senes of interest were then produced via PCR for

recombinant integration into plasmids.

Table 5-1: Possibility of mitochondrial targeting sequence within the ISC peptides,sadetermined by

Mitoprot .

Putative ISC protein Accession number | Probability of
mitochondrial
targeting

C. parvumlowa Il frataxin like| XM_625594 81.1%

protein (CpFxn)

C. parvum lowall IscU-like | XM_627477 96.1%

NifU protein (CplscU)

C. parvumNifS-like protein AY029212 99.0%
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Figure 5-4: CLUSTALO alignment, via Seaview of the putative C. parvumlscS protein and IscS

proteins from other Apicomplexans, in descending order of similarity. The sequences wesbtained

via a blastx (translated nucleotide to protein) enquiry.
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Figure 5-5: CLUSTALO alignments, of IscU (a) and Frataxin (b) sequences identified via blastx

searches, usingC. parvum lowa Il sequences a the query. Frataxin is not present inmany

apicomplexans.
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5.3.2Amplification and cloning ISC genes

Amplified ISC geneswvere produced via thtCRprotocols described in chapter 2.7, (i.e.

the gene of interest, plus complimentary restriction sites)canfirmed via an agarose

gel separationFigure 5-6). Integration of the construct into the pET14b vector was
confirmed via select digestion and agarose gel separation, yielding the correct fragment
sizes. Aliquotsof the pET14b constructs, purified from the agarose gel, were sent for
sanger sequencing at Eurogentec facilities, were mutations could be detected, allowing
the selection of only those plasmids containing genes identical to the NCBI record. This
was doneo prevent the potential corruption of epitopes that would be detrimental to the
final specificity/sensitivity of the produced antibodies. The recombinant plasmids
identified as having identical insert sequences to those on the NCBI database were
transfomed into the expressida. coli strain, BL21(DE3)pLysS, anidientified by the
acquired Ampicillin resistance.

& o QO
\) ¥ o \) (_,Q(‘*
1.5kb . a 2kb b
- e
W 500bp 500bp

Figure 5-6: PCR product detection of target recombinant proteins.Black and white images of
Ethidium bromide agarose gels, exposing DNA fragments via UV exposure. Initial attempts were
successful in producing IscU and IscS sequences \@#)ilst Frataxin proved more difficult, succeeding

in a subsequent run (b).

5.3.1.3 Expression and purification akcombinant ISC components fror&. coli
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Optimum expression conditions for each recombinant were determined via multiple,
tandem experiments utilising 50 ml cultures. Optimal conditions were defined as those
that produced the most amount of protein withsix-hour period, detectable using an
antipoly-his tag antibodyHRigure5-7a). Optimal temperatures for all ISC recombinants
was determined to be 37°C, CpFxn and CplscU were best expressed utilising a final IPTG
concentration of 0.5 mM and harvested at four hours-ipdsiction. CplscS, however,

was most optimally expressed under 0.2mM IPTG induction and harvesting after six
hours. NiCl affinitycolumnbasedourification of the large scale (@ cultures produced
detectable and sufficient amounts of recombinant protein, as identified by western blot
and comparabl€oomassidrilliant blue staining. Excised acrylamide slices were then
stored in 50ml scresop tubes and received by Cambridge Research Biochemicals, wh
then produced the corresponding polyclonal antibodies. ELISAs, constructed from
protein extracted from the gel slices, were used to estimatbatisensitivity Figure

5-8). Anti-CpFxn gave a strong curve, indting a high sensitivity. AMCplscS and Anti
CplscU provided poor curves; this was determined to be an issue with extracting the
sample from the acrylamide slices, as subsequent wddtdgrnanalysis using
recombinant protein extracts showed specifid aensitive binding of the antibodies
(Figure5-7b). None of the custom antibodies produced detectable signal in western blots
of protein extracted from uninfected COt880N or norexpressing control strains Bf

coli (data not shown).
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Anti-Frataxin

Figure 5-7: ISC Detection in C. parvumsamples byWestern Blot. Antibodies raised against the
recombinant ISC proteins, in rabbits @nti-CplscS) and rats @nti-CplscU and anti-CpFrataxin),

were used in a western blot assay of samples fro@. parvumoocysts and control samples from
uninfected COLO-680N cells. Development via Enhanced, lumindlased, Chemiluminesce (ECL)
produced evidence that the antibodies used were able to detect firesence of their intended targets

in the C. parvumsamples but not in the negative, COL@80N controls.
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Figure 5-8: Determination of Recombinant ISC raised, Antibody Sensitivity to targets via ELISA
ELISA kits were prepared by Cambridge Research Biochemicals using protein extracted from the
same acrylamide slices used to inoculate the animals. The antibodies produced were then tested for
sensitivity via these ELISAs and the results recorded graphicallya. anti-CpFxn from Rat 2 produced

a very strong response curve, indicated by the high absorbance present across serum dilutions. b.
and c. are poor absorbance curves, potentiallybecause ofacrylamide contamination in the
preparation of the ELISA. Subsequat analysis via westernblot confirmed a strong specific and

sensitive response of both CplscU and CplscS.

