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Abstract:

Cryptosporidium is a waterborne apicomplexan parasite typically infecting the upper
gastrointestinal tract of humans and animals. Infection in immunocompetent hosts can cause acute
self-limiting diarrhoeal symptomes, although in infants and the immunocompromised, infection can
be life threatening. The infective stage of the parasite survives in the environment as a hardy
cyst/spore or ‘oocyst’. These oocysts have high resistance to disinfectants, enabling them to survive
for long periods in various environments whilst remaining infective. The nature and characteristics
of these “spores” remain elusive, and further research into oocyst composition is necessary to
enable the development of effective water treatment methods and medical prophylaxis, for which
options are currently limited. This project describes a novel method for live imaging and peak force
guantitative nanomechanical property mapping of Cryptosporidium spp. oocysts using atomic force
microscopy (AFM). Applying this method, data on the surface topography and deformation
characteristics of Cryptosporidium parvum oocysts has been acquired and analysed to identify
physiological characteristics of live oocyst of the species C. parvum, both in air and in a near native
liguid environment. Scanning electron microscopy (SEM), field emission scanning electron
microscopy (FESEM), and fluorescence microscopy were used for comparison between imaging
methods, and previous reports. This work will enable investigations into live Cryptosporidium spp.
oocyst structure, composition, and mechanical properties in unprecedented depth. In turn these
capacities can be used to inform and advance our understanding of host specificity and excystation
control, and to develop new methods for treatment and eradication of the parasite, all areas of

vital importance to progress research towards combating this significant disease.

Keywords: Cryptosporidium parvum, oocysts, AFM, SEM, fluorescence microscopy.
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1.0 Introduction

1.1: General background
Cryptosporidium is a water borne apicomplexan parasite infecting the epithelial lining of the upper

gastrointestinal (Gl) and respiratory tracts of humans and other vertebrate species. Infection causes
the disease cryptosporidiosis, a major international cause of diarrhoeal disease in humans and
animals. In the immunocompetent, infection with Cryptosporidium causes mild to acute self-
limiting diarrhoea and/or respiratory symptoms, however in infants and the immunocompromised,
infection can be fatal. Cryptosporidiosis is primarily spread via the faecal-oral route, and can survive
in the environment for prolonged periods as hardy cyst or ‘oocysts’. Due to the mode of transition,
the highest infection rates occur in developing countries where water sanitation systems can be
inefficient or absent. It is responsible for 50.8% of all parasite induced waterborne infections
(Putignani and Menichella, 2010), and 8-19% of diarrhoeal complaints in developing countries

(Gatei et al., 2006).

There is currently no effective vaccine against cryptosporidiosis, and the only effective treatment
is the broad spectrum antiparasitic drug nitazoxanide, which can only be used to treat otherwise
healthy individuals (Ali et al., 2014; Sparks et al., 2015). Due to a lack of effective medications, there
is an urgent need to develop new techniques to advance research into these parasites and aid the

development of new and effective prophylaxis and treatments.

1.2 Cryptosporidiosis

Cryptosporidiosis is common and pervasive disease, with accounts in humans occurring in 95
countries and on all continents except for Antarctica (Feyer et al., 1997; Ryan, Fayer and Xiao, 2014).
Cryptosporidiosis is understood to be responsible for up to 20 % of reports of childhood diarrhoea
in less economically developed countries (Mosier and Oberst, 2000), with the proportion of
affected individuals in a population ranging from 20 - 90 % (subject to region) (Dillingham, Lima and
Guerrant, 2002). In a 2013 epidemiological study by Koltoff et al. reported that in a sample of over
22,000 children in Africa and Asia, Cryptosporidium was amongst the four pathogens causing the
most acute diarrhoea, and as a cause of diarrhoea and death in children ranked second only to
rotavirus (Scallan et al. 2011; Ryan, Fayer and Xiao, 2014). In the USA, the annual cost of
hospitalisations from cryptosporidiosis can reach an estimated $485.8 million USD (Scallan et al.,
2011). The total cost of the 1993 C. hominis outbreak in Milwaukee, Wisconsin (69 fatalities)
(including medical treatment and decreased productivity) has been estimated at $96million USD

(Corso et. al., 2003).
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Although many cases of Cryptosporidium infection can be asymptomatic, infection more commonly
causes symptoms such as diarrhoea, vomiting, and fever for a period of up to two weeks (Navin and
Juranek, 1984, Sponseller, Griffiths and Tzipori, 2014). Infection is most commonly intestinal,
although extraintestinal gastric, pancreatic, hepatobiliary, and pulmonary infection may also occur
(Leitch, et al., 2012). Most Cryptosporidium cases occur in infants and the elderly, with research
indicating that those under the age of two experience the most severe diarrhoeal symptoms (Jaggi
et al., 1994; Neill et al., 1996), with malnutrition increasing duration of infection (Jaggi et al., 1994).
In the immunodeficient, including HIV carriers, cancer and transplant patients (Gentile et al., 1991;
Hong, Wong and Gutierrez, 2007), cryptosporidiosis can cause acute and persistent diarrhoea
leading to wasting, malnutrition, electrolyte imbalance and potentially fatal dehydration (Centres
for Disease Control (CDC), 1982). The diarrhoeal symptoms associated with cryptosporidiosis
infections are thought to be a result of three factors: 1) malabsorption causing osmotic diarrhoea;
2) host secretagogues and inflammatory response triggered by the parasite; 3) parasite enterotoxin
generated secretory diarrhoea (Leitch, et al., 2012). Symptomatic extraintestinal infections of the
lung and pancreatic duct are more common in the immunocompromised (Lopez-Vélez et al., 1995);
a 1998 study by Rossi et al. reported that among a group to Cryptosporidium infected AIDS patients,
the number having infection of the gastric mucosa was 98% (Rossi et al.,, 1998).
Immunocompromised individuals can develop pulmonary Cryptosporidium as a complication from
an intestinal infection, which can lead to respiratory failure and fatality (Kibbler te al., 1987;

Meynard et al., 1996).

Cryptosporidium infection can be either anthroponotic or zoonotic, with livestock (principally
calves) representing a significant reservoir of infection (Xiao, 2010; Ryan, Fayer and Xiao, 2014). Of
the 26 confirmed species of Cryptosporidium, 20 species and genotypes have been reported to
cause human infection, however the species accountable for the majority of outbreaks is C. hominis,
closely followed by C. parvum (Xiao, 2010; Ryan, Fayer and Xiao, 2014). Recent contradictions
include one outbreak cryptosporidiosis caused by C. meleagridis in a high school in Japan (Asano et
al.,, 2006), and one of C. cuniculus due to contaminated drinking water in Northamptonshire,
England (Chalmers et al., 2009; Puleston et al., 2014). With Cryptosporidium spp. oocysts ubiquitous
in the environment, infection can occur via several routes (Xiao and Ryan, 2004). Anthroponotic
transmission between humans can occur due to poor food hygiene in the home, or at institutions
like nurseries and nursing facilities (Strausbaugh, 2001). Zoonotic infection commonly occurs
directly in individuals living or working with animals, including pet owners, farm-workers, and
veterinarians (Preiser, Preiser and Madeo, 2003). Food can also become contaminated at any point

in the production and distribution process, from crop fertilisation with manure or contaminated
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irrigation water, to the hands of food handlers or any other contaminated surfaces or equipment

during preparation (Sischo et al., 2000; Xiao and Ryan, 2004; Smith et al., 2007).

The majority of outbreaks, however, have been ascribed to contamination of drinking water, either
with C. hominis from human faecal matter, or due to water runoff from livestock with species such
as C. parvum and C. meleagridis (Mac Kenzie et al., 1994, Pedraza-Diaz et al.,, 2001). In 1993
Milwaukee, Wisconsin experienced the largest confirmed outbreak of cryptosporidiosis in the USA.
A population of 1.6 million individuals were potentially exposed, of these over 403,000 cases of
related illness and 54 related mortalities were reported (mostly AIDS patients) (Mac Kenzie et al.,
1994). This outbreak was primarily attributed to runoff from infected cattle entering the water
supply and failing to be treated successfully due to a malfunction in the drinking water purification
system. Genetic analysis showed that the primary species involved was C. hominis, suggesting that
the outbreak was anthroponotic in origin (Zhou et al., 2004). Table 1 outlines selected recorded
outbreaks, with outbreak location, source, type and Cryptosporidium spp. In addition to
contamination of drinking water, oocyst resilience to chlorination has led to outbreaks of
cryptosporidiosis as a result of contact with contaminated recreational water in swimming pools
and water parks. Due to increased proximity to both wild and agricultural animals, children in rural
areas are more likely to be infected with C. parvum and other zoonotic species than those living in
urban areas (Tumwine et al., 2003), who are more likely to be infected anthroponotically with C.
hominis (Llorente et al., 2007; Essid et al., 2008). Cryptosporidium is also a known cause of

travellers’ diarrhoea (Nair et al., 2008).

The pervasiveness of the Cryptosporidium parasite is the outcome of three factors; the substantial
number of oocysts produced and excreted by the host, the environmentally hardy nature of the
oocyst allowing long term survival of the parasite in the environment (several months in damp and
temperate conditions), and the low dose of oocysts required for infection (Tolboom, 1996; Reinoso,
Becares and Smith, 2008). The number of C. parvum oocysts required for infection in an otherwise
healthy human host remains under debate, with research suggesting a median infective dose of
between 132 oocysts (Chappell et al. 1996) to 82 oocysts (Okhuysen et al. 1999) with reports of
infections occurring from doses of as low as 10 oocysts for both C. parvum and C. hominis (Okhuysen
et al. 1999; Chappell et al. 2006). In calves, a lone shedding can release 6x107 oocysts/gram of faeces
(infected with C. parvum) (Uga et al., 2000), meaning that each shedding has a great capability of

infection.
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Table 1: Outbreaks of cryptosporidiosis listed with location, number of individuals infected, infection type,

source and the species responsible.

Outbreak location Individuals T s Speci Ref
and year affected ype ource pecies eferences
C Il County, G i .
arrotl Lounty, Georgla, =13,000 Waterborne Public water supply Unknown (Hayes et al., 1989)
USA. 1987
Est. 403,000 Contamination of drinkin
Milwaukee, USA. 1993 affected, 54 Waterborne & Unknown (Mac Kenzie et al., 1994)
water from a sewage outlet
deaths
(From the Centres for Disease
Control and Prevention.
. . Foodb threak of diarrheal
Minnesota, USA. 1995 15 Foodborne Chicken salad at party C. parvum . oodborne o.u rea‘ ot diarrhea
illness associated with
Cryptosporidium parvum--
Minnesota, 1995, 1996)
Stockholm Swed, F l accident i immi C.
ocknoim sweden, 800-1000 Waterborne ascal accdent in swimming parvam (Insulander et al., 2005)
2002 pool genotype Il
. . C parvum subtype
Ohio, USA. 2003 12 Foodb: o] ted Apple Cid Blackb t al., 2006
io, oodborne zonated Apple Cider 11aA17G2R1 (Blackburn et al., )
Ostersund, Sweden. Contamination of surface C. hominis subtype . .
=27,000 Waterb: Widersti t al., 2014
2010. ! aterborne water by human sewage IbA10G2 (Widerstrsm et al., )
Gi koa, Spain.
2‘5;; 03, >pain 26 Other Day-care facility. Unknown (Artieda et al., 2012)
(From the Centres for Disease
N Control and Prevention. Qutbreak
Indiana. Michigan Firefighting response-use of ¢ " idiosi iated
! gan, 20 Other surface water contaminated C. parvum o .cryp _°59°” _IOSIS assoclate
USA. 2011. with calf facces with a firefighting response —
: Indiana and Michigan, June 2011;
2012).
England and Scotland C. 60
nelanc and scotland, Over 300 Foodborne Fresh pre-cut salad leaves. parvum gp (McKerr et al., 2015)

2012. subtype [laA15G2R1
Municipal drinking water
contaminated with cattle
faeces.

Oregon, USA. 2013. Est. 2780. Waterborne C. parvum (DeSilva et al., 2015)

At present 26 species of Cryptosporidium have been validated based on molecular, morphological,
and biological information (Ryan, Fayer and Xiao, 2014). In addition to C. hominis and C. pavum,
other species recorded to have caused cryptosporidiosis infection in humans include C. meleagridis,
C. cuniculus, C. ubiquitum, C. felis, C. canis, C. viatorum, C. muris, C. suis, C. fayeri, C. andersoni, C.
bovis, C. scrofarum, C. tyzzeri, C. erinacei (Leoni et al., 2006; Chalmers et al., 2009; Xiao, 2010; Feng
et al.,, 2011b; Khan et al., 2010; Lucio-Forster et al., 2010; Chalmers et al., 2011; Waldron et al.
2011; Elwin et al. 2012a; Ng et al. 2012; Kvac et al. 2013a; Raskova et al. 2013; Adamu et al., 2014;
Kvac et al., 2014a; Liu et al. 2014). Table 2 lists the 26 known Cryptosporidium species, with

corresponding major hosts, and available information on human infection.

Variation in species infecting humans occurs based on geographical, seasonal and socioeconomic
factors due to differences in infection source and transmission routes. Industrialised and developing
nations also exhibiting variation in disease burden due to zoonotic vs. anthroponotic
Cryptosporidium infection, with developed countries reporting mostly zoonotic infections, and
anthroponotic infection being more common in developing countries (Xiao, 2010). In Middle
Eastern countries anthroponotic C. parvum subtype transmission causes the majority of human

infections, while C. hominis is the major species in many other less economically developed

countries and industrialised nations, with low rates of c. parvum zoonotic transmission (Xiao and

10
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Feng, 2008; Xiao, 2010; Nazemalhosseini-Mojarad et al., 2012). By comparison, C. hominis and C.
parvum are both frequently identified as causing human infection in European countries and New
Zealand (Ryan, Fayer and Xiao, 2014). Research indicates that countries with developing economies
have a higher rate of infection with C. felis and C. canis, while C. ubiquitum is more commonly
reported in industrialised nations (Ryan, Fayer and Xiao, 2014). Research conducted in Ireland,
Canada, and the Netherlands found that C. parvum infections were predominant in spring, while C.
hominis is was more common in autumn (Wielinga et al., 2008; Zintl et al., 2008; Budu-Amoako et
al.,, 2012). Weilinga et al. (2008) reported age related variation in infection species in the
Netherlands, with C. parvum more commonly infecting adults, and C hominis infection more

frequently occurring in children.

Table 2: The 26 confirmed species of Cryptosporidium with their major host species. The authors of the initial

accounts of each species are listed, with information on documented incidence of human infection.

Species name Authors Major host Reports in humans

C. muris Tyzzer (1907, 1910} Rodents MNumerous reports (Feng et al. 2011h)
C.wrairi Vetterling et al. (1971) Guinea pigs MNone reported

C.felis Iseki (1979) Many reports (Lucio-Forster et al. 2010)
C. serpentis Levine (1980) Snakes and lizards MNone reported

C. melagridis

Slavin (1955)

Birds and humans

Commonly reported in humans

C. parvum Re: Upton and Current (1985) Ruminants Commonly reported in humans
C. baileyi Current et al. (1986) Birds MNone reported
C. varanii Pavlasek et al. (1995) Lizards MNone reported
A . Leoni et al. (2006); Morse et al. (2007); Waldron
€. andersoni Lindsay et al. (2000) Cattle et al. (2011); Agholi et al. (2013); Liu et al. (2014)
C. canis Fayeretal. (2001) Dogs Many reports (Lucio-Forster et al. 2010)
Alvarez-Pellitero and
C. molnari Fish N ted
moinart Sitja-Bobadilla (2002) . one reporte
C. hominis Morgan-Ryan et al. (2002) Humans Most common species in humans
. Re: Ryan et al. (2003c) )
C. galli Pavidsek (1999)° Birds MNone reported
Xiao et al. (2002a); Leoni et al. (2006);
C. sui R t al. (2004 Pi
suis yan etal. ) '8 Cama et al. (2007); Wang et al. (2013)
Kh t al. (2010); Ng et al. (2012);
C. bovis Fayer et al. 2005 Cattle an etal. ( )i Ng etal. | )
Helmy et al. (2013)
C. fayeri Ryan et al. (2008) Marsupials Waldron et al. (2010)
C. fragile Jirku et al. (2008) Toads MNone reported
C. macropodum  Power and Ryan (2008} Marsupials MNone reported
C. ryanae Fayer et al. (2008) Cattle MNone reported
C. xiaoi Fayer et al. (2010) Sheep and goats Adamu et al. (2014)
Ruminants, rodents, Commonly reported (Fayer et al.
C. ubiguit F t al. (2010
uslquitum ayer etal. ( ) primates 2010; Elwin et al. 2012a)
. . . Chalmers et al. (2009); Anon (2010);
C. Il Re: Rob t al. (2010 Rabbit
eunicutus e: Robinson etal. ( ) abbits Molloy et al. (2010); Chalmers et al. (2011)
C. tyzzeri Re: Ren et al. (2012) Rodents Raskova et al. (2013)
C. viatorum Elwin et al. (2012b) Humans Elwin et al. (2012b); Insulander et al. (2013)
C. serofarum Kvac et al. (2013b) Pigs Kvat et al. (2009a); Kvac et al. (2009b)

C. erinacei

Kvaé et al. (2014b)|

Hedgehogs and horses

Kvat et al. (2014a)

Re: re-description

a: initial description

11
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1.3 Diagnosis and treatment:
The most frequently used diagnostic technique involves the detection of oocysts or antigens in the

stool sample, in this case rate of shedding and stool consistency affects results, with more fluid
stools giving better detection limits. If necessary samples can be distilled using a flotation technique
such as a sucrose suspension (specific gravity 1.15-1.20), providing a concentrate oocysts product
(Arrowood MJ., 1997). Bright-field staining of stool samples with techniques like the Auramine
phenol method is the most affordable testing method, although analysis by a qualified technician
is necessary (Arrowood MJ., 1997). The most efficient assays employ direct or indirect
immunofluorescence, although these techniques are also the most expensive. Several commercial
kits are obtainable for the detection of Cryptosporidium antigens in stool samples, these can be
used in a clinical capacity to test either fixed or fresh samples. Epidemiological and genotyping
studies more often employ molecular methods (Arrowood MJ., 1997; Cama et al., 2008; Jothikumar
et al., 2008), of which recent studies include oocysts detection in faeces using PCR detection of the
18s rRNA gene (Jellison et al., 2004), and genotyping by PCR-RFLP analysis of the Hsp70 gene
(Gobet, 2001).

