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Thesis Abstract

The highly resistant spores of C. difficile are key to the transmission of C. difficile infection and are
capable of withstanding adverse environmental conditions including the antimicrobial activity of
traditional biocides but reactivate through germination in response to specific environmental
germinants and co-germinants. The research presented in this thesis utilised an optical density
germination assay to explore the induction of C. difficile spore germination by germinants and co-
germinants to further understand the regulation of C. difficile spore germination and utilise this
knowledge in a pro-spore germination strategy to eliminate C. difficile spores from the
environment. The bile salt, taurocholate was an efficient germinant, while cholate, glycocholate
and deoxycholate exhibited divergent germination activity with spores of C. difficile NCTC 11204
and C. difficile reference strains representing ribotypes 001, 002 and 015. Only glycine and calcium
had the capacity as co-germinant to induce germination of C. difficile spores but combining glycine
or calcium with selected amino acids reduced or completely inhibited the germination response of
C. difficile spores. A novel bile salt-derived compound, C109, developed to have dual germination
and antimicrobial functionality with C. difficile spores successfully initiated germination and also
demonstrated antimicrobial activity against C. difficile vegetative cells. To develop a C. difficile
sporicidal smart surface a series of polymeric formulations incorporating C109 and additional novel
compounds C114 and C119 were evaluated. Germination of C. difficile spores was successfully
induced but polymer composition and processing conditions were found to influence germination
activity. Evaluation of the antimicrobial activity of polymer formulations incorporating C109
demonstrated a statistically significant reduction in the recovery of viable C. difficile spores. The
dual germination and antimicrobial activity of the polymer formulation incorporating C109 was
therefore successfully demonstrated, providing proof of concept for a sporicidal polymeric
biomaterial targeting C. difficile spores, deserving of further development and investigation.

Keywords: Clostridioides difficile, C. difficile spores, C. difficile germination, pro-spore
germination elimination strategy
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Chapter 1

1.0 Introduction.

1.1 Clostridioides difficile.

Clostridioides difficile is a Gram-positive, anaerobic, cytotoxin-producing, spore-forming bacillus,
which is motile due to peritrichous flagella (Lawson et al., 2016; Bongaerts and Lyerly, 1994; Purcell
etal., 2012). Isolated from the stool of healthy new-borns, it was originally named Bacillus difficile,
to reflect the difficulty in isolating and culturing the anaerobic bacterium (Hall and O'Toole, 1935;
Kelly and LaMont, 2008). It was identified as the causative agent of antibiotic associated colitis in
1978, where the relationship between the production of cytotoxin and disease was demonstrated

(Bartlett et al., 1978; Lance George et al., 1978).

The vegetative cells of C. difficile are 0.5-1.9 um wide, 3.0-16.0 um in length and grow optimally
under anaerobic conditions at 30-37°C but are unable to survive in aerobic environments (Lawson
et al., 2016; Jump et al., 2007). The aerotolerant metabolically dormant spores produced by C.
difficile however are highly resistant to standard disinfectant procedures, allowing them to persist
in the environment and are therefore responsible for the transmission of C. difficile infection (CDI)
(Deakin et al., 2012; Vedantam et al., 2012). The ovoid spores of C. difficile which vary in size, 0.5-
0.7 um in width and 1-1.5 um in length, can be visualised microscopically by utilisation of the
endospore stain developed by Schaeffer and Fulton in 1933 (Lawson et al., 2016; Snelling et al.,
2010; Schaeffer and Fulton, 1933). C. difficile can be cultured using a variety of selective media but
the addition of the bile salt, sodium taurocholate to culture media is required to germinate spores
(Hink et al., 2013; Lister et al., 2014; Wilson, 1983). Colonies of C. difficile vary in size but have a

characteristic ‘ground glass’ morphology on non-selective media (Curry, 2010). A distinctive
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phenotypic ‘barnyard’ odour is associated with cultures
of C. difficile due to production of specific volatile organic

compounds (Curry, 2010; Probert et al., 2004).

Until relatively recently, C. difficile belonged to the genus
Clostridium which also includes the clinically relevant but
genetically distinct pathogens Clostridium botulinum,
Clostridium tetani and Clostridium perfringens (Bahl and
Dirre, 2001; Yutin and Galperin, 2013). A proposed
reclassification of the genus Clostridium by Collins et al.
(1994) and then by Lawson and Rainey (2016) to restrict
the genus to those closely related to the type species
Clostridium butyricum had consequences for the
inclusion of C. difficile (Collins et al., 1994; Lawson and

Rainey, 2016).