5.3.3 Localisation of C. parvum ISC components in an infected culture

COLO-680N infection model systems were incubated for the standard 10 days, a
established in chapter 3, in chamber slide cultures. The protocols demonstrated in Chapter

2.9.2 were then followed, utilising various combinationscofptosporidial marker
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antibodies, genetic material dyes and the custom mad€phRkn/IscU/IscS antiddies
(visualised by the addition of TRITC conjugated aati or antirabbit secondarigs
Localisation of the various proteins within the oocys€Coparvumwas achieved by eo
staining with Crypta-glo a, FITC conjugated, monoclonal antibody with highstivity
and more importantly high specificity for @ryptosporidiumoocyst wall protein.
Localisation within other stages @f. parvum sporozoites and intracellular stages for
example, was achieved by -staining with SporoGlg a sensitive, FITC conjaged

polyclonal antibody raised agairSt parvumsporozoites.

By using different combinations of the af@i parvumand antlSC antibodies,n
addition to the DAPI nuclear staibwas possible to determine the localisation of the ISC

components during variety of differenC. parvunlife cycle stages.

5.3.3.1IscS

Treatment of infected cultures with the a@plscS revealed a life cyeldependant
expression pattern of CplscEidure 5-9). During the extractllar sporozoite and
merozoites life cycle stages, IscS could be detected as punctate areas ofFgjgreal (
5-10). Often, the signal was restricted to regions typically betweer8800nm in
diameter. This agreesith the description of the mitosome as an approximately 500 nm
oval shape.

DAPI stained oocysts dE. parvumshowed successful permeation asfthe nuclei of

the contained sporozoites could reliably be observed. However, no convincing IscS signal
could be observed within these sporozoites, with an absence of detectable fluorescence.
It is entirely possible that this is due to the size difference between the DAPI molecule
(~0.270kDa) and the antibody (~150kDa) and thus cannot be considered a sigaifier of

significancewithout further investigation.

IFA of the other life cycle stages revealed that whilst IscS remained expressed at
detectable levels, its localisation did not remain consistent. In detectable extracellular life
cycle stages, detmined asny detectabl&ponGlo not withincloselyassociated with a
host cell and |l ess than 4em in diatketer,
that observed in the sporozoites. This indicates the presence of an organelle matching the
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physical descriptions of the mitosome, corroborating ligpothesis that at least one
aspect of the ISC pathway would localise to the mitosont& parvumHowever, IFA

of intracellular life cycle stages, detemad by positivé&SpoioGlo detection, proximity to

host nucleus, amorphous/round shape and an appatexparasite size exceeding 4n,

IscS appeared to be more diffuse. Indeed, it is hard to discern any regularly observable
structural association with IscS expression in intracellular stages. Furthermore, in areas
where many zygotes/maturing oocysts were present, IscS staining apjpedeedease
inversely proportional to the diffusion of genetic material indicating that IscS expression
declined in the final stages as the sporozoites were formed. This quality appears to offer
a biochemical basis for determining when a zygote has beewmeocyst, a state

previously entirely dependent on visual analysis.
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Figure 5-9: Confocal images of infected COLG680N cultures, stained with antiCplscS. A variety of

IscS localisation patterns were obseed, although appearing to remain consistent based on parasite
life cycle stage.C. parvumoocysts (O), determined by the circular Crypta-glo staining and 34
detectable punctate DAPI stains (denoting sporozoite nuclei), routinely showed no detectableelisv

of IscS. However, oocyst like structures, that lacked discernible sporozoite nuclei contained
detectable levels of expressed IscS, this is most noticeable in panels d, where diffuse TRITC signal
could be detected. These structures were determined to Bggotes (Z) in various stages of maturity,
with the hypothesis that lowered IscS signalling, corresponding to more concentrated DAPI stain,
indicated the zygote was entering the final stage as an immature oocyst (O/Z). Multiple other sites of
IscS expres®n were also detected, either as punctate extracellular signal (M) or a#fuse but high

levels, lacking Crypta-.gl o st aining (int). Scale bars: a.
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5.3.3.2 IscU

Anti CplscU produced similar results to that of CplscS when observed viéFigére

5-11). Life cycle stage dependant expression continued to be present; witre@tgpt
stained oocysts presenting DAPI stained sporozoite nuclei but no detectable CplscU
signal. Conversely, several extracellular life cycle stages could be detected by residual
Crypta-glo labelling or punctate DAPI stain which did display detectable levels of
CplscU. However, CplscU signal appeared to be more diffuse than that of CplscS
throughout all life cycle stageBi¢ure5-12). This woutl indicate that CplscU may not be
localised to the mitosome, or at least not exclusively.
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