Supportive or symptomatic treatment such as liquid and electrolyte replacements may be
prescribed to immunocompetent patients to address severe diarrhoeal symptoms (Moroni et al.,
1993; Blagburn and Soave, 2007). The only effective medication licenced by the US Food and Drug
Administration for use in otherwise healthy and adults (Rossignol, 2010) against cryptosporidiosis
is the broad spectrum antiparasitic drug nitazoxanide, which cannot be used to treat infants or the
immunocompromised (Abubakar et al., 2007; Ali et al., 2014; Cabada et al., 2015; Sparks et al.,
2015). The antibiotics paromomycin and azithromycin can be used in immunocompromised
individuals but with limited efficacy (Cabada et al., 2015), and therefore tend to be used in
combination with nitazoxanide, (Ali et al., 2014; Cabada et al., 2015). While treatments such as
azithromycin, paromomycin and roxithromycin have been reported to cause reduced stool volume,
frequency, and oocyst shedding, although eradication of the parasite is uncommon, and these

treatments are yet to be FDA approved (Rossignol, 2010).

The most effective therapy for cryptosporidiosis in immunocompromised individuals involves
improving the immune status with highly active anti-retroviral therapy (HAART) including an HIV
aspartyl protease inhibitor (Abubakar et al., 2007; Cabada et al., 2015) in conjunction with
nitazoxanide (Zardi, Picardi and Afeltra, 2005). AIDS patients may experience a relapse of infection
previously believed to have been cleared by anti-retroviral therapy if their CD4" levels decline
(Maggi et al., 2000). The diarrhoeal symptoms of cryptosporidiosis may also affect treatment
efficacy through decreasing absorption of treatments, occasionally to sub-therapeutic levels as
documented in AIDS patients by Brantley et al. (2003).

12
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1.4 Life cycle:
Cryptosporidium spp. have a complex life cycle involving many stages (fig. 1), the infective stage of

Cryptosporidium persists in the environment as an oocyst, hardy spore-like structures that can
survive for several months under varying conditions (Reinoso, Becares and Smith, 2008). The

sporulated thick walled oocysts are 4 - 6 um in diameter (Fayer, Morgan and Upton, 2000).

Upon reaching the distal small intestine following ingestion by a host, the four sporozoites
contained within the oocysts excyst and attach to the microvillous epithelial lining of the
gastrointestinal tract (Borowski, Clode and Thompson, 2008). Infection can also occur in the upper
Gl tract or the respiratory tract, although respiratory infection is less common (Leitch and He, 2012).
Receptors on the oocyst wall surface function to ensure cyst proximity to the lining of the host small
intestine prior to excystation (Smith, Nichols and Grimason, 2005, Leitch and He, 2012). Excystation
can be triggered in vitro using bile salts and incubation at 37 °C (Woodmansee, 1987). Acidic
conditions will cause excystation in the ‘gastric’ species C. muris and C. andersoni, however species
infecting the distal small intestine such as C. hominis and C. parvum, only excyst in the presence of
taurochloric acid (Widmer, Klein and Bonilla, 2007). The sporozoites released upon excystation are
spindle shaped and roughly 4 x 0.6 um in size (Leitch and He, 2012). The gliding motility employed
by the sporozoite to reach and penetrate the outer surface of the host enterocyte is facilitated by
an apical complex also found in other parasitic apicomplexan species (Borowski, Clode and
Thompson, 2008), and powered by an actin-myosin motor (Arrowood, Sterling and Healey, 1991).
Upon reaching the target cell movement through the mucus layer is enabled by enzymes produced
by the sporozoite (Smith, Nichols and Grimason, 2005).

Upon attachment to the apical epithelial cell lining the sporozoite forms an extracellular
parasitophorous vacuole, which enables the sporozoite to transform into a trophozoite and
reproduces asexually via fission (schizogony- fig. 1 (a)) to produce type - 1 meronts. Following
sporozoite attachment to the host enterocyte, a specialised secretory organelle or ‘rhoptry’ (a
feature observed in the motile stages of parasitic apicomplexan protozoans) extends towards the
host cell. The contents of the rhoptry pass through the neck to the host cell and establish the host
cell/parasite interface (Bradley et al., 2005). The sporozoite is then engulfed by the host cell within
a parasitophorous vacuole (Chen et al., 2005), a process which is facilitated by an expansion of the
host cell due to increased levels of aquaporin 1 and sodium-glycose symporter SGLT1 at the
interface between host and parasite (Chen et al., 2005). The parasitophorous vacuole consists of
components originating from both the parasite and host cell (Borowski, Clode and Thompson,
2008). Amongst the components originating from the parasite is the feeder organelle (found in all
intracellular stages of Cryptosporidium), a densely folded membranous structure formed during

invagination of the parasite plasmanella over the terminal web (Fayer and Xiao, 2007). This
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organelle is thought to enable parasite access to nutrients within the cytoplasm of the host
enterocyte, an ability necessary for the survival of the parasite as genetic analysis of both C. parvum
and C. hominis reveals compaction of the genome resulting strong host dependence due to in
inadequate biosynthetic capacity (Abrahamsen, 2004, Xu et al., 2004). Located within the fully
formed parasitophorous vacuole, the sporozoite undergoes dedifferentiation and subsequently
differentiation to form the trophozoite (1.5 - 2.5 um diameter) (Smith, Nichols and Grimason, 2005),
accompanied by adjacent disorganisation and lengthening of the host cell microvilli (Leitch and He,
2012). Mitosis occurring inside the trophozoite triggers the development of a type - 1 meront, inside
which the schizont residual body buds six or eight type - 1 merozoites. During this process the host
cell microvilli flanking the type - 1 meront exhibit similar elongation and derangement as occurs in
trophozoite formation (Mele et al., 2004). Following elongation of the type - 1 merozoites, the
parasitophorous vacuole ruptures and the merozoites are released (Fayer and Xiao, 2007). The type
- 1 merozoite is 0.4 x 1.0 um in diameter, and rod-shaped in appearance with a narrowed tapering
apical region (Borowski et al., 2009). Type - 1 merozoite motility, invasion of host enterocyte and
initiation of asexual reproduction (formation of further type 1 meronts), are thought to occur as a
result of similar mechanisms as described in sporozoite biology (Wanyiri et al., 2009). Upon release
type - 1 merozoites can become type - 2 meronts (3 - 5 um), or cause autoinfection by forming
trophozoites. Type - 2 meronts release four type - 2 merozoites which form either male
microgamonts, or female macrogamonts upon attachment to the host epithelial cell lining (Yang et
al.,, 1996). These gamonts are the sexual stage in the life cycle of Cryptosporidium, named
Gametogony (Borowski et al., 2009). Type - 2 merozoite shape varies in comparison to that of the

type - 1 merozoite, are marginally larger, and exhibiting reduced motility (O’Hara and Chen, 2011).

The female macrogamont is 4 - 6 um in diameter, roughly spherical in shape, and contains a large
nucleus. Within the male microgamont, nuclei bud from the residual body to produce 16
microgametes (Yang et al., 1996). These non-flagellated microgametes are roughly 1.4 x 0.5 um in
diameter and rod-like in appearance. Upon exiting the microgamont, the microgametes fertilize

neighbouring macrogamonts to produce a diploid zygote (Leitch and He, 2012).

Each zygote matures and differentiates into either a thin or thick-walled sporulated oocyst
(sporogony) whilst remaining joined to the host cell. Once sporulation and differentiation are
completed both thick and thin-walled oocysts disconnect from the host enterocyte. Thin-walled
oocysts go on to excyst within the host and cause autoinfection (~¥20%), whereas hardy thick-walled
oocysts exit the Gl tract into the environment to be ingested by a new host, initiating a new cycle

of infection (Fayer and Xiao, 2007).
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Figure 1: A schematic depicting the life stages and development of the Cryptosporidium parasite.

1.5 The oocyst:

Each Cryptosporidium oocyst contains four sporozoites and a residual body (Petry, 2004). The
residual body comprises a lipid vacuole and amylopectin granules, and acts as a nutritional store
for the sporozoites. Amylopectin levels can be used as an indicator of oocyst viability, as
concentration diminishes over time due to sporozoite metabolism (Fayer et al., 1998; Petry, 2004).
Unlike coccidian cysts, Cryptosporidium oocysts do not develop sporocysts (Petry, 2004; Jenkins et
al., 2010), and have a unique complex zipper-like structure or ‘suture’ which extends across one
third to a half of the wall. The suture structure is trypsin-bile sensitive and consists of a 50-nm
groove which is flanked by two 165 nm wide bands (Jenkins et al., 2010). When exposed to
excystation fluid the suture dissolves and the edges of the divide curl into the oocyst interior
creating an opening through which the sporozoites can exit, leaving an empty spherical shell of

oocyst wall (occasionally retaining a residual body) (Reduker et al., 1985b).

The oocyst wall acts to contain the sporozoites and shield them from harsh external influences both
in the environment and the stomach of the potential host. This protective effect can impede
embedding and dehydration of sporozoites in preparation for thin-section TEM analysis (Reduker
et al., 1985a). Several studies have described the oocyst wall of C. parvum as being ~40 nm thick

and consisting of three to four discreet layers when viewed under electron microscopy (Reduker et
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al., 1985a, 1985b; Bouchet and Boulard, 1991; Pinckney et al., 1993; Fayer et al., 1997; Harris &
Petry, 1999). These layers include an outer electron-dense layer, a translucent intermediate layer,
and two inner electron-dense layers (Jenkins et al., 2010), the outermost layer is roughly 5 nm thick,
exhibits variable electron density, and appears as a diffuse network in tangential sections, with
areas of electron density followed by the electron transparent layer and a diffuse inner fibrillar
array with marked linearity (Harris and Petry, 1999). As this outer layer can be partially eliminated
using sodium hypochlorite, it is speculated to consist of acidic glycoprotein (Reduker et al., 1985a).
The 10 nm electron dense central layer appears rigid and is believed to be composed of a complex
lipid with a possible double unit membrane structure. It is this component that is thought to give
Cryptosporidium oocysts their acid-fast red staining qualities (Harris and Petry, 1999). The
innermost layer of the wall is comparatively thick measuring 20 nm across and is believed to
comprise of filamentous glycoprotein with a potentially particulate structure (Bonnin et al.,1991;
Jenkins et al., 2010). In perpendicular sections the suture structure appears to be located beneath
the outer electron dense layer and central translucent layer (Jenkins et al., 2010). It is currently
unknown which component of the wall lends the intact oocyst its rigidity and elasticity, however
the information currently available suggests that the central glycolipid layer may be responsible for
the oocysts mechanical resilience (Harris and Petry, 1999). The waxy hydrocarbon content of the
electron-translucent layer may be involved in the temperature dependent permeability of the wall,
while the presence of an the external glycocalyx provides a capacity for attachment and

immunogenicity (Jenkins et al., 2010).

1.6 Phylogenetics:

Upon discovering Cryptosporidium in 1907, Edward Tyzzer classified the parasite as belonging to
the coccidian family Asporocystidae due to comparative morphological features such as a lack of
sporocysts and other apparently similar elements in the life-cycle (Tyzzer, 1907; Levine, 1988).
More recently, suture complexes similar to those of Cryptosporidium oocysts have been described
in the sporocyst walls of coccidians including Toxoplasma and Sarcostysis, which were thought to
indicate a possible close phylogenetic relationship between Cryptosporidium spp. and the genus
Sarcocystis and related genera (Thompson et al.,, 2016). Conversely, the location of the
Cryptosporidium suture in the oocyst wall suggests that the similarities evolved independently
(Speer, Fayer and Dubey, 2018). The coccidian classification was accepted until recent years despite
Cryptosporidium possessing many features uncharacteristic of the coccidian family, including
possession of an attachment organelle, the capacity for auto-infection through retention of thin-
walled oocysts, and the epicellular developmental location of endogenous developmental stages in

the parasitophorous vacuole (Barta and Thompson, 2006, Clode et al., 2015, Thompson et al., 2005,
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Valigurova et al., 2007). Additionally, Cryptosporidium lack many significant coccidian features,

including a micropyle and polar granules (Thompson, et al., 2016).

Many factors indicated that Cryptosporidium may be more closely related to the gregarines than
coccidians. Recent observations have found that Cryptosporidium is not obligate intracellular, but
instead can multiply epicelularly and extracellularly in the nutrient rich environment of biofilms
(Hijjawi et al., 2004; Rosales et al., 2005; Karanis et al., 2008; Koh et al., 2013; Koh et al., 2014), a
trait shared with the gregarines which can multiply similarly (Leander and Ramey, 2006; Clode et
al., 2015). The gregarines and Cryptosporidium have many biological features in common, including
the development of the myczocytosis-like feeder organelle, epicellular developmental location,
gliding motility of motile life-stages, and diversity of trophozoite appearance (Sibley, 2004; Barta
and Thompson, 2006; Valigurovd et al., 2007; Borowski et al., 2008; Valigurova et al.; 2008 Borowski
et al., 2010; Valigurova et al., 2013; Clode et al., 2015; Aldeyarbi and Karanis, 2016).

Cryptosporidium taxonomy has undergone numerous alterations over the years, and species
number has increased considerably as modern molecular tools allow species recognition to be
based on genetic analysis in combination with host occurrence and morphological characteristics

(Thompson et al., 2016).

In addition to morphological similarities, Bull et al., (1998) reported a critical similarity in serological
activity with Monocystis (a gregarine), and in 1999 Carreno et al. reported that SSU-rDNA
sequencing supported that Cryptoaporidium is more closely related to gregarines than to coccidia.
Similarly, a 2014 review of gregarine classification using gregarine site-heterogenous SSU-rDNA
trees located Cryptosporidium within the gregarines, with close relation to all ‘neogregaries’ and
many ‘eugregarines’ (Cavalier-Smith, 2014). The subclass Orthogregarina was established based
upon these findings, containing Cryptosporidium and other closely related gregarines, as was
Cryptosporidium own subclass, Cryptogregaria (Cavalier-Smith, 2014; Thompson et al., 2016). The
Cryptogregaria subclass is classified/characterised as containing epicellular parasites of vertebrates
that lack an apicoplast but do possess a feeder-organelle.

Modern imaging techniques contributed considerably both to the understanding of the shared
physiological traits between Cryptosporidium spp. and the gregarines, and also the marked
parallels in host-parasite relationship (Koh et al., 2014; Clode et al., 2015). As Cryptosporidium is
most commonly a waterborne parasite, which can remain infectious in the environment for
prolonged periods of time, recognition of Cryptosporidium as a gregarine and their related ability
to reproduce in biofilms has implications for detection, transmission, survival in the environment
and subsequent infection dynamics. The presence of additional life-stages in the environment may

complicate surveillance and detection, while collection and prolonged survival in biofilms, which
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can then enter the water supply in large numbers via biofilm sloughing, has implication for
cryptosporidiosis transmission (Searcy et al., 2006; Angles et al., 2007; Thompson et al., 2016).
These recent revelations reinforce the value of imaging studies and the development of new

techniques to fundamental matters such as species taxonomy.

1.7: Microscopy

For the purpose of this thesis, several microscopic techniques have been utilised, some of which

are described below.