Kingdom: Bacteria
Class: Clostridia

Family: Clostridiaceae
Genus: Clostridioides
Species: difficile
Figure 1.1 Taxonomy and
classification of C. difficile (Oren

and Rupnik, 2018, Sandhu and

McBride, 2018).

A 16S rRNA gene sequence analysis of C. difficile demonstrated its lack of genetic similarity with

other Clostridia leading to proposals for its accommodation within the new genus of

Peptoclostridium and its reclassification as Clostridioides difficile (figure 1.1) (Lawson et al., 2016;

Yutin and Galperin, 2013). While the genus Peptoclostridium has not been widely adopted, both

Clostridioides difficile and Clostridium difficile (abbreviated C. difficile) are now accepted as valid in

the nomenclature (Oren and Rupnik, 2018; Sandhu and McBride, 2018). A more recent phylogenetic

study, based on the conserved genes of Clostridium species was in agreement with the 16S rRNA

based taxonomy of Collins et al. (1994) and Yutin and Galperin (2013) and the consequent

reclassification of C. difficile (Yu et al., 2019).
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1.2 C. difficile infection (CDI).

CDI is a major cause of infective diarrhoea in healthcare environments and the community,
accounting for 20-30% of antibiotic associated diarrhoea and is a substantial cause of morbidity and
mortality (Balsells et al., 2019; NICE, 2015). The development of CDI is driven by 3 key events; the
alteration of the normal gut microbiota, colonisation of the colon by C. difficile and finally the
proliferation of the organism and production of its toxins which are responsible for the symptoms
and clinical presentation of CDI through mucosal damage and inflammation (Poutanen and Simor,

2004; Kelly et al., 1994).

1.3 Incidence of C. difficile infection.

In the early 1990’s, CDI was poorly understood, transmission between hospital patients was
recognised but it was unclear if C. difficile was a component of the normal flora or transient
coloniser (McFarland et al., 1989; Bartlett, 1994). CDI was considered a self-limiting disease
following the withdrawal of antimicrobial therapy, and not the threat to public health recognised
today (Curry, 2010; Depestel and Aronoff, 2013). Over the past 30 years CDI has emerged as a
significant infectious disease that is associated with acquisition in clinical environments and the
community (Depestel and Aronoff, 2013). An increase in cases of CDI in the early 2000’s was
attributed to the emergence of the PCR ribotype 027, causing significant outbreaks in the USA and
across Europe (Kuijper et al., 2006). Strains belonging to this ribotype were responsible for
extensive outbreaks of C. difficile in Quebec, Canada and were linked with increased morbidity and
mortality, resulting in the term of ‘hypervirulent’ associated with ribotype 027 (Cookson, 2007;
Yakob et al., 2015). In the UK C. difficile received national publicity following outbreaks at two UK
hospitals. During the period between April 2003 and March 2006, a series of minor and major
outbreaks occurred at Stoke Mandeville Hospital, Buckinghamshire Hospital NHS Trust, resulting in

498 cases of CDI and 172 deaths associated with C. difficile (The Healthcare Commission, 2006).
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Similarly, during outbreaks that occurred at Maidstone and Tunbridge Wells NHS Trust between
October 2005 and September 2006, more than 500 patients developed CDI, leading to 60 deaths
where C. difficile was considered to be the contributing factor (The Healthcare Commission, 2007).
The 027 hypervirulent ribotype was identified in patient samples during the outbreaks periods at
both NHS trusts and was implicated as factor in the increased severity of disease and proportion of
deaths (The Healthcare Commission, 2006; 2007). The reports investigating the outbreaks at
Buckinghamshire Hospital NHS Trust and Maidstone and Tunbridge Wells NHS Trust, implicated a
failure to isolate patients and inadequate infection control, including infrequent handwashing by

staff, leading to an increased risk of transmission of CDI (The Healthcare Commission, 2006; 2007).

In England, the number of deaths, where C. difficile was stated on the death certificate, peaked at
7,916, in 2007 (Office for National Statistics, 2013). Rates of CDI in the UK have declined
dramatically since the introduction of a multi-component care bundle to prevent healthcare
associated infections (HAI), but it remains a major contributor to the burden of HAI in the USA,
causing almost half a million infections and 29,000 deaths in the USA in one year (Department of
Health, 2007a; Balsells et al., 2019; Lessa et al., 2015). C. difficile was the most frequently reported
healthcare-associated pathogen in a multistate prevalence survey of HAI in the USA (Magill et al.,
2014). In 2013 and again in 2019, the Centre for Disease control and Prevention (CDC) declared C.
difficile an urgent threat to public health. In the USA in 2017, 223,900 cases of C. difficile were

recorded with at least 12,800 deaths (Centers for Disease Control and Prevention, 2019; 2013).