1.7.1 Scanning Electron Microscopy
The scanning electron microscope generates images of a sample through scanning the surface with

a focused electron beam, a sensor then gathers the signals (most commonly secondary electrons
or SE) which are produced at various depths within the sample upon electron interaction with the
atoms comprising the sample, and these signals are interpreted to generate an image of sample
topography and/or chemical composition. Other signals produced upon electron excitation include
back-scatter electrons (BSE), and characteristic x-rays. BSE are reflected from various depths within
the sample by elastic scattering and interpreted to analyse sample density and composition.
Characteristic X-rays are most commonly used in composition analysis and to measure the
abundance of elements within a sample. SE are generated at the sample surface and are commonly
used in generating high resolution images for topographical analysis, capable of revealing features
less than 1 nm in scale (Stokes, 2008). Samples must be prepared to withstand the vacuum
conditions and high energy electron beam to which they are exposed during imaging. Specimens
which are non-conductive, as most biological specimens are, collect charge during scanning
resulting in image defects and artefacts. For this reason, samples must be rendered electrically
conductive at the surface and similarly grounded to prevent electrostatic charge accumulation, this
usually involves either low vacuum sputter coating or high-vacuum evaporation deposition with a
conductive material such as gold, platinum, tungsten or osmium (Brunk, Collins and Arro, 1981;
Suzuki, 2002; Hawkes, 2012). Prior to coating, biological samples are typically fixed using agents
such as glutaraldehyde and osmium tetroxide, and must be processed to dryness, commonly using
chemical dehydration followed by critical point drying. As biological specimens tend to be fragile,
non-conductive and thermally sensitive, SEM imaging often causes damage and artifacts, however
preparation using the methods described above precludes live imaging, and the possibility of
feature destruction or alteration under harsh preparation conditions, and/or obscuration of fine
features during coating cannot be dismissed (Stokes, 2008). The recently developed technique
Cryo-electron microscopy employs cooling of the sample to cryogenic temperatures to enable
imaging of samples in their fully hydrated state, thus avoiding much of the specimen damage

caused during sample dehydration, however cryo-freezing does not eliminate the need to render
18


https://www.sciencedirect.com/science/article/pii/S2405676616300142#bb0700
https://www.sciencedirect.com/science/article/pii/S2405676616300142#bb0015

Tansy Vallintine

biological samples electrically conductive, and very few facilities have the equipment necessary to

practice the technique (Nogales, 2016).

In 2009, Borowski et al. used SEM to describe the full life-cycle of C. parvum produced in vitro (HCT-
8 cell line culture). SEM has also been used to describe Cryptosporidium developmental stages
produced within biofilms and compare these to stages generated in cell culture, and to confirm
host cell independent formation of a parasitophorous vacuole structure, illustrating a possible
mode of host free life cycle completion (Koh et al., 2014). SEM has been used to investigate C
parvum oocyst wall ultrastructure of both intact and excysting oocysts (Reduker, Speer and Blixt,
1985), and to determine the efficacy of batch solar disinfection in inactivation of Cryptosporidium

parvum oocyst and giardia cysts (McGuigan et al., 2006).

1.7.2 Transmission electron microscopy
Transmission electron microscopy (TEM) allows imaging of cell ultrastructure. Like other EM

techniques, TEM imaging also requires fixing and dehydration of biological samples using an ethanol
acetone series, in addition samples are then passaged through a transition solvent like propylene
oxide, followed by infiltration and embedding in an epoxy resin. This resin block is then thin
sectioned (50 — 100 nm thick), assembled on mesh grids, and stained using electron dense stains
such as osmium tetroxide. Transmission of an electron beam through the thin section allows
electron interaction with the sample forming a high-resolution image, this image is then focused
onto an imaging mechanism such as a fluorescent screen or sensor (Griffin, 1990; Reimer and Kohl,
2010)). Whilst this technique allows imaging of internal structures, it cannot be used to gain
topographical information. In relation to oocyst imaging, the resilience of the Cryptosporidium
oocyst can interfere with fixing, staining and embedding of internal structures, causing shrinkage

and deformation of interior components.

Borowski et al., (2009) used both SEM and TEM to characterise morphological features of
Cryptosporidium life cycle features in an in vitro system. In 1999 Harris et al. used TEM to determine
structural components of the oocyst wall, Aldeyarbi and Karanis (2016) used TEM to image stages

of Cryptosporidium asexual multiplication in vitro.

1.7.3 Atomic Force Microscopy:
Atomic force microscopy (AFM) is a powerful multifunctional imaging platform, which utilises a

high-resolution scanning probe microscopy (SPM) technique to image and manipulate a range of
biological samples, from arrays of living cells to single molecules (Dufrene et al., 2017). A three-
dimensional topographical map is obtained through physical interaction between a probe and the
sample surface. The AFM uses a cantilever which has a sharp tip or ‘probe’ at the end. The probe

is usually 2.8 - 8 um tall with a radius of =2 nm. The deflections of the cantilever are measured when
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the probe is bought close to the sample surface and used to generate a three-dimensional
topographical map of the sample (Cappella and Dietler, 1999). Vertical resolution can reach to 0.1
nm (fractions of a nm), while due to convolution horizonal resolution is slightly lower, at around 1

—5 nm (Gan, 2009).

As research progressively moves into the fields of genomics and proteomics, there will be an
increasing requirement for techniques capable of elucidating how and where gene products
interact to establish regulatory and metabolic pathways. High powered and versatile imaging
techniques capable of describing and/or localising molecular interactions within the live oocyst
under a close to natural environment will enable functional delegation of gene products. The
extremely streamlined genome of C. parvum (Abrahamsen et al., 2004), in combination with their
clinical importance, renders this parasite a prime candidate for functional analysis by imaging. The

techniques necessary for appropriate live imaging remain to be developed.

A significant advantage of AFM imaging is that use of a fluid cell can enable imaging in liquid, with
control over temperature, buffer composition and flow, allowing imaging of biological samples and
live cells in a close to native environment (Drake, 1989; Radmacher et al., 1992). AFM can be used
to measure surface forces, including van der Walls, steric, hydrophobic, and electric double layer
(Cappella and Dietler, 1999; Considine et al., 2002). Using PeakForce QNM mode, it is also possible
to map nano-mechanical measurements, including sample deformation, elasticity, dissipation and
adhesion of the sample (Hoh et al., 1992; Lee, Chrisey and Colton, 1994; Boland and Ratner, 1995;
Hinterdorfer et al., 1996; Muller, Baumeister and Engel, 1999; Allison, Hinterdorfer and Han, 2002;
Benoit et al., 2000; Doktycz et al., 2003).

In addition to imaging and force measurement, AFM can also be used to manipulate biological
samples mechanically through alteration of the force applied by the tip, or chemically through tip
supplementation with chemical groups for manipulation of specific sites. In this way AFM has been
used to manipulate and section a range of biological samples, from whole cells (microbial or animal)
(Henderson, Haydon and Sakaguchi, 1992; Sokolov, Firtel and Henderson, 1996; Le Grimellec et al.,
1998; Ong et al., 1999; Bolshakova et al., 2001; Doktycz et al., 2003), to chromosomes, viruses,
membranes, and single proteins (Gerber and Lang, 2006; Miiller and Dufréne, 2008; Novak et al.,
2009). The ability of AFM to image, probe surfaces, and manipulate samples makes this one of the

most versatile imaging techniques currently available.

For liquid imaging of live cells, the method of immobilisation must be chosen with care to avoid
compromising cell physiology whilst ensuring attachment is robust enough to withstand drag or
detachment upon sample-probe contact. Competition between sample binding sites, substrate,

and buffer constituents can impede attachment (Mdller, Amrein and Engel, 1997), therefore
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immobilisation techniques must be methodically developed for individual cell types and organisms.
Commonly utilised techniques employ two major mechanisms; chemical immobilisation, and
physical entrapment. Chemical attachment techniques commonly exploit the net negative charge
of many bacterial and other cell types, utilising cationic substrate alteration to encourage steric
interaction with the sample and adsorption to the surface (Doktycz et al., 2003; Beckmann et al.,
2006; Plomp et al., 2007; Sullivan et al., 2007; Suo et al., 2008; Shu et al., 2008; Kuznetsov, Gershon
and McPherson, 2008; Arce et al., 2009; Mortensen et al., 2009). Commonly used agents in steric
chemical attachment include substrate coating with poly-L-lysine solution (Razatos et al., 1998;
Robichon et al., 1999; Bolshakova et al., 2004; Micic et al., 2004), amino containing saline reagents
such as 3-aminopropyltriethoxy silane (APTES) (Dorobantu et al., 2008; Cerf et al., 2009), and
porcine gelatine (Doktycz et al., 2003; Venkataraman et al., 2006). Using glutaraldehayde, covalent
attachment can be achieved by substrate cross-linking with amino groups attached to the substrate
surface (Sullivan et al., 2007), however repulsion forces must be addressed to enable cell-surface
contact and many buffers have been used for this purpose (van der Mei et al., 2000; Touhami,
Jericho and Beveridge, 2004; Beckmann et al., 2006; Francius et al., 2008). Physical entrapment can
be achieved through use of a substrate surface containing pores of similar diameter to the sample
cell, or embedding within a matrix (Dufrene et al., 2011). A common immobilisation technique in
imaging bacterial cells is drying of the sample to the substrate (Canetta et al., 2006; Plomp et al.,
2007; Sahu et al., 2009), however dehydration of the sample often occurs, with cell flattening,
collapse, and dehydration related deformities including marked folding and irregularity of the
surface (Doktycz et al., 2003; Bolshakova et al., 2004). Further, this method does not ensure stability
or viability in liquid imaging, the required method for live-cell studies. Typically, imaging in liquid
shows bacterial cells to have a greater vertical height and a smoother surface than those imaged in
air. Imaging in air can provide superior resolution of delicate features (Miller and Dufréne, 2011;
Dufrene et al., 2017), although as previously described, dehydration can produce multiple

deformities.

As oocyst association with particles in solution can influence their sedimentation and movement in
aquatic systems, chemical modification of AFM tips has been used to measure interaction forces
between individual oocysts and particles found in soil in varying liquid environments (Considine at
al., 2002; Searcy et al., 2005; Tufenkji et al., 2006). This data can be used to make predictions about
oocyst migration in aquatic environments and to aid removal of Cryptosporidium oocysts in natural
subsurface environments and filtering systems in water treatment facilities (Searcy et al., 2005).

Table 3 provides information on the four major high-powered microscopy techniques.
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Table 3: The advantages, requirements and limitations of the four major high-powered microscopy

techniques.
Procedure/Attribute Atomic Force Microscopy Super-Resolution Tra.nsmission Electron Sc.anm'ng Electron
(AFM) Microscopy * Microscopy (TEM) Microscopy (TEM)
Resolution <1nm-50 nm 20-50 nm 0.2-10 nm 2-10 nm
Fluorescence labelling, Deposition of sample on grid,

Sample attachment to substrate or
support, physiological conditions
(buffer, temperature, CO;)

Freezing, fixing, critical
point drying, metal
plasma deposition

Sample preparation
and environment

physiological conditions  fixing, dehydration (negative
(buffer, temperature, stain), vitrification (cryo-
C0o;) electron microscopy)
Dehydration, metal
shadowing, beam
damage.

Dehydration, crystal formation,

Artefacts Tip, force, scanning Bleaching, toxicity beam damage

Imaging under native conditions
possible, labelling and staining not
necessary, high signal to noise

Solves protein atomic
3-D cellular structures, p

truct id
high spatiotemporal structures, provices

: ) Surfaces of tissues,
conformational images of

Advantages . resclution, monitoring . . cells, and interfaces at
ratio, measurement of many _ proteins and complexes, images )
R ) : biomolecular processes . . nm scale resolution
parameters (biological, physical and in live cells intracellular structures with
chemical) molecular-resolution
R - Limited to fluorescence . .
Limitations Limited to surfaces No life processes No life processes

labels

*Photoactivated localisation microscopy (PALM), stochastic optical reconstruction microscopy (STORM), stimulated emission depletion (STED).
Adapted from Dufrene et al., (2017)

1.8: Research Aims:
Given the critical need for new techniques for use in research into Cryptosporidium species, this

project aimed to develop a set of imaging tools for investigating the surface characteristics and
mechanical properties of infectious non-fixed Cryptosporidium parvum oocysts in a close to

physiological environment. SEM and AFM imaging methods were investigated.

For successful AFM analysis under fluid, sample ability to withstand probe contact requires a
sufficient method of sample immobilisation to the substrate surface to prevent sample detachment
and/or drift. To develop such a method, multiple oocyst immobilisation techniques were assessed,
including differing substrate, immobilisation method and suspension buffer. For FESEM analysis C.
parvum oocyst samples were imaged using the Hitachi S3400 series SEM. Here a backscatter
electron sensor was used to measure density. The Hitachi S4700 (cold) field emission SEM, with
Bruker “XFlash” quad-element EDX detector was used to gain high definition of oocyst surface
morphology and chemical composition analysis. For fluorescence microscopy oocysts were
analysed using the Olympus 1 x 81, and images were captured using the Andor Zyla 4.2 plus sCMOS
camera. For AFM analysis, oocyst samples were imaged using the Bruker Multimode 8 SPM in peak-
force tapping ScanAssyst QNM in air and in liquid modes and analysed using NanoScope Analysis
v1.40r1. Experiments were set up to test the ability of the developed AFM technique to image live
infectious oocysts by means of infection of cell cultures with imaged oocysts and detection of
subsequent de novo produced oocysts using fluorescence microscopy. Optimisations were

performed; however, the final experiments could not be completed due to time constraints.
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2.0 Methods:

2.1 Sample Preparation:

C. parvum oocyst source and filter purification:
C. parvum oocyst stock (IOWA isolate) was obtained from Bunch Grass Farm, Deary, Idaho and

stored at 4°C. To ensure maximum sample purity, oocyst stock suspension was filter sterilised prior
to slide deposition. 500 ul/slide of 2 x 107 oocysts/ml stock solution (approximately 1 x 10’
oocysts/slide) stock was filtered using a syringe filter with 0.45 um pore size (Sartorius Minisart®
syringe filter) and rinsed through with 50 ml HPLC water (Thermo Fisher Scientific). For oocyst
retrieval from the filter membrane, fluid flow was reversed for a volume of 15 ml and deposited
into a fresh 15 ml falcon tube. The filtered oocysts were pelleted by centrifugation at 2,000 x g for

18 minutes, the supernatant removed, and the pellet re-suspended in 50 pl/slide HPLC water.

Glass Slide preparation and oocyst filter sterilisation:
15 mm spherical glass coverslips (Agar Scientific) were pre-washed with 70 % EtOH (Thermo Fischer

Scientific) and detergent to remove surface contaminants and fatty deposits and rinsed in HPLC
water. Cover slips were then attached to metal AFM specimen discs (Agar Scientific) using double
sided adhesive, and 50 pl 0.01 % (imaging in air) or 0.05 % (imaging in liquid) poly-I-lysine solution
(Sigma Aldrich) was applied to the centre of each coverslip. Slides were then placed in a warming

oven at 60 °C for approximately 30 minutes until dry.

50 pl filter sterilised sample solution was deposited to the dried poly-I-lysine coated surface of each
previously prepared slide and allowed to sediment in a humid environment at room temperature
(r.t.) overnight. At no point were the samples allowed to dry. Following overnight sedimentation,
slides were rinsed of excess oocysts using 2 ml HPLC water/slide and covered with a fluid droplet
to ensure oocysts remained fully hydrated. For AFM imaging in air to ensure minimal sample
dehydration whilst achieving sufficient dryness to allow imaging, samples were drained of the
hydration droplet, air dried and subjected to a gentle nitrogen stream for four seconds directly prior

to imaging.

Preparation of mica slides:
12mm mica slides (Agar Scientific) were prepared for sample deposition by attachment to metal

AFM discs using double sided adhesive tape. To provide a sterile smooth substrate, the mica layers
were split at the edges of the disc using a sharp implement, and the intact apical layer was removed

using rubberized adhesive tape.
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2.2 Substrate and immobilisation optimisations:

Buffer optimisation - DDh20 v 1x PBS v 10x PBS
For liquid AFM imaging, the effects of buffer salt concentration on oocyst appearance and

levels/numbers of attachment was assessed using confocal light microscopy. 0.01 % poly-I-lysine
treated slides with attached oocysts were prepared as previously described (see sample
preparation) until the point of oocyst pellet resuspension, at which point oocyst pellets were re-
suspended and deposited to slides in 20 pl aliquots of either ddH,0O, 1x PBS, or 10x PBS (PBS-
Dulbecco A, OXOID). Slides were allowed to sediment for 40 minutes before rinsing and viewing

under a ddH,0 droplet using confocal light microscopy.

Immobilisation - Gelatine v Poly-I-lysine
All slides were cleaved as previously described to provide a sterile smooth substrate (see

Preparation of Mica Slides). Gelatine solution was prepared by aliquoting 100 ml HPLC water to a
sterile bottle and microwave heating to boiling point. 0.5 g of gelatine (Sigma Aldrich, gelatine from
porcine skin, type A strength 300, Lot SLBUS185) was added to the heated water and vortexed
gently to dissolve, and the mixture was allowed to cool to 60 - 70 °C. A portion of the cooled gelatine
solution was transferred to a sterile beaker, and mica discs were briefly lowered into the solution
and removed, before being allowed to dry on edge at room temperatures overnight. Poly-I-lysine
coated slides were prepared by aliquoting 50 pl of freshly prepared 0.01 % poly-L-lysine solution to

the centre of each slide and drying in a 60 °C drying oven for 30 minutes.

Residual contaminants were removed from oocyst stock solution using filter sterilisation as
previously described. The filtered oocysts were pelleted by centrifugation at 200 x g for 18 minutes,

the supernatant removed, and the pellet re-suspended in 50 pl/slide HPLC water.

50 ul of oocyst suspension was aliquoted to the centre of each of the gelatine and poly-I-lysine
treated slides and allowed to sediment for 20 minutes before rinsing with 2 ml HPLC water. All slides
were imaged using confocal light microscopy at 40x magnification, and images captured using a

hand-held camera.

Buffer optimisation for poly-I-lysine: Water v PBS over time
For AFM imaging in fluid, the effects of 1x PBS sodium chloride and sodium phosphate diluents on

oocyst adherence over time were assessed using confocal light microscopy. Glass and mica sample
slides with C. parvum oocysts immobilised using 0.01 % poly-I-lysine were prepared as previously
described (see sample preparation). Following washing, sample deposition sites were covered in
droplet of 1x PBS or HPLC water and imaged using fluorescence light microscopy. At intervals of 20

minutes slides were rinsed using 2 ml of 1x PBS or HPLC water as appropriate, immediately re-
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covered with a droplet of the same liquid, and imaged at areas of high oocyst adherence density

using confocal light microscopy.

Glass versus Mica
As oocysts were observed to adhere to glass slides, light microscopy was used to evaluate oocyst

deposition numbers on glass vs mica slides prepared both with and without 0.01 % poly-L-lysine

prepared as previously described.

Poly-I-lysine concentration with sedimentation time on glass:
The effects of poly-I-lysine concentration in combination with sedimentation time (over a period of

1 hour) on oocyst adherence numbers were assessed using light microscopy. Glass slides were
prepared with 0.01 %, 0.03 %, and 0.05 % poly-I-lysine and C. parvum oocyst samples as previously
described. Slides of each ply-I-lysine concentration were imaged after sedimentation periods of 15

minutes, 30 minutes, and one hour using confocal light microscopy.

Atomic force microscopy in liquid poly-I-lysine optimisation:
To test the effect of poly-L-lysine concentration on oocyst resistance to probe contact during liquid

AFM, glass slides with attached oocysts were prepared with poly-L-lysine at concentrations of 0.01
%, 0.02 %, 0.03 %, 0.04 %, 0.05 %, 0.06 % and 0.07 % as previously described and imaged using AFM

in liquid. Slides were not allowed to dry at any point prior to imaging.

2.3 Atomic force microscopy

Imaging:

AFM analysis was performed using the Bruker Multimode 8 SPM, and the resulting data was
analysed using NanoScope Analysis v1.40r1. Images in air were attained using Bruker ScanAsyst-AIR

probes, while ScanAsyst-FLUID or ScanAsyst-FLUID+ probes were used for imaging in liquid.

Oocysts were imaged using ScanAsyst® in air and liquid modes. Peak force quantitative
nanomechanical mapping (PeakForce QNM®) mode in air and in liquid was used for mechanical
property measurement. For optimal measurements using PeakForce QNM® mode, probe spring
constant was calibrated prior to each session and on introduction of each new probe. For scanning
large areas in air to locate oocysts, parameters were set at a view window of 100 um, with relatively
high scan-rate of between 0.558 - 0.988 Hz, a low number of samples per line and lines per view
(between 256 and 512), and a peak force setpoint of between 10 - 20 nN. For scanning of large
areas in liquid, scan rate and peak force setpoint were decreased to between 0.1 and 0.2 Hz, and 1

and 5 nN respectively. For high-resolution imaging of smaller areas and individual oocysts, the
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number of samples per line and scan lines/view were increased to between 512 and 1024, and scan

rate was decreased to 0.1 Hz.

Ininstances where deposition or drag were apparent during liquid imaging, scan rate and peak force
setpoint can be decreased to between 1 - 5 nN. Whilst decreasing the peak force setpoint can result
in softer, less defined images, it can enable imaging of less firmly immobilised samples that could
otherwise become displaced upon tip-sample contact, and results in decrease noise. Difficulties
arising during imaging in air, such as probe ‘sticking’ due to residual surface moisture, can be
addressed by decreasing scan rate to the minimum (0.100 Hz) and/or additional nitrogen drying for

a further 2 - 3 seconds, although oocysts hydration may be compromised.

Data analysis:
AFM images were analysed using NanoScope Analysis V. 1.5 particle analysis, slice and bearing

analysis functions. Prior to analysis images were first order flattened and plane fit applied where
applicable. For statistical analysis of oocyst measurements between imaging conditions mean
values, sample variance, sample standard deviation and standard error were calculated for height,
volume, area and diameter measurements. The significance of the difference between the
measurement means for each condition was calculated using a 2-sample t-test assuming unequal

variance.

2.4 Scanning electron microscopy and field emission scanning electron

microscopy:
For SEM analysis C. parvum oocyst samples were imaged using the Hitachi S3400 series SEM. Here

a backscatter electron sensor was used to measure density. The Hitachi S4700 (cold) field emission
SEM (FESEM), with Bruker “XFlash” quad-element EDX detector was used to gain high definition of

oocyst surface morphology and chemical composition analysis.

Initial scanning electron microscopy of fixed oocyst:
250 pl of 2 x 107 oocyst/ml stock per sample (5 x 10° oocysts/sample) was filtered as previously

described and resuspended in 25 ul HPLC water/sample were deposited to adhesive electrically
conductive carbon discs (‘Leit’ tabs) (Sigma-Aldrich) mounted on metal specimen stubs (Sigma-
Aldrich) and allowed to air dry. Samples were then fixed overnight in 2.5 % glutaraldehyde. Prior to
imaging using the Hitachi S3400 series SEM, samples were rinsed with HPLC water and allowed to
air dry.

Samples were imaged under standard parameters, at accelerating voltages of between 10 and 0.5

kv.
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Non-fixed FESEM imaging and EDX chemical analysis parameters:
Oocysts were imaged with the aperture in, acceleration voltage set at 0.5-0.7 kV, and beam current

set to 2 YA. To image at varying depths within the sample, acceleration voltage was increased
incrementally from 5 kV (surface imaging) to 30 kV (through the sample to the underlying
substrate). The facility to image at varying depths within the sample aids determination of feature

location, i.e. whether situated on/within the oocyst wall or below it, internal to the oocyst.

For composition analysis the EDX detector was used to analyse oocysts using the parameters
described in imaging, chemical analysis was performed at varying depths within the sample through

incrementally increasing the accelerating voltage.

2.5 Fluorescence Microscopy:
To assess the infectivity of AFM imaged oocysts (both in liquid and in air), cell culture infections

were performed, and de novo produced oocysts were detected using the Olympus 1x81
fluorescence microscope, and images captures using an Andor Zyla 4.2 plus SCMOS camera at
1,000x magpnification. For oocyst detection, samples were stained with both Crypt-a-Glo™
(Waterborne Inc.), a fluorescein labelled antibody specific to C. parvum oocyst stages, and 4',6-
diamidino-2-phenylindole (DAPI) for DNA staining. In addition, fluorescence microscopy of stock
oocysts and non-imaged oocysts produced by infection of cultured cells were performed as a

positive control. Images were edited using Imajel.

Staining protocol:
Glass coverslips were treated with pol-I-lysine, and 9 ml oocyst stock solution (1 x 107 oocysts/slide)

was filtered, resuspended, and applied to dried coverslips as previously described. Once dried
down, the samples were fixed using 45 pl methanol/slide to enhance DAPI staining. Once the
fixative had fully dried (=30 minutes), as pertinent, =45 ul Crypt-a-Glo™ antibody solution
(Waterborne Inc) was applied to the fixed sample spot at the centre of each coverslip, and samples
were left to stain at r.t. in a humid chamber for a minimum of one hour (overnight staining can be
adopted if sampled are stored in at 4 °C). Slides were then rinsed of Crypt-a-Glo™ using 1 ml HPLC
water. Once dry, 45ul Fluoroshield™ with DAPI (Sigma Aldrich) or Fluoromount™ Aqueous
Mounting Medium (Sigma Aldrich) as appropriate was applied to each slide prior to cover-slip
application. Cover-slips were then sealed with nail varnish (Boots) and stored in aluminium foil

(Wilko Retail LTD) until viewing.

Fluorescence imaging of stock oocysts:
For fluorescence imaging of stock oocysts, samples were separated into two immobilisation

conditions, one group of oocysts were immobilised to coverslips using 0.01 % poly-I-lysine (as in
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AFM imaging in air), and one group immobilised using 0.05 % poly-I-lysine (as in liquid AFM imaging)
Each of these groups was then divided into three conditions (each repeated in triplicate), including
oocysts stained with Cryptosporidium oocyst specific Crypt-a-Glo™ fluorescent stain, oocysts
stained only with DAPI stain for imaging of genetic material, and oocysts stained with both DAPI
and Crypt-a-Glo™. Immobilisation conditions were compared for analysis of oocyst attachment

numbers and patterning.

2.6 Cell Culture:

Cell revival:
For cryopreservation, cells were frozen in the standard growth medium + 5% DMSO. Fresh COLO-

680N or HCT-8 cells were removed from storage at -80 °C and placed on dry ice before thawing in
a water bath at 37 °C. Freshly made RPMI-1640 media (Sigma-Aldrich. Lot no. RNBF8560)
containing 10 % heat inactivated foetal bovine serum (h.i FBS- Sigma -Aldrich. Lot no. BCBR0289V),
penicillin (100 U/ml), and streptomycin (100ug/ml) per ml was similarly heated to the same

temperature.

In the class Il biosafety cabinet, 10 ml fresh warmed media was aliquoted to a fresh 15 ml falcon
tube, followed by addition of 1ml thawed cell suspension. This suspension was homogenised, and
cells washed of dimethyl sulfoxide (DMSO - cryoprotectant) (Sigma-Aldrich) by pelleting at 300 x g
for three minutes. The supernatant was removed and the pellet re-suspended in 10 ml fresh
warmed media. The resulting cell suspension was transferred to a T25 flask and incubated at 37 °C

with 5% COa.

Culture Splitting and Bulk Up:
Once the revived cells reached a confluency of roughly 70 - 80 % (1 - 2 days), they were split to

continue culture in 2 x new T75 flasks. Fresh RPMI media with 10 % h.i FBS, and penicillin and
streptomycin per ml, 1x f.s. PBS and 0.25 % trypsin EDTA were heated in a water bath to 37°C to
avoid cell shock due to cooling (roughly 40 minutes). In the biosafety cabinet media supernatant
was removed, and the T25 flasks rinsed with 10 ml warmed PBS (for removal of excess media, as
FBS can inactivate trypsin). 2 ml 0.25 % trypsin was added the flask, ensuring full coverage of the
base and attached cells, and incubated for roughly two minutes until the cells became turbid (as
with confluency, turbidity can be verified using confocal light microscopy). Once turbid, 10 ml media
was added to deactivate the trypsin prevent cell damage due to prolonged exposure. 10 ml of the
cell suspension was transferred to a fresh 15 ml falcon tube and pelleted by centrifugation at 300 x

g for 3 minutes. Following careful removal of the supernatant the pellet was re-suspended in 10 ml|
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fresh warmed media. 10 ml of fresh media was added to each of two T75 flasks, followed by
addition of 2.5 ml of the new cell suspension. This process was repeated when the cells reached
confluency (roughly every 3 days). The first splitting is cell passage 1, the cultures can only be
passaged 16 times before cell integrity become compromised and fresh cells must be revived. For
further culture bulking, 6 ml of the washed cell suspension from the T75 flasks was added to 24 ml
fresh media in fresh T175 flasks and maintained in future passages by detachment with 5 ml 0.25

% trypsin, and passage of 2.5 ml of final washed suspension into 27.5 ml fresh media.

2.7 Infection experimental procedures:

Excystation composition experiment:
In addition to imaging at sections through the sample, globular cluster feature location was further

investigated through parallel imaging and chemical analysis of whole oocysts, excysted filter
isolated oocysts walls, excysted internal components isolated from oocyst walls and excysted non-
filtered oocysts (see figure 2), in each of the above conditions cluster feature presence and

location/patterning were analysed.

Excystation procedure:
=1 x 107 oocysts/excystation condition (0.5 ml f.s stock) were pelleted at 2,000 x g for 8 minutes.

The pellet was resuspended in 500 pl excystation solution (100 pl 0.01 % trypsin + 400 pl 0.5 %
sodium hypochlorite) in 1 ml microfuge tubes, and incubation at 37 °C for 3 - 4 hours or until
sporozoites exceed 80 % of the theoretical maximum (4x the number of oocysts-monitor
excystation progression using a haemocytometer). Oocyst material was then pelleted at 2,000 x g

for 8 minutes and washed in 1x f.s PBS.

Excystation solution filtering and sample preparation:
Excystation solution was filtered and isolated oocyst walls retrieved as previously described for

oocyst stock sterilisation, isolated excysted oocyst contents were retrieved by pelleting filtered
solution at 2,000 x g for 8 minutes. For all samples, supernatant was removed, and pellets were re-
suspended in 20 pl HPLC water. Each sample was then deposited to carbon leit tabs as previously

described. Samples were imaged the Hitachi S4700 FESEM as previously described.
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Figure 2: Schematic illustrating FESEM imaging and EDX compositional analysis experimental design.

Initial infection for fluorescence imaging: non-AFM imaged control and determination of

optimal cell type for short-term oocyst production:
For determination of the optimal cell line for infection and production on de novo oocysts in the

short-term COLO-680N (as described Miller et al., 2018) or HCT-8 cell lines (Sifuentes and Di
Giovanni, 2007). Cell cultures of both cell lines and oocyst excystation were performed as previously
described (see ‘excystation procedure’ and ‘cell culture’). For infection, old media was removed
from T75 flasks containing cultured cells at 70 % confluency (one flask with HCT-8, one with COLO-
680N) and replaced with fresh media (warmed to 37 °C). Each flask was then inoculated with 52 pl

excystation fluid and stored at 37 °C.

As these cell lines are known to begin producing oocysts at differing days post infection (Sifuentes
and Di Giovanni, 2007; Koloren and Dinger, 2008; Miller et al., 2018) the supernatant from HCT-8
cell lines was removed and stored for analysis at day seven and COLO-680N cultures were similarly

processed on day thirteen.

To establish success of failure of infection, cell culture supernatant was removed, aliquoted to fresh
15 ml falcon tubes, and larger cell debris removed by pelleting at 300 x g for 3 minutes, followed by
removal of the supernatant. The supernatant was spun again at 5,000 x g for eight minutes, the
resulting supernatant removed, and the pellet re-suspended in 100 ul 1 x f.s. PBS (repeated twice
as wash step). Fluorescence staining and slide preparation were performed as previously described

(see ‘staining protocol’).
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Infection with imaged oocysts and fluorescence microscopy:
For infections using AFM imaged oocysts, multiple parallel infections and conditions were enabled

by cell growth and infection on coverslips in 24 - well plates. There were three conditions per
infection: the infection condition (both cells and excysted sporozoites), wells containing cells only,
and wells containing excysted sporozoites only (as negative controls). These conditions were
repeated twice to give a total of 8 slides per condition across the 24 wells, allowing imaging of slides

at different dates post infection (see figure 3).

Cells + Cells Sporozoites Cells + Cells Sporozoites
sporozoites sporozoites

24 well
plate.

@000
@000
@00 0
00 0
@00 0
@000

Image day 7 Image day 9 onward

Figure 3: Schematic representation of cell culture infections and control sample preparation design.

Well plates containing circular glass coverslips were UV sterilised for one hour. Cells of one T75
culture flask were detached, washed and re-suspended as previously described. 1 ml fresh media
was added to each well, and 100 pl cell suspension was added to 16 of the 24 wells, leaving 8 wells
as cell-free controls. Well plates were incubated at 37°C until cell confluency reached roughly 70 %

(2 - 3 days), at which point infection protocol can proceed.