CDI was considered to be principally a nosocomial infection, with hospitalised patients being at high
risk, until the emergence of community-acquired infections (Hensgens et al., 2012b). It is likely that
the extent of community-acquired CDI was underestimated and underdiagnosed due to a lack of
understanding of CDI outside of a hospital setting (Gupta and Khanna, 2014). CDI is defined as
community-acquired if the onset of symptom occurs in the community or within 48-hours of

admission to a hospital, with no hospitalization in the past 12 weeks (Kuijper et al., 2006; McDonald
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et al., 2007). Hospital-acquired or healthcare facility-associated CDI is defined by the onset of
symptom more than 48-hours after admission or less than 4 weeks after discharge from a
healthcare facility (Kuijper et al., 2006; McDonald et al., 2007). Rates of CDI have continued to
decline in England since 2007, undoubtably due the implementation of multicomponent control
measures to reduce CDI. The most recently available data for England reveals a total of 12,275 cases
of C. difficile infection as reported by NHS trusts between 1 April 2018 and 31 March 2019. However
the proportion of community acquired CDI cases is of increasing concern, with community
associated, community-onset CDI causing 3,467 cases in England in 2018/19 (Public Health England,
2019a; Department of Health and Health

Protection Agency, 2008). Table 1.1 Antibiotic classes and their

*

association with C. difficile infection .

Adapted fi Leffl dL t (2015).
1.4 Risk factors of C. difficile infection. apted from Leffler and Lamont ( )

Antibiotic Class Association with CDI
CDl is classically precipitated by exposure to Clindamycin Very common
Ampicillin Very common
broad spectrum antibiotics which disrupt Amoxicillin Very common
Cephalosporins Very common
the normal intestinal microbiota, the most Fluoroquinolones Very common
Other Penicillins Common
common risk factor to development of CDI Sulphonamides Common
_ ' ' Trimethoprim Common
(Poutanen and Simor, 2004; Bignardi, 1998; Trimethoprim- Emmon
sulfamethoxazole
Theriot et al., 2016). Dysbiosis of the :
Macrolides Common
normal gut microbiota by broad spectrum Aml.nogl_ycomdes LALATUEL
Bacitracin Uncommon
antibiotics is strongly associated with Metronidazole Uncommon
Teicoplanin Uncommon
proliferation and colonisation of C. difficile Rifampin Uncommon
Chloramphenical Uncommon
(Vedantam et al., 2012). Any factor that Tetracyclines Uncommon
Carbapenems Uncommon
alters the commensal gut microbiota, Daptomycin Uncommon
Tigecycline Uncommon

which normally prevents establishment of + o s . ‘ . o
Specific antibiotics are listed if their association

with C. difficile differs from that of other

CDlI b a henomenon known as Ty 2 :
v P antibiotics in their class.
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colonisation resistance, increases the risk of CDI by facilitating the colonisation of C. difficile present
in the environment (Viswanathan et al., 2010; Poutanen and Simor, 2004). Patients with C. difficile
demonstrate a reduction in the diversity of colonic commensal bacteria; Bacteroides, Prevotella,

and Bifidobacteria, leading to the loss of colonisation resistance (Rea et al., 2012; Kelly, 2012).

Patients on antimicrobial therapy have been found to be on average at 6-fold higher risk of
developing CDI compared to individuals not on antimicrobial therapy (Bignardi, 1998). Almost all
classes of antibiotics have been linked with CDI (table 1.1), (Leffler and Lamont, 2015; Teng et al.,
2019). Systematic review and meta-analysis has identified carbapenems, second, third and fourth
generation cephalosporins, trimethoprim/sulphonamides, fluoroquinolones and penicillin
combinations to be most strongly associated with hospital-associated CDI (Slimings and Riley, 2021;
Slimings and Riley, 2014; NICE, 2015). Antibiotics most strongly association with community
acquired-CDI are clindamycin, fluoroquinolones, cephalosporins, monobactams and carbapenems
(Brown et al., 2013; Deshpande et al., 2013). In the month following the termination of antibiotic
therapy, patients are at a 7-10 fold increased risk of developing CDI and remain at an increased risk

up to 3 months after the antibiotic usage (Hensgens et al., 2012a).

Susceptibility to CDI increases with age, with the majority of cases occurring in patients over the
age of 65 years (Viswanathan et al., 2010; Bignardi, 1998; Loo et al., 2005). The incidence of CDI per
100, 000 people increases 3-fold in people aged 45-64 years and 13-fold in those aged >65 years
compared to younger adults aged 18-44 years (Lessa et al., 2015). When considering those over
65 years, increasing age is associated with progressively increasing risk of CDI, until patient age
reaches the late 80’s where CDI risk remains elevated (Olsen et al., 2018). In England, CDI rates
were highest among patients > 85 years of age in the financial year 2018/19 (Public Health England,
2019a). The overall health status, including infections, healthcare utilization, acute conditions and
frailty indicators of patients over 65 years are the most important determinants of the risk of CDI

in the elderly (Olsen et al., 2018). The high rate of CDI in the elderly is also attributed to a failure of
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the immune system to mount an effective response due an inability of the normal gut microbiota

to rapidly and fully recover after antibiotic treatment for the infection (Crogan and Evans, 2007).

The association between CDI and clinical environments has long been established (Eze et al., 2017).
A prolonged stay in hospital is strongly associated with exposure to C. difficile, increasing the
likelihood of exposure and colonisation from strains present in hospitalised asymptomatic and
symptomatic patients (Bignardi, 1998; Asha et al., 2006; Clabots et al., 1992). Multiple admissions
to hospital and admission to intensive care units have also been determined to increase the risk of
CDI (Palmore et al., 2005; Bignardi, 1998). A study by Asha et al. (2006) equated each additional
day of hospital a stay to an ~2%-increased risk of infection. When considering the duration of
hospital admission as a risk factor, it is often unclear if this is a contributing risk factor or a
consequence of CDI (Bignardi, 1998). The transmission of C. difficile and its persistence in hospital
settings is thought to be exacerbated by re-admission of previously hospitalized and asymptomatic
patients (Clabots et al., 1992). An increased risk of CDl in clinical environments also extends to long-
term care and nursing facilities where patients are elderly and have underlying disease (Bauer et
al., 2011; Simor et al., 2002). The risk associated with clinical environments is not relevant for
community-acquired CDI, the traditional risk factors already discussed are not typically associated
as cases of community-acquired CDI are seen in individuals not considered to be at risk, including
those who have not received recent antibiotic therapy and healthy younger adults (Gupta and

Khanna, 2014; Wilcox et al., 2008; Khanna et al., 2012).

Patient comorbidities are an additional risk factor for hospital-acquired CDI, community acquired
CDI and complicated CDI (Bauer et al., 2011; Furuya-Kanamori et al., 2015; Abou Chakra et al.,
2014). A study that examined the association between comorbidities and the risk of community
acquired CDI, identified inflammatory bowel disease as the strongest risk factor for CDI, followed
by renal failure and hematologic cancers (Furuya-Kanamori et al., 2015). The evidence to

understand the link between CDI and comorbidities is complex and requires further examination.
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Patients with multiple comorbidities may also be more likely to be admitted to hospital, receiving

antibiotic therapy and to be of advanced age.

An increased risk of CDI has also been associated with several non-antibiotic drugs. The use of
proton pump inhibitors (PPIs) and histamine type-2 receptor antagonists (H2RAs) in the treatment
of acid-related upper gastrointestinal disorders was assessed as a risk factor of CDI by systematic
review. This study identified an increased risk of taking antisecretory therapy in those infected with
C. difficile, with a greater association of PPl use compared with H2RA use (Leonard et al., 2007). A
more recent meta-analysis of studies showed a significant association between the use of PPIs and
the risk of CDI (Trifan et al., 2017). Treatment with PPIs inhibits the production of gastric acid and
significantly alters the microbial community in the gut, which is believed to promote the

proliferation of C. difficile (Amir et al., 2014; Trifan et al., 2017).

Meta-analysis to understand the association between the use of non-steroidal anti-inflammatory
drugs (NSAIDs) and both community-based and healthcare-associated CDI demonstrated a
significant increase in the risk of CDI in patients exposed to NSAIDs (Permpalung et al., 2016). In a
study in the UK, a risk of CDI was associated with the use of diclofenac, but not with other NSAIDs
(Suissa et al., 2012). In C. difficile-infected mice, a non-steroidal anti-inflammatory drug caused
prostaglandin deregulation and disruption to the intestinal barrier which was also paralleled by
dysbiosis of the intestinal microbiota and an altered inflammatory and immune response (Maseda

etal., 2019).