For infection, AFM imaging was conducted as previously described. Glass slides with attached
imaged oocysts were halved, submerged in microfuge tubes containing 500 ul excystation solution
(see excystation procedure), and incubated for 3 - 4 hours (due to variability in oocyst-slide

attachment, theoretical maximum sporozoite yield could not be calculated). Glass slide shards were
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removed, rinsed of excess excystation solution with 1x f.s. PBS (retained), and imaged using
confocal light microscopy to ensure absence of retained oocysts and/or sporozoites. Excystation
mixtures were pelleted at 2,000 x g for 8 minutes, the supernatant removed, and the pellet re-
suspended in 500 pl 1x f.s PBS (repeated twice to wash). The media in the well plates was
replenished with fresh media (1 ml/well, warmed to 37 °C), and 16 of the 24 wells were inoculated
with 100 ul of oocyst excystation product (see figure 3). Well plates were incubated at 37 °C for
seven days prior to initial fluorescence staining and imaging, and a further 2-3 days for delayed

fluorescence imaging.

2.8 Analysis of non-oocyst globular features:

Atomic force microscopy: E. coli, stock treated with antibiotics
For clarification of rod-like and globular feature origin, stock solution was tested for bacterial

contamination pre and post filtering, samples were treated with broad-spectrum antibiotics and
imaged using AFM in air, and Escherichia coli was imaged using AFM in air for comparison with

features in untreated samples.

DH5a strain E. coli cultures were obtained, colonies immobilised and imaged using 0.01 % poly-I-
lysine for AFM in air as previously described for immobilisation and imaging of C. parvum oocysts.

Images were analysed and features present compared to those in non-treated samples.

For antibiotic treatment of stock solution, 2 ml fractions of stock solution were treated with 2 pl
100 mg/ml ampicillin, and 2 pl 50mg/ml chloramphenicol (1:1000). After two days, samples were

filtered and prepared for imaging using AFM in air as previously described.

PCR
Four PCR reactions were performed using the 27F and 1292R primer set to test for bacterial DNA in

oocyst stock solution by targeting the V6 region of the 16S SSU rRNA gene. Alongside filtered and
non-filtered oocyst stock solution, DH5a strain E. coli DNA was used as a positive control, and a
DNA free solution was used as a negative control. The 27F and 1292R primer set produces a
fragment roughly 1,484 bp in length. Forward primer sequence: 5'- AGA GTT TGA TCN TGG CTC AG-
3', reverse primer sequence: 5'- GG TTA CCT TGT TAC GACTT- 3'.

For PCR analysis of stock solution, 50 ul of filtered stock solution was prepared and pelleted as
previously described for AFM analysis of oocysts. For maximum content retention, 50 pl of non-
filtered oocyst stock was pelleted at 14,000 x g for 5 minutes. Both pellets were re-suspended in 2

pul HPLC water.
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Reactions were completed at 50 pl total volume per reaction. Individual reactions consisted of: 25
ul PCR buffer, 4 pl forward primer (5 pmol/ul), 4 pl reverse primer (5 pmol/pl), 2 pl sample for
analysis/DNA, and 15 pl HPLC water.

Reactions had a preliminary denaturation interval of 94°C for 2 minutes, followed by 30 cycles of 1
minute at 91 °C, a 1-minute annealing period at 55 °C, followed by an extension period of 72 °C for
2 minutes. The incubation cycle was completed with a final 2-minute period at 72 °C. Reactions

were stored on ice pending gel analysis.

Gel analysis:
1 % agarose gel was prepared containing 4 pl ethidium bromide per 50 ml gel. 50 pl samples were

mixed with 10 ul loading buffer. 20 ul of sample was loaded per well, against 10 ul 1Kb ladder
(Invitrogen cat: 10787018). The gel was separated at 70v. The gel was imaged using the G:BOX gel

imaging system (Syngene).

3.0 Results:

3.1 Scanning electron microscopy and field emission scanning electron
microscopy:

Scanning electron microscopy analysis of fixed oocysts:
In order to determine the capabilities of the scanning electron microscopy in imaging non-sputter-

coated Cryptosporidium oocysts, initially C. parvum oocysts were fixed using 2.5% glutaraldehyde

and imaged using the Hitachi S3400 series SEM.

SEM analysis of fixed oocysts resulted in desiccation and concave collapse of oocysts, with very few
oocysts retaining their spherical hydrated shape. SE imaging resulted in some charging of the
sample, causing ‘glow’ effects with decreased surface resolution. SE analysis also revealed some
variation in the pattern of oocyst collapse, with most in areas of confluent attachment taking on a
concave ‘bowl-like’ shape, where single oocysts assumed a convex form with flattened edges. BSE
density analysis and SE surface topography revealed distinctive ‘globular cluster features’ within

the raised borders of the concave collapsed oocysts (fig 4).
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Fig. 4: SEM analysis of fixed oocysts.

BSE imaging at 2710 and 2700 x magnification (A and B respectively) reveals desiccation and
concave collapse of oocysts (green arrows). Few oocysts retain a spherical appearance (white
arrows). SE imaging (C and D) shows charge ‘glow’ effects (pink arrows), and variation in oocyst
collapse patterning (convex collapse - blue arrows). BSE (A and B), and SE analysis (C and D) reveal
‘globular features’ within the concave oocysts (red arrows).

Field emission scanning electron microscopy analysis of unfixed oocysts
As sample fixing conferred no apparent benefit and potentially removed oocysts further from their

natural state it was determined that the purposes of this study would be best met by continuing
SEM analysis using non-fixed oocysts. The capabilities of FESEM to provide greater image resolution

were also assessed using non-fixed oocysts.

FESEM analysis of non-fixed oocysts allowed higher resolution imaging of individual oocysts than
SEM analysis. Imaging at low accelerating voltages (ACC V) in combination with exposing the sample
to vacuum conditions whilst still covered in a thin water droplet allowed imaging of large numbers
of oocysts at around 600 x magnification prior to the widespread appearance of dehydration effects

and oocyst collapse (fig 5).
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Fig 5: FESEM imaging

FESEM image of non-fixed oocysts at low magnification and ACC V allows imaging of large numbers of
oocysts that did not collapse. (The green square shows the area over which the SEM would provide an
EDX map).

Imaging with an accelerating voltage of 1.5 allowed high resolution images of the oocyst surface at
higher magnifications with a decreasing rate of oocyst collapse, revealing what appeared to be a
‘dimple’ like feature on the oocyst surface (fig 6), which to our knowledge has not been
documented in previous research. Increasing the ACC V to 5 kV and above caused charge effects
and decreased resolution of surface topography as electrons passed deeper into the sample, whilst
imaging at lower accelerating voltages resulted in decreased resolution due to a low resulting signal
(fig 6 and 8). Imaging collapsed oocysts revealed unknown ‘globular cluster’ features within the

raised boarders of the oocyst walls (figure 7).
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Figure 6: FESEM imaging of unfixed oocysts.

Few oocysts remain intact without fixing and can be imaged without collapsing at up to 13,000 x
magnification. Accelerating voltages of 1.5 Kv allow high resolution imaging of oocyst surfaces (A
and B), where higher accelerating voltages of 5-10 kV result in increasingly low resolution (C and
D) and charge effects (yellow arrow). Images A and C show a dimple-like feature located on the

oocyst surface (blue arrow).

2213
SE MAG: 7000x HV:10kV WD:158mm Px: 14 nm

Fig. 7: FESEM analysis of collapsed oocysts.

FESEM analysis revealed the presence of ‘globular cluster’ features internal to the raised edges of

the collapsed oocyst walls (white arrows).
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Sample exposure to vacuum conditions and electron beam damage causes dehydration and
collapse of oocysts, beginning with creasing and indentation of the outer shell, as shown in figure

8.

2681 : 2686
SE MAG: 4000x HV:0.7kV WD: 184 mm Px: 24 nm SE MAG: 6000x HV:0.5KkV WD:17.7mm Px: 16 nm

2692 2693
SE MAG: 11.0kx HV: 0.5kV WD: 17.7 mm Px:9nm SE MAG: 11.0kx HV: 0.5kV WD: 17.7 mm Px: 9 nm

Fig 8: Effects of imaging conditions upon non-fixed oocyst structural integrity.

Increasing magnification leads to rapid collapse of oocyst structure, as shown in images A and B
(white arrows).

Addressing cavitation speed by lowering ACC V led to a corresponding decrease in signal, and
therefore image resolution. Image A was attained at 0.7 Kv, and image B at 0.5 Kv.

Progression of cavitation can occur over a period of a few seconds (C and D-green arrows), here
image D was captures within a 5 second interval of image C.

Analysis of ‘globular cluster’ feature location by imaging at varying accelerating voltages:
Use of SE analysis with progressively increasing acceleration voltage revealed that previously

identified ‘globular cluster’ features were most clearly visible at accelerating voltages of between

10 and 20 Kv, suggesting that they are situated beneath the oocyst wall (Fig. 9).
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Figure 9: Use of SE analysis with increasing acceleration voltage to image at progressive depths through
the sample for ‘globular cluster’ feature analysis.

Low accelerating voltage of 1.5 Kv provides high resolution imaging of the sample surface (A), whereas
increased ACC V of between 5 Kv and 20 Kv provides data from beneath the outer oocyst surface (B-D).
Increasing the ACC V to 30 Kv images the underlying substrate (E). Cluster feature location is indicated
with red arrows.

EDX analysis of ‘globular cluster’ features:
EDX analysis was applied to help investigate the nature of the ‘globular cluster’ features through

providing maps of sample chemical composition which can be directly compared to SE generated

images.

EDX analysis revealed that areas of ‘globular cluster’ location revealed by SE analysis co-localised
with areas of high phosphate and magnesium, appearing in similar ‘cluster’ patterning and form.
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This data suggests that these features are high in phosphate and magnesium content (fig. 10). Many
areas of co-localisation between phosphate and magnesium content were not paralleled in SE

analysis.

EDX analysis of whole vs. excysted oocysts revealed that the cluster patterning observed in whole
oocysts was not present in any condition in which excystation had occurred. Excysted and excysted
filtered samples displaying very low levels of phosphorus and magnesium content overall with
disperse and approximately even distribution (fig. 11). Filter isolated oocyst contents did not reveal

significant signal levels or patterning for any chemical element.

2224
SE MAG:4200x HV:10kV WD: 157 mm Px: 22.5nm

Fig. 10: EDX analysis of ‘globular cluster’ features.

EDX analysis reveals areas of phosphate and magnesium co-localisation (A and B respectively)
with ‘globular clusters’ shown by SE analysis (A). Analysis reveals areas of co-localisation between
all three views (yellow bands). Red bands indicate areas high in Mg and P not visible in SE analysis
(A).
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Fig. 11: EDX analysis of whole and excysted oocysts.

Whole oocyst surfaces (A-C) are analysed using SE imaging (A) and EDX analysis (B and C). EDX analysis
reveals ‘clusters’ of co-localisation in phosphorus and magnesium. SEM imaging of excysted samples
(D-F) reveals flattened oocyst shells (D). EDX analysis shows no clustering of magnesium or
phosphorus localisation (E and F).

3.2 Immobilisation optimisation for atomic force microscopy:
To determine the optimal substrate, immobilisation treatment and buffer/imaging solution for

immobilisation of oocysts for AFM imaging, light microscopy was used to compare oocyst
adherence frequencies between mica slides treated with poly-L-lysine vs. gelatine, non-treated
glass and mica surfaces, glass slides treated with varying concentrations poly-L-lysine, and 1xPBS vs

HPLC water as buffer/imaging solution.

Glass vs. mica:
Glass surfaces were found to provide superior attachment numbers and strength to mica surfaces.

Gelatine vs. poly-Il-lysine:

Optimisations established that gelatine does immobilise C. parvum oocysts, but that poly-I-lysine

provides superior oocyst attachment numbers (fig. 12).
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Gelatine

Poly-I-lysine

Fig. 12: Gelatine vs. poly-I-lysine immobilisation

Representative image samples of oocyst immobilisation using porcine
gelatine vs. poly-I-lysine, imaged using a compound light microscope at
400 x mag.

Poly-I-lysine concentration:
Poly-L-lysine optimisations using confocal light microscopy in conjunction with AFM imaging

revealed an inverse relationship between the effects of poly-I-lysine concentration on attachment

number and strength of attachment.

Buffer optimisation:
Buffer optimisations determined that use of 1x PBS as a buffer solution for oocysts immobilised

using poly-I-lysine results in progressive oocyst detachment over time (Fig. 13). During the 80-
minute time frame over which slides were imaged, samples covered in a droplet of HPLC water

showed no noticeable decrease in oocyst numbers between washes, samples covered in PBS
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showed decreasing numbers from the first wash after 20 minutes. Results were consistent between

glass and mica slides.

Wash 1

Wash 2

Wash 3

Wash 4

Fig. 13: Buffer optimisation for oocyst immobilisation using poly-I-lysine on glass.
Buffer optimisations revealed that hydration in PBS causes progressive detachment of
oocysts over time. Optimisations were imaged using a compound light microscope at

400 x mag.
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3.3 Atomic force microscopy:
In AFM imaging of C. parvum oocysts, both imaging conditions (imaging in air or liquid) and age of

oocyst resulted in varying oocyst appearance and attachment characteristics. Initial AFM images of
C. parvum oocysts under liquid were of oocysts shed three to five months prior to analysis. These
images were compared to those of fresher oocyst stock, which was imaged within 1 month of
shedding. In all cases, oocysts images under liquid maintained a hydrated appearance, with no
collapse of the oocyst wall (Fig. 14). Older oocysts displayed increased attachment strength,
decreased numbers, and more disperse attachment than exhibited by freshly produced oocysts,
which exhibited comparatively closer packing with a lower overall attachment stability despite an

increased substrate and oocyst-oocyst contact area (Fig. 15).

Fig. 14: Liquid AFM
Three-dimensional AFM image of a single oocyst imaged under fluid within 1 month of
shedding. Scan size: 6 um.
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Figure 15: AFM images of C. parvum oocysts under liquid.

Oocysts imaged within 1 month of shedding exhibit confluent attachment with oocysts
appearing roughly spherical at scan diameter 100 um (A and B). Decreasing scan size to
focus on individual oocysts (C — scan diameter 48.4 um) results in the appearance of scan
lines, whereas using the zoom function results in greater magnification with fewer scan
artifacts (D — 6 um).

Images under liquid show freshly produced oocysts (imaged within 1 month of shedding) to be
roughly spherical with smooth surfaces lacking any ultrastructural features. In comparison, oocysts

imaged three to five months post shedding displayed increasingly irregular, lumpy form (Fig. 16).
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Fig 16: AFM images of oocysts imaged under liquid 4 months post shedding.
Three-dimensional topographical display reveals that oocysts stored for between three to five months
prior to imaging develop an irregular ‘bumpy’ appearance. The presence of unknown globular features
increases as oocyst stock ages (red arrows). Scan size: 12.6 um (A), 10 um (B).

In addition to changes in oocyst appearance with age, rod-shaped features were present in stock
solution which had been stored for three months (Fig. 17). These features were roughly 6 - 7 um in
length and 1.5 — 2 um across. As stock solution aged further, rod-shaped features were replaced
with increasing numbers of small globular features (Fig. 18). These unidentified features were

between 1 —2 um in diameter and roughly spherical in shape.

Fig. 17: AFM in air imaging of non-oocyst features
Oocyst stock imaged three months after shedding contained multiple rod-like features, each roughly 7um
in length, and 1.5 pum in diameter. Scan size 11 um.

45



Tansy Vallintine

Height 20.0 ym

Fig. 18: AFM images of non-oocyst globular features
Images were captured in air at scan size 100 um (A), 33.2 um (B), and 18.2 um (C). Image A: red
arrows indicate where stretch effect has resulted in drag, yellow arrow indicates an oocyst.

Both fresh and older oocysts imaged in air displayed higher attachment stability and numbers than
seen in liquid conditions, with oocyst exhibiting cluster attachment patterning (Fig. 19). When
imaged in air, oocyst appeared flattened, with some variation in collapse patterning. Individual
oocysts displayed a tendency to fall flat, with the topographical profile of the oocyst contents visible
(convex appearance in section) and folding and irregularity of the surface (Fig.20), while oocysts
situated within clusters always displayed raised edges with a deflated central region (concave

appearance in section), giving the appearance of a honeycomb like structure (Fig. 19).
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K [ | ‘
Height 2.0 um

Fig. 19: AFM imaging of oocysts in air.

When imaging in air, confluent attachment resulted in concave dehydration patterning. Decreasing scan
size from 33.2 um (A) to 11 um (B) revealed areas of adhesion at points of contact between oocyst walls
(white arrows). ‘Globular cluster’ features previously identified in FESEM analysis are visible internal to
the raided borders of the oocyst walls. Oocysts imaged within 1 month of shedding.