Cytotoxic chemotherapeutic agents, particularly methotrexate, have similarly been associated with
the development of CDI in the absence of antibiotics (Anand and Glatt, 1993). Chemotherapy
agents disrupt the gut microbiota and cause damage to epithelial cells, promoting infection with C.

difficile (Neemann and Freifeld, 2017).
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1.5 Transmission of C. difficile infection.

Spore formation by C. difficile is crucial for survival and dissemination in the environment. The
infectious agent of CDI, the dormant aerotolerant and highly resistant spore facilitates transmission
(Deakin et al., 2012; Paredes-Sabja et al., 2014; Vedantam et al., 2012). A major reservoir of C.
difficile in clinical environments are patients with CDI who shed spores, contaminating the
environment and transmitting CDI to vulnerable patients (McFarland et al., 1989; Samore et al.,
1996; Crobach et al., 2018). Symptomatic CDI patients as well as asymptomatic carriers of C. difficile
contribute to the contamination of the healthcare environment and the transmission of CDI, with
the shedding of spores continuing even after the cessation of symptoms and the completion of
antibiotic therapy (Sethi et al., 2010; Riggs et al., 2007). C. difficile is introduced to clinical
environments through the admission of colonised patients. The reported rates of colonisation upon
admission varies significantly between studies, with one study reporting of up 55% of patients
testing positive for C. difficile upon admission to hospital (Clabots et al., 1992; McFarland et al.,
1989; Johnson et al., 1990). The variation between studies is multifactorial but is additionally
determined by the methodology used to identify colonised patients. In a more recent large

Canadian study only 4% of patients tested positive for C. difficile upon admission (Loo et al., 2011).

The contaminated healthcare environment is a significant reservoir of C. difficile (Ellis Mulligan et
al., 1979; Kim et al., 1981; Kaatz et al., 1988). An early study investigating the contamination of
hospital environments by C. difficile, determined patients with CDI excreted 1 x 10%10’ of C.
difficile per gram of faeces (Ellis Mulligan et al.,, 1979). A higher level of contamination is
consequently associated with rooms occupied by patients with CDI, but contaminating spores are
also found in non-CDI patient rooms (Dubberke et al., 2007). C. difficile has been isolated from the
floors of the hospital wards, buzzers, bed rails, bedsheets and other high contact surfaces (Samore
et al., 1996). This contamination is likely to originate from CDI patients who previously occupied

rooms or transmitted from the hands of healthcare workers who transfer C. difficile spores from
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the environment or from direct contact with CDI patients (Dubberke et al., 2007; Samore et al.,

1996; Bobulsky et al., 2008).

The presence of CDI in the community suggests there are alternative sources of C. difficile and
modes of transmission (Gupta and Khanna, 2014). A study which utilised whole genome sequencing
to compare single-nucleotide variants of C. difficile isolates from healthcare and community
settings, demonstrated that 45% of all isolates were genetically distinct from all previously tested
isolates, suggesting that CDI was transmitted from asymptomatic individuals or environmental
sources (Eyre et al., 2013a). Otten et al. (2010) proposed four routes of transmission of CDI in the
community: person-to-person, environment-to-person, animal-to-person and foodborne
consumption. The transmission from symptomatic and asymptomatic individuals through close
contact and environmental contamination is certainly relevant in community as well as clinical
settings but individuals may be at risk from other modes of transmission. C. difficile has been
associated with a variety of animals, including household pets and those reared for food production
(Kachrimanidou et al., 2019). A study of the prevalence of C. difficile in pet cats and dogs
demonstrated 11% were colonised at the time of admission to the veterinary hospital (Clooten et
al., 2008). The distribution of C. difficile in farm animals and humans employed in the farm industry
was examined in a study conducted in the Netherlands. Animals and humans were found to be
colonised with identical isolates of C. difficile, suggesting interspecies transmission (Knetsch et al.,
2014). The evidence of animals as vectors of C. difficile suggests that CDI could be considered a
zoonotic disease (Kachrimanidou et al., 2019). Individual may also be exposed to C. difficile from
the consumption of contaminated food (Otten et al., 2010). Several studies, summarised by
Hensgens et al. (2012b); Warriner et al. (2017) have demonstrated the isolation of C. difficile from
foods; including processed meat, fish and seafood, processed and raw vegetables. C. difficile has
also been isolated from seawater and freshwater samples and, concerningly from treated water
including tap water (Al Saif and Brazier, 1996). The origins of food and water as sources of C. difficile

are likely to be from animal agriculture, the soil and compost used to grow produce and the wide
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distribution of C. difficile throughout the environment (Warriner et al., 2017; Al Saif and Brazier,
1996). C. difficile has also been found in the soil of rural parks, household gardens and playgrounds
(Al Saif and Brazier, 1996; Baverud et al., 2003). There is limited knowledge on the prevalence of C.
difficile spores in indoor domestic environments, a small study of the contamination of household
environments by C. difficile identified 32% of the samples of household items were positive for C.
difficile, with all households within the study having a least one positive sample of C. difficile

(Warriner et al., 2017; Alam et al., 2014).