In all cases, imaging in air provided enhanced resolution of oocyst surfaces over oocysts imaged in
liquid, enabling imaging of features such as the opened suture structure of an excysting oocyst (Fig.
21). In some instances, imaging in air revealed angular repetitive patterning resembling scoring of
the oocyst surface, with parallel features running angles distinctive from the scanning angle.
Further analysis found that the nature and direction of the patterning remained unchanged upon

alteration of the scan angle, suggesting that these features are not scan line artifacts (figures 21

and 22).
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Height 2.0 um

993.4 nm

-329.3 nm

Fig. 20: High resolution AFM images of oocysts imaged in air

Single oocysts exhibiting stages of ‘convex’ dehydration form. Some globular features are visible

(white arrows - A and D).
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Height 1.0 ym

Fig. 21: AFM in air, identification of fine features.

A C. parvum oocyst imaged in air, showing an open suture structure (edges indicated with white
arrows). Parallel repetitive angular features are visible (within black boxes).

Scan line direction is indicated (blue arrow).

Fig. 22: Single oocysts imaged at different scan angles.

Parallel angular features remain unchanged when scan angle is altered from 0° (A), to 90° (B).
Blue arrows indicate scan direction, black arrows indicate the location of prominent features.
Scan size 8 um.
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AFM imaging in air revealed smaller features adhering to surfaces of oocysts imaged over 4 months

post shedding (Fig. 23).

1
9.0um

00 1: Height

Fig 23: AFM height representation. Detection of small surface features.
AFM imaging in air of oocysts imaged 5 months post shedding revealed

widespread small surface features.

QNM analysis of oocysts imaged within one month of shedding revealed ripple-like patterning in

deformation and adhesion forces (Fig. 24).
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Figure 24: Deformation and adhesion readings for oocysts imaged within 1 month of
shedding.

QNM analysis of oocysts imaged within one month of shedding revealed ripple-like patterning
in deformation and adhesion forces (A and B respectively).

3.4 Data analysis:
Using the NanoScope Analysis ‘slice’ function, the mean height of oocysts imaged in liquid was

founds to be 2.07 um, where the mean height (measured at the highest point) of oocysts imaged
in air was 1.51 um. The ‘particle analysis’ function was used to determine both the area and
diameter of individual oocysts. Oocysts imaged in liquid had a mean area and diameter of 24.82um?
and 5.5 um respectively, where oocysts images in air had a mean area of 22.8 um?and a 5.17um
mean diameter. The ‘bearing analysis' function was used to determine oocyst volume, oocysts in

liquid had a mean volume of 33.57 um3, where those imaged in air had a mean volume of 17.91

um?3. Table 4 displays the complete set of statistical values calculated from oocyst measurements.

Height Area Volume

Air Fluid Air Fluid Air Fluid
Mean 1.509 | 2.064 | 22.788 | 24.815 | 17.907 | 33.565
Variance 0.397 | 0.457 |111.707|116.838 |2223.858(455.852
St. dev. 0.63 0.676 | 10.569 | 10.809 | 14.962 | 21.351
St. err. 0.168 | 0.195 2.93 3.12 3.999 | 6.163
n 14 12 13 12 14 12
t-value 0.042 0.641 0.046

Table 4: AFM statistical values

The mean, variance, standard deviation, standard error t-value and n (sample
number) for the height, area and volume of C. parvum oocysts imaged under AFM
in both air and fluid.
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To determine if there was a significant difference between the means of each measurement
(height, area or volume) between each condition (images in air or in fluid) a two-sample t-test
assuming unequal variance was performed for each measurement, where p>0.05 = not significant
(ns), p £0.05 = significant (*). Bar graphs displaying mean measurement under each condition with

standard error and t-test significance results are displayed in figure 24.
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Fig 24: Bar graphs displaying the mean values for each measurement under the
two imaging conditions.
Bars represent the mean values for each measurement. Asterisks and ‘ns’
annotation denote t-test significance results, where ns = not significant, * =
significant, where p = 0.05. Error bars represent calculated standard error.
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Statistical analysis revealed a significant difference between the mean values of volume and height
of oocysts imaged in air and in fluid, with both height and volume of oocysts imaged in liquid being
significantly greater than those imaged in air. There was no significant difference in oocyst area

between the two conditions.

3.5 Analysis of non-oocyst globular features
To help determine the nature of non-oocyst globular features, samples of stock solution were

treated with penicillin and chloramphenicol prior to AFM imaging to assess the effect of antibiotic
treatment on globular feature appearance and frequency. Additionally, due to the faecal shedding
of stock oocysts, AFM imaging and analysis of E. coli was carried out to allow visual comparison with
unknown globular features. PCR analysis of oocyst stock and E. coli samples were completed to

detect potential bacterial presence in the oocyst supply.

Imaging of oocyst stock treated with penicillin and chloramphenicol:
Antibiotic treatment had no effect on the appearance of rod-shaped or non-oocyst globular

features.

E. coli AFM analysis:
AFM analysis in air was used to establish E. coli morphology and appearance under conditions

corresponding to those used during imaging of the unknown features present in oocyst stock
solution (Fig. 26). The E. coli cells exhibited a subtly different appearance to the unknown features,
being more elongated in shape. The NanoScope Analysis particle analysis function was used to

measure mean area and volume of E. coli cells, found to be 1.91um? and 1.55um respectively.

Fig. 26: AFM images of E. coli in air.
Image A: 22um scale view. B: 11.9 um scale view.
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PCR gel analysis of oocyst stock bacterial content:
PCR gel analysis identified a strong band corresponding in size to the primer target fragment (1,484

bp) for both the E. coli positive control sample and non-filtered oocyst stock. For both E. coli and
non-filtered oocyst stock samples, a faint band is visible at around 740 bp (see Fig. 27), this is likely
a result of non-specific primer binding and could be a result of too many cycle numbers being used,
or the annealing temperature being too low (Viljoen, Nel and Crowther, 2005; Biolabs, 2018). These
results indicate that bacterial contamination is present within the oocyst stock, and that this
contamination is at least partially addressed by filter sterilisation. However, it cannot be
determined whether filter sterilisation reduces bacterial numbers sufficiently to preclude bacterial

contamination as the source of the unknown features imaged using AFM.
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Fig. 27: PCR gel analysis.

Both the E. coli positive control sample and non-filtered oocyst stock produced a strong
band corresponding in size to the primer target fragment (=1,484 bp). These samples also
produced faint bands at =740 bp, likely a result of non-specific binding. No bands of any
size were visible in the sample containing filtered stock.
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3.6 Fluorescence microscopy

Fluorescence imaging of stock oocysts:
Fluorescence imaging of stock oocysts was carried out to provide a standard for comparison with

potential infection products. Oocysts stained with Crypt-a-Glo™ appeared roughly spherical and
fluoresced evenly when imaged under FITC. DAPI staining enabled imaging of sporozoite genetic
material, resulting in clusters of bright fluorescence from within each individual oocyst (Fig. 28).
DAPI staining in conjunction with Crypt-a-Glo ™ enables verification of intact oocysts by
confirmation of sporozoite content, and thus supports de novo oocyst production as opposed to
residual shells from excystation solution. Samples prepared with 0.01% poly-I-lysine displayed
increased numbers of oocyst attachment in comparison to those prepared with 0.05% poly-I-lysine

as previously described.

Fig. 28: Fluorescence imaging of stock oocysts.
Crypt-a-Glo™ fluorescence under FITC(A), DAPI staining of sporozoite DNA (B) and corresponding bright-
field images (C).
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Imagel merge function was used to overlap FITC and DAPI channels. In comparing BF and merged
images reveal that flat smooth oocysts (visible in BF) contain no genetic material (no DAPI
fluorescence in corresponding merged image). These flattened oocysts are empty shells, having
excysted in solution. Areas of DAPI fluorescence external to any oocyst walls (BF and FITC), are also
visible, suggesting some oocyst damage or excystation occurred at some point after sample

deposition (Fig. 29).

Fig. 29: Merge function facilitates identification of whole vs. excysted oocysts.

Comparison of BF (A) and FITC-DAPI merged images (B) revealed that oocysts that appear flat and
smooth under BF have no DNA content (DAPI stain) (red arrows). These are likely excysted oocysts.
Oocysts which appear raised and uneven were more likely to contain genetic material, suggesting
that these oocysts were non-excysted (white arrows). Blue arrows indicate genetic material
external to oocysts (excysted oocyst contents), found in proximity to excysted shells.
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3.7 Infection cell line optimisation and fluorescence imaging:
To determine the optimal cell line for C. parvum infection experiments, HCT8 and COLO-680N

cultures were inoculated with excysted C. parvum sporozoites, and the resulting production of de-

novo produced oocysts was assessed using fluorescent microscopy.

HCTS:
Supernatants removed from HCT8 cell line cultures showed no visible signs of successful infection

and resulting oocyst production (Fig. 30).

COLO-680N:
Supernatants removed from COLO-680N cultures contained intact extracellular oocyst stages (Fig.

31), indicating that these cultures were successfully infected and supported the complete life cycle

of the parasite.

HCTS8

Fig 30: Fluorescence imaging of HCT8 culture supernatants.
Fluorescence imaging did not detect any oocyst-like fluorescent features under FITC
(column A). Column B: corresponding bright-field images.
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COLO-680N

Fig. 31: Fluorescence imaging of Colo-680N culture supernatants.
Fluorescence imaging of Colo-680N supernatants revealed oocyst-like fluorescent
features under FITC (column A). Column B shows corresponding BF images.
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4.0 Discussion:
Until now, high resolution imaging of C. parvum has been limited to imaging of fixed (for AFM) and

fixed and sputter coated (for FESEM) samples. Any information gathered by such studies has the
potential to be flawed, as fixing involves killing samples and alteration of their protein structure and
mechanical properties, for example by cross-linking between proteins (using formalin) or
precipitation/denaturing (using methanol). FESEM analysis requires that biological samples are
moved further from their natural state, as previously fixed samples must be critical point dried
(which involved exposure to high pressure and temperature) (Chandler and Roberson, 2009), and
coating of features in an ultrathin layer of conductive material (e.g. gold/palladium alloy) (Suzuki,
2002). The described AFM technique will allow researchers to reliably attain biologically accurate

high-resolution imaging and nano-mechanical data of C. parvum oocysts for the first time.

4.1 Field emission scanning electron microscopy:
FESEM analysis revealed what appeared to be a small ‘dimple’ feature on the surface of selected

oocysts, spatially located on the apical side of spherical non-fixed oocysts. Further, analysis of
collapsed oocysts showed that each oocyst contains a small cluster of globular features, which
exhibit higher density than other oocyst contents (SE analysis), and higher Mg/P content than any
other sample constituent (EDX analysis). SE imaging at varying accelerating voltages in combination
with EDX analysis of excysted vs. whole oocysts indicated that these features were contained within

the oocyst and exit upon excystation.

By imaging at maximum hydration and using relatively gentle parameters (low to minimum
accelerating voltage), it was possible to image unfixed oocysts for a short period before structural
collapse under FESEM. Speed of collapse increased with increasing magnification and ACC V,

therefore resolution remained poor as low accelerating voltage causes low resulting signal.

Cold field emission SEM microscopy uses a more focused electron beam than standard SEM, and
therefore provides higher resolution imaging, however vacuum conditions must be much higher,
placing samples which charge (such as oocysts) under much harsher conditions. Due to the
relationship between accelerating voltage and signal strength, imaging of oocysts required a similar
compromise between imaging resolution and rate of oocyst collapse. The progressive collapse of
oocysts observed under both SEM and FESEM are likely a result of sample dehydration due to
vacuum and electron beam exposure. Desiccation of oocysts causes difficulty in distinguishing
between possible oocyst features and dehydration effects. At 40 minutes, damage due to vacuum

exposure is extensive.
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Dimple feature:
The infrequent appearance of the dimple feature observed in combination with its similar relative

positioning on each oocyst suggests that this may be an imaging artefact, or an element which is
only detectible when the feature is directly facing the electron beam on the surface of a fully
hydrated oocyst. In this instance it is possible that this feature is not visible using other imaging
techniques as it is not located to the outermost layer of the oocyst wall and is therefore only
detectible by SEM which allows imaging at depths within a sample in addition to surface analysis.
Further investigation would be required to determine its origin, potentially using TEM in

combination with proteomics.

Globular cluster analysis:
Imaging at sections through the sample revealed that the globular cluster features were most

visible at ACC V of between 5 - 20 kV. This suggests that the features in question were not located
to the outer surface of the oocyst wall, but instead were internal to the oocyst. EDX analysis of
excysted vs. whole oocysts further supports this theory, as no cluster patterning of phosphorus and
magnesium or any other elements was seen in any of the excysted samples, suggesting that these
features leave the oocyst upon excystation and are likely destroyed by electron beam exposure.
The location, cluster appearance and composition of these features suggests that they could be
oocyst residual bodies (R.B), which are suggested to act as an energy store to support sporozoite
metabolism within the oocyst. Past studies have demonstrated that like the cluster features, the
r.b typically exits the oocyst upon excystation (Harris, Adrian and Petry, 2004; Kar et al., 2011). As
DNA has a high phosphate ion content (Griffiths et al., 1999), and magnesium cations have been
demonstrated to have a role in DNA stabilisation (Anastassopoulou and Theophanides, 2002;
Guéroult et al., 2012) it was also considered that the globular cluster features could be sporozoite
genetic material, although the granular nature, close clustering, and topographical imaging of

similar features using AFM in air suggest this explanation is improbable.

Due to the harsh non-physiological imaging conditions of FESEM imaging, in combination with the
inability to image at high resolution whilst maintaining oocyst integrity, FESEM was not pursued as

a method of high resolution imaging of oocyst surface features.

4.2 Atomic force microscopy:

Immobilisation:
Substrate optimisations revealed that glass surfaces were found to provide superior attachment

numbers and strength to mica surfaces. Immobilisation assessment established that gelatine does
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immobilise C. parvum oocysts, but that attachment numbers are much lower than those provided
by poly-I-lysine. Further, buffer optimisations revealed that application of 1x PBS to sample slides
using poly-I-lysine for sample immobilisation results in progressive oocyst detachment over time.
Continued poly-I-lysine optimisations revealed that with increasing concentration of poly-I-lysine,
the number of oocysts attaching to the substrate decreased, however the strength of the
attachment formed increases. For oocysts shed within one to two months of imaging, a glass
substrate with poly-I-lysine concentration of between 0.07 and 0.08 % provided sufficient
attachment strength for AFM imaging in liquid whilst maximising oocyst attachment numbers. For
oocysts imaged between three and five months post shedding, a glass substrate with 0.05 % poly-

I-lysine provided similar results.

Establishing a reliable sample-substrate attachment technique is an essential first step in any
scanning-probe based imaging technique. For accurate measurement of many biological samples
(including oocysts) it is desirable to avoid drying and to maintain biologically relevant conditions,

necessitating sufficient immobilisation strength to withstand probe interaction forces under fluid.

Previous research into bacterial immobilisation for AFM imaging has revealed that bacteria
containing a glycocalyx (like the glycocalyx layer found at the outer layer of the Cryptosporidium
parvum oocyst wall (Jenkins et al., 2010) can be successfully immobilised by slide coating with
porcine gelatine (Allison et al., 2011). Due to the possible similarity in oocyst wall surface chemistry,
oocyst adherence numbers were compared between slides treated with poly-l-lysine and slides

treated with porcine gelatine, and poly-I-lysine was found to provide superior attachment numbers.

Traditionally, 0.01% poly-I-lysine has been used for oocyst immobilisation (Koh et al., 2013; Koh et
al., 2014). Under aqueous conditions C. parvum oocysts have a net negative surface charge (Drozd
and Schwartzbord, 1996; Ongerth and Pecoraro, 1996; Considine, Dixon and Drummond, 2002; Hsu
and Huang, 2002). As poly-I-lysine is a cationic polymer (Farrell et al., 2007) the oocyst negative
zeta potential enables steric interaction and thus immobilisation to the substrate. 0.01% poly-I-
lysine proved to provide sufficient immobilisation for oocyst immobilisation in air, enabling reliable,
repeated high-resolution imaging of individual oocysts. It is possible that drying down increases
attachment strength through increasing oocyst surface contact with the substrate, or alteration
electrostatic and steric interactions, as hair-like proteins extending from the oocyst surface into
solution collapse (Considine, Dixon and Drummond, 2002; Kuznar and Elimelech, 2005; Searcy et
al.,, 2006). For oocyst imaging in fluid, increased concentration of poly-I-lysine and therefore
increased electrostatic interaction was necessary for sufficient sample immobilisation. The inverse
relationship between oocyst attachment numbers and the strength of attachment suggests

multiple interactions are involved in oocyst-surface adhesion. Given this relationship gelatine
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immobilisation should not be discluded as a possible immobilisation technique in future AFM
research. Glass surfaces were found to provide superior attachment to mica surfaces, which are
commonly used for immobilisation of cells and oocysts in AFM imaging in air (Uchihashi, Watanabe
and Kodera, 2018). As the two surfaces have very similar composition and surface chemistry, this

may be a result of the increased roughness of glass in comparison to mica.

Increasing detachment of oocysts over time under PBS was likely a result of ionic interference with
poly-I-lysine — oocyst electrostatic interaction. For this reason, deionised HPLC water served as a

superior liquid imaging medium for use with this immobilisation method.

Appearance:
AFM analysis in fluid revealed that C. parvum oocysts are roughly spherical and smooth in

appearance, with irregularity and ‘lumpiness’ increasing as oocysts age. Imaging in air, however
revealed varying sedimentation patterns between oocysts imaged in air and in liquid, in addition to
different collapse patterning in air dependent upon oocyst-oocyst proximity with evidence of
oocyst wall interaction at contact points. Imaging in air also revealed unusual surface topography
in collapsed oocysts and provided increased resolution in comparison to liquid imaging. Data
analysis revealed significant differences between the mean values of height and volume of oocysts
between the two imaging conditions (imaged in air vs. in fluid).

For imaging in air, sample collapse was a result of dehydration as previously observed in FESEM
analysis. This partial dehydration was unavoidable, as imaging of humid samples resulted in
‘sticking’, a phenomenon caused by probe tip adhesion to minuscule water droplets on the
substrate and sample surfaces (Schroder, Benton and Rai-Choudhury, 1996). The variation in
dehydration profile observed between lone and confluent oocysts may be a result of the oocyst-
oocyst wall interaction indicated in figure 4 resulting in adherence between adjacent oocyst walls.
It is possible that the decreased image resolution when imaging under fluid could be a result of
increased frequency noise in fluid imaging (Rode et al., 2011), or due to interaction between the tip
and oocyst surface structures (Amro et al., 2000; Bolshakova et al., 2001; Doktycz et al., 2003). Use
of contact over non-contact mode can increase resolution, however in soft biological samples as in
this study this method is not recommended as tip contact can alter the sample (Keyvani et al.,
2017).

The difference in poly-I-lysine concentration required for immobilisation of oocysts imaged within
one month of shedding compared to those imaged after four to five months could be due to a
decrease in oocyst wall rigidity (increased elasticity) with age leading to a decrease in force
translated through the oocyst body, causing less stress to be applied to the poly-I-lysine-oocyst
steric interaction upon probe contact. It is also possible that a decrease in surface proteins
extending into solution over time could result in increased oocyst-poly-I-lysine contact. Data
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analysis revealed that there was no significant difference in oocyst area between the two imaging
conditions, discluding increased surface area as a possible cause. Comparison of nano-mechanical
measurements between oocysts of different ages could be used to investigate this theory further,
although due to the decreased peak force required to image oocysts shed within one month of
imaging resulting in inadequate nanomechanical feedback, a stronger immobilisation method may
be required. The uneven ‘lumpy’ appearance of oocysts imaged between three to five months post-
shedding could be a result of decreased oocyst wall integrity with corresponding changes in rigidity.
The relatively smooth appearance of oocysts imaged in fluid compared to the collapsed flattened
appearance with heightened resolution of those imaged in air is congruent with results of other

investigations imaging other cell types, including bacterial cells (Doktycz et al., 2003).

4.3 Data analysis:
Data analysis of oocyst measurements acquired through AFM imaging revealed that oocysts imaged

in fluid have significantly greater height and volume than those imaged in air. Volume
measurements exhibited the greatest mean difference, as oocysts volume decreases as internal
fluid evaporates during desiccation. This effect is likely also responsible for the decrease in height
observed. No significant difference was detected in the surface area covered by individual oocysts
imaged in air and in fluid, as oocysts flatten upon dehydration whilst the oocyst wall surface area

remains unchanged.

The accuracy of the estimated mean values for each measurement could be improved by increasing
the number of samples (n) analysed. In this study relatively few samples were analysed due to time

constraints.

4.4 Oocyst features:
As imaging at different scan angles did not alter the appearance of the repetitive groove-like

features, these are not likely to be tip effects, and may be previously undocumented features only
visible under certain conditions, and dependent upon partial oocyst dehydration. These features
could be a collapse patterning caused by arrangement of structural components in the oocyst wall,

such as the ordered linear protein matrix described by Harris and Petry (1999).

The small features observed on the surface of oocysts imaged after five months in storage were

likely debris from excysted oocysts contents degrading in solution.
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4.5 Non-oocyst globular features present in stock solution:
The results of the PCR indicated the presence of bacterial DNA within the sample, however the

failure of antibiotic treatment to remove the globular features present within the stock solution

suggests that these are not bacterial in nature.

Although the majority of the literature describes sporozoites as being 4 x 0.6 um in size (Borowski
et al., 20009; Leitch and He, 2012), a 2004 paper by Franz Petry provides light microscopy images
of freshly excysted sporozoites, the majority being banana shaped and roughly 7 um in length and
2 um in diameter, similar in size to the rod-like features. This paper also documents sporozoite
shrinkage and rounding following a 24-hour period stored in solution post excystation. It is possible
that the rod-shaped features seen in oocyst stock imaged 3 months post shedding were recently
excysted sporozoites, possibly ‘flattened’ from their natural curved banana like shape by the effects
of drying and poly-I-lysine interaction. In this case the replacement of these features with increasing
numbers of smaller globular features could be a result of sporozoite shrinkage and rounding due to
increased time in solution. The large size of the rod-shaped objects suggests that they are unlikely

to be bacterial contaminants.

4.6 Future research:
Imaging of harvested cell line supernatants could not be completed due to time constraints,

therefore an essential next step in this research will be to confirm that the developed AFM
technique enables imaging of live infectious oocysts through completion of the described cell
culture infection experiments. It may be necessary to scale up experiments in order to image
enough oocysts to cause infection and repeat the experiment for oocysts imaged both in liquid and

in air.

The study could be expanded to analyse and compare physiology of oocysts of different
Cryptosporidium species. Further, as previously discussed relating to phylogenetic classification of
Cryptosporidium, the enhanced capacities of this method could be used to review and compare the
morphology of Cryptosporidium oocysts to cysts of other parasitic genera such as Giardia. In this
instance modification of immobilisation method may be required due to differing cyst surface
chemistry. Similarly, this technique may be used to compare topographical and nano-mechanical
measurements between oocysts shed from animal infections and thick and thin-walled oocysts

produced through cell line infection.

Future research could utilise the described method of AFM imaging in air for three-dimensional and
nano-mechanical analysis of non-fixed oocyst walls at a sub nm scale. This method has the potential
to identify structures located to the oocyst wall and in combination with proteomic analysis shed

light on oocyst host recognition and excystation initiation.
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5.0 Conclusion
In summary, a new method has been developed for reliable AFM imaging and analysis of non-fixed

C. parvum oocysts in fluid and in air where previously analysis of Cryptosporidium spp. oocysts using
high-powered microscopy techniques have required a minimum of sample fixing prior to imaging.
This will allow researchers to attain dependably biologically accurate imaging and mechanical data
on C. parvum oocysts for the first time. With modification, this technique can be expanded to
provide similar information on other cryptosporidium species, and cysts of other parasitic Genera.
Research into the oocysts of these parasites is of vital importance, as this is the environmentally
hardy, highly infectious stage which has allowed cryptosporidiosis to become a disease of such
global significance. Due to the versatile nature of AFM analysis, the described method will enable
imaging, measurement of nano-mechanical forces, and sample chemical and physiological
manipulation of the oocyst surface down to individual proteins located to the oocyst wall. These
capabilities will open new avenues for research into oocyst proteomics in non-fixed samples. The
information offered by such studies has the potential for use in the development of new treatments
for eradication or de-activation of oocysts within the water supply, and the technique will add to

the tools available for this vital research into the biology of the Cryptosporidium parasite.
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Abstract:

Cryptosporidium is a waterborne apicomplexan parasite typically infecting the upper
gastrointestinal tract of humans and animals. Infection in immunocompetent hosts can cause acute
self-limiting diarrhoeal symptoms, although in infants and immunocompromised, infection can be
life threatening. The infective stage of the parasite survives in the environment as a hardy
cyst/spore or ‘oocyst’. These oocysts have high resistance to disinfectants, enabling them to survive
for long periods in various environments whilst remaining infective. The nature and characteristics
of these “spores” remain elusive, and further research into oocyst composition is necessary to
enable the development of effective water treatment methods and medical prophylaxis, for which
options are currently limited. This project describes a novel method for live imaging and peak force
guantitative nanomechanical property mapping of Cryptosporidium oocysts using atomic force
microscopy (AFM). Employing this method, data on the surface topography and deformation
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characteristics of Cryptosporidium parvum and oocysts has been acquired and analysed to identify
physiological characteristics of live oocyst of the species C. parvum, both in air and in a near native
liqguid environment. Scanning electron microscopy (SEM), field emission scanning electron
microscopy (FESEM), and fluorescence microscopy were used for comparison between imaging
methods, and previous reports. This work will enable investigations into live Cryptosporidium
oocyst structure, composition, and mechanical properties in unprecedented depth. In turn these
capacities can be used to inform and advance our understanding of host specificity and excystation
control, which could enable the development of new methods for treatment and eradication of the
parasite, all areas of vital importance to progress research towards combating this significant

disease.

Keywords: Cryptosporidium parvum, oocysts, AFM, SEM, fluorescence microscopy.

Introduction:

Cryptosporidium is a water borne apicomplexan parasite infecting the epithelial lining of
the upper gastrointestinal (GI) and respiratory tracts of humans and other vertebrate species.
Infection causes the disease cryptosporidiosis, a major international cause of diarrhoeal disease in
humans and animals. In the immunocompetent, infection with Cryptosporidium causes mild to
acute self-limiting diarrhoea and/or respiratory symptoms, however in infants and the
immunocompromised, infection can be fatal. Cryptosporidiosis is primarily spread via the faecal-
oral route, and can survive in the environment for prolonged periods as hardy cyst or ‘oocysts’. Due
to the mode of transition, the highest infection rates occur in developing countries where water
sanitation systems can be inefficient. Cryptosporidiosis is a persistent and ubiquitous disease, with
over 1000 accounts in humans occurring in 95 countries and on all continents except for Antarctica
(Feyer et al., 1997; Ryan, Fayer and Xiao, 2014). Cryptosporidiosis is understood to be responsible

for up to 20 % of reports of childhood diarrhoea in less economically developed countries (Mosier
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and Oberst, 2000), with the proportion of affected individuals in a population ranging from 20-90%
(subject to region) (Dillingham, Lima and Guerrant, 2002). It is responsible for 50.8 % of all parasite
induced waterborne infections (Putignani and Menichella, 2010), and 8 — 19 % of diarrhoeal
complaints in developing countries (Gatei et al., 2006). The pervasiveness of the Cryptosporidium
parasite is the outcome of three factors; the substantial number of oocysts produced and excreted
by the host, the environmentally hardy nature of the oocyst allowing long term survival of the
parasite in the environment (several months in damp and temperate conditions), and the low dose
of oocysts required for infection (Tolboom, 1996; Reinoso, Becares and Smith, 2008). The number
of C. parvum oocysts required for infection in an otherwise healthy human host remains under
debate, with research suggesting a median infective dose of between 132 oocysts (Chappell et al.
1996) to 82 oocysts (Okhuysen et al. 1999) with reports of infections occurring from doses of as low
as 10 oocysts for both C. parvum and C. hominis (Okhuysen et al. 1999; Chappell et al. 2006). Of the
26-known species of Cryptosporidium, 20 species and genotypes have been reported to cause
human infection, however the species accountable for the majority of outbreaks is C. hominis,

closely followed by C. parvum (Xiao, 2010; Ryan, Fayer and Xiao, 2014).

The continued difficulty in tempering the widespread effects of cryptosporidiosis is partially
rooted in the hardiness of Cryptosporidium oocysts, and the lack of effective medical treatments
available. Cryptosporidium oocysts are impervious to many water purification treatments, including
chlorination at concentrations suitable for reliable sterilisation of drinking water, and to surface
disinfectants including ethanol and bleach (Campbell et al., 1982; Korich et al., 1990; Rochelle et
al., 2004) There is currently no effective vaccine against cryptosporidiosis, and the only effective
treatment is the broad spectrum antiparasitic drug nitazoxanide, which can only be used to treat

otherwise healthy individuals (Ali et al., 2014; Sparks et al., 2015).

Due to the widespread significant effects of cryptosporidiosis combined with a lack of
effective medications, there is a critical need to develop new techniques to advance research into

these parasites and aid the development of new and effective prophylaxis and treatments.
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Atomic force microscopy (AFM) is a powerful multifunctional imaging platform, which
utilises a high-resolution scanning probe microscopy (SPM) technique to image and manipulate a
range of biological samples, from arrays of living cells to single molecules (Dufrene et al., 2017). A
three-dimensional topographical map is obtained through mechanical interaction between a probe
and the sample surface. For liquid imaging of live cells, the method of immobilisation must be
chosen with care to avoid compromising cell physiology whilst ensuring attachment is robust
enough to withstand drag or detachment upon sample-probe contact. Commonly utilised
techniques chemical immobilisation and physical entrapment (Razatos et al., 1998; Robichon et al.,
1999; Doktycz et al., 2003; Beckmann et al., 2006; Bolshakova et al., 2001; Dorobantu et al., 2008;
Cerf et al., 2009). A significant advantage of AFM imaging is that use of a fluid cell can enable
imaging in fluid, with control over temperature, buffer composition and flow, allowing imaging of
biological samples and live cells in a close to native environment (Drake, 1989; Radmacher et al.,
1992). Using PeakForce QNM mode, it is also possible to map nano-mechanical measurements,
including sample deformation, elasticity and dissipation (Hoh et al., 1992; Lee, Chrisey and Colton,
1994; Boland and Ratner, 1995; Hinterdorfer et al., 1996; Muller, Baumeister and Engel, 1999;
Allison, Hinterdorfer and Han, 2002; Benoit et al., 2000; Doktycz et al., 2003). The ability of AFM to
image, probe surfaces, and manipulate samples makes this one of the most versatile imaging
techniques currently available. As research progressively moves into the fields of genomics and
proteomics, there will be an increasing requirement for techniques capable of elucidating how and
where gene products interact to establish regulatory and metabolic pathways. High powered and
versatile imaging techniques capable of describing and/or localising molecular interactions within
the live oocyst under a close to natural environment will enable functional delegation of gene
products. The extremely streamlined genome of C. parvum (Abrahamsen et al., 2004), in
combination with their clinical importance, renders this parasite a prime candidate for functional

analysis by imaging. The techniques necessary for appropriate live imaging remain to be developed
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Research aims:

Given the critical need for new techniques for use in research into Cryptosporidium species,
we aimed to develop an AFM analysis technique capable of investigating the surface characteristics

of infectious non-fixed Cryptosporidium parvum oocysts in a close to physiological environment.

For successful AFM analysis under fluid, sample ability to withstand probe contact requires a
sufficient method of sample immobilisation to the substrate surface to prevent sample detachment
and/or drift. To develop such a method, multiple oocyst immobilisation techniques were assessed,
including differing substrate, immobilisation method and suspension buffer. For AFM analysis,
oocyst samples were imaged using the Bruker Multimode 8 SPM in peak-force tapping ScanAssyst

QNM in air and in liquid modes and analysed using NanoScope Analysis v1.40r1.

Methods:

Sample preparation:

C. parvum oocyst source and filter purification:

C. parvum oocyst stock (IOWA isolate) was obtained from Bunch Grass Farm, Deary, Idaho and
stored at 4 °C. To ensure maximum sample purity, oocyst stock suspension was filter sterilised prior
to slide deposition. 500 ul/slide of 2 x 107 oocysts/ml stock solution (approximately 1 x 10’
oocysts/slide) stock was filtered using a syringe filter with 0.45 um pore size (Sartorius Minisart®
syringe filter) and rinsed through with 50 ml HPLC water. For oocyst retrieval from the filter
membrane, fluid flow was reversed for a volume of 15 ml and deposited into a fresh 15 ml falcon
tube. The filtered oocysts were pelleted by centrifugation at 200 x g for 18 minutes, the supernatant

removed, and the pellet re-suspended in 50 pl/slide HPLC water.
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Glass slide preparation and oocyst filter sterilisation:

15 mm spherical glass coverslips (Agar Scientific) were pre-washed with 70 % EtOH and detergent
to remove contaminants and fatty deposits and rinsed in HPLC water. Cover slips were then
attached to metal AFM specimen discs using double sided adhesive, and 50 pl 0.01 % (imaging in
air) or 0.05 % (imaging in liquid) poly-I-lysine solution (Sigma Aldrich) was applied to the centre of
each coverslip. Slides were then placed in a warming oven at 60 °C for approximately 30 minutes

until dry.

50 ul filter sterilised sample solution was deposited to the dried poly-I-lysine coated surface of each
previously prepared slide and allowed to sediment in a humid environment at room temperature
(r.t.) overnight. At no point were the samples allowed to dry. Following overnight sedimentation,
slides were rinsed of excess oocysts using 2 ml HPLC water/slide and covered with a fluid droplet
to ensure oocysts remained fully hydrated. For AFM imaging in air to ensure minimal sample
dehydration whilst achieving sufficient dryness to allow imaging, samples were drained of the
hydration droplet directly prior to imaging, air dried and subjected to a gentle nitrogen stream for

four seconds.

Atomic force microscopy imaging:

AFM analysis was performed using the Bruker Multimode 8 SPM, and the resulting data was
analysed using NanoScope Analysis v1.40r1. Images in air were attained using Bruker ScanAsyst-AIR

probes, while ScanAsyst-FLUID or ScanAsyst-FLUID+ probes were used for imaging in liquid.

Oocysts were imaged using ScanAsyst® in air and liquid modes. Peak force quantitative
nanomechanical mapping (PeakForce QNM®) mode in air and in liquid was used for mechanical
property measurement. For optimal measurements using PeakForce QNM® mode, probe spring

constant was calibrated prior to each session and on introduction of each new probe. For scanning
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large areas in air to locate oocysts, parameters were set at a view window of 100 um, with relatively
high scan-rate of between 0.558 - 0.988 Hz, a low number of samples per line and lines per view
(between 256 and 512), and a peak force setpoint of between 10 - 20 nN. For scanning of large
areas in liquid, scan rate and peak force setpoint were decreased to between 0.1 and 0.2 Hz, and 1
and 5 nN respectively. For high-resolution imaging of smaller areas and individual oocysts, the
number of samples per line and scan lines/view were increased to between 512 and 1024, and scan

rate was decreased to 0.1 Hz.

Ininstances where deposition or drag were apparent during liquid imaging, scan rate and peak force
setpoint can be decreased to between 1 - 5 nN. Whilst decreasing the peak force setpoint can result
in softer, less defined images, it can enable imaging of less firmly immobilised samples that could
otherwise become displaced upon tip-sample contact, and results in decrease noise. Difficulties
arising during imaging in air, such as probe ‘sticking’ due to residual surface moisture, can be
addressed by decreasing scan rate to the minimum (0.100 Hz) and/or additional nitrogen drying for

a further 2 - 3 seconds, although oocysts hydration may be compromised.

Atomic force microscopy data analysis:

AFM images were analysed using NanoScope Analysis V. 1.5 particle analysis, slice and bearing
analysis functions. Prior to analysis images were first order flattened and plane fit applied where
applicable. For statistical analysis of oocyst measurements between imaging conditions mean
values, sample variance, sample standard deviation and standard error were calculated for height,
volume, area and diameter measurements. The significance of the difference between the
measurement means for each condition was calculated using a 2-sample t-test assuming unequal

variance.

96



Tansy Vallintine

Results:

In AFM imaging of C. parvum oocysts, both imaging conditions (imaging in air or liquid) and age of
oocyst resulted in varying oocyst appearance and attachment characteristics. Initial AFM images of
C. parvum oocysts under liquid were of oocysts shed three to five months prior to analysis. These
images were compared to those of fresher oocyst stock, which was imaged within one month of
shedding. In all cases, oocysts images under liquid maintained a hydrated appearance, with no
collapse of the oocyst wall (Fig. 1). Older oocysts displayed increased attachment strength,
decreased numbers, and more disperse attachment than exhibited by freshly produced oocysts,
which exhibited comparatively closer packing with a lower overall attachment stability despite an

increased substrate and oocyst-oocyst contact area (Fig. 2).

Fig. 1: Liquid AFM

Three-dimensional AFM image of a single oocyst imaged under fluid. Scan size: 6 um.
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Figure 2: AFM images of C. parvum oocysts under liquid.

Oocysts imaged within 1 month of shedding exhibit confluent attachment with oocysts
appearing roughly spherical at scan diameter 100 um (A and B). Decreasing scan size to focus
on individual oocysts (C — scan diameter 48.4 um) results in the appearance of scan lines,
whereas using the zoom function results in greater magnification with fewer scan artifacts (D

-6 um).
Images under liquid show freshly produced oocysts (imaged within one month of shedding) to be
roughly spherical with smooth surfaces lacking any ultrastructural features. In comparison, oocysts

imaged three to five months post shedding displayed increasingly irregular, lumpy form (Fig. 3).

Fig 3: AFM images of oocysts imaged under liquid 4 months post shedding.

Three-dimensional topographical display reveals that oocysts stored for between three to five months prior
to imaging develop an irregular ‘bumpy’ appearance. Scan size: 12.6 um (A), 10 um (B).
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Both fresh and older oocysts imaged in air displayed higher attachment stability and numbers than
seen in either liquid condition, with oocyst exhibiting cluster attachment patterning (Fig. 4). When
imaged in air, oocyst appeared flattened, with some variation in collapse patterning. Individual
oocysts displayed a tendency to fall flat, with the topographical profile of the oocyst contents visible
(convex appearance in section) and folding and irregularity of the surface (Fig.5), while oocysts
situated within clusters always displayed raised edges with a deflated central region (concave

appearance in section), giving the appearance of a honeycomb like structure (Fig. 4).

| [ |
Height

2.0 um
Fig. 4: AFM imaging of oocysts in air.

When imaging in air, confluent attachment resulted in concave dehydration patterning. Decreasing scan
size from 33.2 um (A) to 11 um (B) revealed areas of adhesion at points of contact between oocyst walls
(white arrows).
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Height 2.0 um
Fig. 5: High resolution AFM images of oocysts imaged in air

Single oocysts exhibiting stages of ‘convex’ dehydration form.

In all cases, imaging in air provided enhanced resolution of oocyst surfaces over oocysts imaged in
liquid, enabling imaging of features such as the opened suture structure of an excysting oocyst (Fig.
6). In some instances, imaging in air revealed angular repetitive patterning resembling scoring of
the oocyst surface, with parallel features running angles distinctive from the scanning angle.
Further analysis found that the nature and direction of the patterning remained unchanged upon

alteration of the scan angle, suggesting that these features are not scan line artifacts (fig. 6 and 7).
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Height 1.0 pm

Fig. 6: AFM in air, identification of fine features.

A C. parvum oocyst imaged in air, showing an open suture structure (edges indicated with white
arrows). Parallel repetitive angular features are visible (within black boxes). Scan line direction
is indicated (blue arrow).

Fig. 7: Single oocysts imaged at different scan angles.
Parallel angular features remain unchanged when scan angle is altered from 0° (A), to 90° (B). Blue
arrows indicate scan direction, black arrows indicate the location of prominent features. Scan size 8
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Using the NanoScope Analysis ‘slice’ function, the mean height of oocysts imaged in liquid was
founds to be 2.07 um, where the mean height (measured at the highest point) of oocysts imaged
in air was 1.51 um. The ‘particle analysis’ function was used to determine both the area and
diameter of individual oocysts. Oocysts imaged in liquid had a mean area and diameter of 24.82
um? and 5.5 um respectively, where oocysts images in air had a mean area of 22.8 pum?and a 5.17
pm mean diameter. The ‘bearing analysis' function was used to determine oocyst volume, oocysts
in liquid had a mean volume of 33.57 um?3, where those imaged in air had a mean volume of 17.91

um?3. Table 1 displays the complete set of statistical values calculated from oocyst measurements.

Height Area Volume

Air Fluid Air Fluid Air Fluid
Mean 1.509 2.064 | 22.788 | 24.815 | 17.907 | 33.565
Variance 0.397 0.457 |111.707|116.838 |2223.858455.852
St. dev. 0.63 0.676 | 10.569 | 10.809 | 14.962 | 21.351
St. err. 0.168 0.195 2.93 3.12 3.999 6.163
n 14 12 13 12 14 12
t-value 0.042 0.641 0.046

Table 1: The mean, variance, standard deviation, standard error t-value and n (sample number) for the
height, area and volume of C. parvum oocysts imaged under AFM in both air and fluid.

To determine if there was a significant difference between the means of each measurement
(height, area or volume) between each condition (images in air or in fluid) a two-sample t-test
assuming unequal variance was performed for each measurement, where p>0.05 = not significant
(ns), p £0.05 = significant (*). Bar graphs displaying mean measurement under each condition with

standard error and t-test significance results are displayed in figure 8.
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Fig 8: Bar graphs displaying the mean values for each measurement under the two imaging conditions.

Bars represent the mean values for each measurement. Asterisks and ‘ns’ annotation denote t-test
significance results, where ns = not significant, * = significant. Error bars represent calculated standard error.
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Statistical analysis revealed a significant difference between the mean values of volume and height
of oocysts imaged in air and in fluid, with both height and volume of oocysts imaged in liquid being
significantly greater than those imaged in air. There was no significant difference in oocyst area

between the two conditions.

Discussion:

Until now, high resolution imaging of C. parvum has been limited to imaging of fixed (for AFM) and
fixed and sputter coated (for FESEM) samples. Any information gathered by such studies has the
potential to be flawed, as fixing involves killing samples and alteration of their protein structure and
mechanical properties, for example by cross-linking between proteins (using formalin) or
precipitation/denaturing (using methanol). FESEM analysis requires that biological samples are
moved further from their natural state, as previously fixed samples must be critical point dried
(which involved exposure to high pressure and temperature) (Chandler and Roberson, 2009), and
coating of features in an ultrathin layer of conductive material (e.g. gold/palladium alloy) (Suzuki,
2002). The described AFM technique will allow researchers to reliably attain biologically accurate

high-resolution imaging and nano-mechanical data of C. parvum oocysts for the first time.

Sample immobilisation:

Substrate optimisations revealed that glass surfaces were found to provide superior attachment
numbers and strength to mica surfaces. Further, buffer optimisations revealed that application of
phosphate buffered saline to sample slides using poly-I-lysine for sample immobilisation results in
progressive oocyst detachment over time. Continued poly-I-lysine optimisations revealed that with
increasing concentration of poly-I-lysine, the number of oocysts attaching to the substrate

decreased, however the strength of the attachment formed increases. For oocysts shed within one
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to two months of imaging, a glass substrate with poly-I-lysine concentration of between 0.07 and
0.08 % provided sufficient attachment strength for AFM imaging in liquid whilst maximising oocyst
attachment numbers. For oocysts imaged between three and five months post shedding, a glass

substrate with 0.05 % poly-I-lysine provided similar results.

Establishing a reliable sample-substrate attachment technique is an essential first step in any
scanning-probe based imaging technique. For accurate measurement of many biological samples
(including oocysts) it is desirable to avoid drying and to maintain biologically relevant conditions,

necessitating sufficient immobilisation strength to withstand probe interaction forces under fluid.

Appearance:

AFM analysis in fluid revealed that C. parvum oocysts are roughly spherical and smooth in
appearance, with irregularity and ‘lumpiness’ increasing as oocysts age. Imaging in air, however
revealed varying sedimentation patterns between oocysts imaged in air and in liquid, in addition to
different collapse patterning in air dependent upon oocyst-oocyst proximity with evidence of
oocyst wall interaction at contact points. Imaging in air also revealed unusual surface topography
in collapsed oocysts and provided increased resolution in comparison to liquid imaging. Data
analysis revealed significant differences between the mean values of height and volume of oocysts
between the two imaging conditions (imaged in air vs. in fluid).

For imaging in air, sample collapse was a result of dehydration as previously observed in FESEM.
This partial dehydration was unavoidable, as imaging of humid samples resulted in ‘sticking’, a
phenomenon caused by probe tip adhesion to minuscule water droplets on the substrate and
sample surfaces (Schroder, Benton and Rai-Choudhury, 1996). The variation in dehydration profile
observed between lone and confluent oocysts may be a result of the oocyst-oocyst wall interaction
indicated in figure 4 resulting in adherence between adjacent oocyst walls. The uneven ‘lumpy’
appearance of oocysts imaged in air between three to five months post-shedding could be a result
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of decreased oocyst wall integrity with corresponding changes in rigidity. The relatively smooth
appearance of these oocysts compared to the collapsed flattened appearance with heightened
resolution of those imaged in air is congruent with results of other investigations imaging other cell
types, including bacterial cells (Doktycz et al., 2003). It is possible that the decreased image
resolution of images obtained under fluid could be a result of increased frequency noise in fluid
imaging (Rode et al., 2011), or due to interaction between the tip and oocyst surface structures
(Amro et al., 2000; Bolshakova et al., 2001; Doktycz et al., 2003). Use of contact over non-contact
mode can increase resolution, however in soft biological samples as in this study this method is not
recommended as tip contact can alter the sample (Keyvani et al., 2017).

The difference in poly-I-lysine concentration required for immobilisation of oocysts imaged within
one month of shedding compared to those imaged after four to five months could be due to a
decrease in oocyst wall rigidity (increased elasticity) with age leading to a decrease in force
translated through the oocyst body, causing less stress to be applied to the poly-I-lysine-oocyst
steric interaction upon probe contact. It is also possible that a decrease in surface proteins
extending into solution over time could result in increased oocyst-poly-I-lysine contact. Data
analysis revealed that there was no significant difference in oocyst area between the two imaging
conditions, discluding increased surface area as a possible cause. Comparison of nano-mechanical
measurements between oocysts of different ages could be used to investigate this theory further,
although due to the decreased peak force required to image oocysts shed within one month of
imaging resulting in inadequate nanomechanical feedback, a stronger immobilisation method may

be required.

DATA analysis:

Data analysis of oocyst measurements acquired through AFM imaging revealed that oocysts imaged
in fluid have significantly greater height and volume than those imaged in air. Volume

measurements exhibited the greatest mean difference, as oocysts volume decreases as internal
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fluid evaporates during desiccation. This effect is likely also responsible for the decrease in height
observed. No significant difference was detected in the surface area covered by individual oocysts
imaged in air and in fluid, as oocysts flatten upon dehydration whilst the oocyst wall surface area

remains unchanged.

The accuracy of the estimated mean values for each measurement could be improved by increasing
the number of samples (n) analysed. In this study relatively few samples (12-14 oocysts per
condition) were analysed due to time constraints, scaling up to =50 high resolution oocyst images

would provide more accurate estimated mean values.

Oocyst features:

As imaging at different scan angles did not alter the appearance of the repetitive groove-like
features, these are not likely to be tip effects, and may be previously undocumented features only
visible under certain conditions, and dependent upon partial oocyst dehydration. These features
could be a collapse patterning caused by arrangement of structural components in the oocyst wall,

such as the ordered linear protein matrix described by Harris and Petry (1999).

The small features observed on the surface of oocysts imaged after five months in storage were

likely debris from excysted oocysts contents degrading in solution.

Future research:

An essential next step in this research will be to confirm that the developed AFM technique enables
imaging of live infectious oocysts through cell culture infection using oocysts which have been
imaged using the described technique, followed by detection of de-novo produced oocysts using

fluorescence microscopy.

107



Tansy Vallintine
This study could be expanded to analyse and compare physiology of oocysts of different
Cryptosporidium species. Further, as previously discussed relating to phylogenetic classification of
Cryptosporidium, the enhanced capacities of this method could be used to review and compare the
morphology of Cryptosporidium oocysts to cysts of other parasitic genera such as Giardia. In this
instance modification of immobilisation method may be required due to differing cyst surface
chemistry. Similarly, this technique may be used to compare topographical and nano-mechanical
measurements between oocysts shed from animal infections and thick and thin-walled oocysts

produced through cell line infection.

Future research could utilise the described method of AFM imaging in air for three-dimensional and
nano-mechanical analysis of non-fixed oocyst walls at a sub nm scale. This method has the potential
to identify structures located to the oocyst wall and in combination with proteomic analysis shed

light on oocyst host recognition and excystation initiation.

Conclusion:

In summary, a new technique has been developed for reliable AFM imaging and analysis of non-
fixed C. parvum oocysts in fluid and in air where previously analysis of Cryptosporidium spp. oocysts
using high-powered microscopy techniques have required a minimum of sample fixing prior to
imaging. This will allow researchers to attain dependably biologically accurate imaging and
mechanical data on C. parvum oocysts for the first time. With modification, this technique can be
expanded to provide similar information on other cryptosporidium species, and cysts of other
parasitic Genera. Research into the oocysts of these parasites is of vital importance, as this is the
environmentally hardy, highly infectious stage which has allowed cryptosporidiosis to become a
disease of such global significance. Due to the versatile nature of AFM analysis, the described
method will enable imaging, measurement of nano-mechanical forces, and sample chemical and

physiological manipulation of the oocyst surface down to individual proteins located to the oocyst
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wall. These capabilities will open new avenues for research into oocyst proteomics in non-fixed
samples. The information offered by such studies has the potential for use in the development of
new treatments for eradication or de-activation of oocysts within the water supply, and the
technique will add to the tools available for this vital research into the biology of the

Cryptosporidium parasite.
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