1.6 C. difficile acquisition and colonisation.

Acquisition begins with the ingestion of C. difficile via the faecal—oral route (Gerding et al., 2008;
Kelly et al., 1994). Ingested vegetative cells of C. difficile are predominantly eliminated by the
gastric acid of the stomach whereas the spores are highly resistant to the acid environment and
pass into the small intestine which facilitates germination (Poutanen and Simor, 2004; Jump et al.,
2007). Prior dysbiosis of the gut microbiota and loss of colonisation resistance, typically associated
with antibiotic usage provides the opportunity for outgrowing vegetative C. difficile to colonise the
host (Vedantam et al.,, 2012; Freeman and Wilcox, 1999). While the exact mechanism of
colonisation resistance has not been fully determined, it is proposed to be a combination of host
defences resulting from the stimulation of the immune system by health-associated commensal
microbiota and direct competition with these microbes for the ecological niche within the gut
(Lawley and Walker, 2013). A reduction of the diversity of the commensal microbiota following the
administration of broad-spectrum antibiotic therapy in turn alters the metabolome of the gut (Rea
etal., 2012; Theriot et al., 2016). This is caused by the depletion of commensal microbes which bio-
transform primary bile salts, resulting in a shift in the intestinal environment that favours the
proliferation of C. difficile (Theriot et al., 2016; Winston and Theriot, 2016; Sorg and Sonenshein,

2008).
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C. difficile colonisation does not always result in disease. Ingestion can lead to asymptomatic
carriage (figure 1.2) which appears to be beneficial in providing protection from the risk of
symptomatic CDI in the future (Poutanen and Simor, 2004; Shim et al., 1998). Asymptomatic
carriage of C. difficile differs between different age groups (Schaffler and Breitriick, 2018). New-
borns and infants are commonly and transiently colonised asymptomatically with C. difficile (Bolton
etal., 1984). A study by Jangi and Lamont (2010) determined 37% of neonates were colonised with
C. difficile but other research suggests that this could be up to 60%—70% (Barbut and Petit, 2001;
Bolton et al., 1984). Several factors are believed to prevent disease in the very young, including an
absence of C. difficile toxin-binding receptors or downstream processes in the immature gut
mucosa (Jangi and Lamont, 2010; Eglow et al., 1992). The rate of C. difficile colonisation peaks
within the first month of life, then declines significantly over the first year (Jangi and Lamont, 2010).
There is also variation in the rate of reported asymptomatic carriage of C. difficile in adults (Schaffler
and Breitriick, 2018). Studies which have examined the rate of C. difficile symptomatic colonisation
amongst adult patients upon admission to hospital, summarised by Crobach et al. (2018) suggest
that colonisation rates ranges from 4-15%, with the majority reporting rates of under 10%. Similar
levels of colonisation are also reflected in healthy adults from the general population (Ozaki et al.,
2004). Colonisation of healthy individuals is likely transient. In a study of the colonisation of healthy
adults, unique isolates were more frequently isolated from participants throughout the testing
period than continuous colonisation by the same C. difficile isolate (Ozaki et al., 2004). The
prevalence of C. difficile colonisation amongst the elderly in long-term care facilities is believed to

be higher than that of the general population although there is considerable variation between the
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reported rates in different types of care facility and the country where the study was conducted
(Rodriguez et al., 2014). The rate of asymptomatic colonisation is thought to be between 4-20% of
elderly residents of long-term care facilities, although much higher rates have been described (Eyre
etal., 2013b; Simor et al., 2002; Arvand et al., 2012). Arvand et al. (2012) reported the colonization
by toxigenic C. difficile isolates was ten-times higher in nursing home residents than in the general
population outside long-term care facilities. In a study by Riggs et al. (2007) during an outbreak of
C. difficile, 51% of elderly residents at a long-term care facility were asymptomatic carriers of
toxigenic C. difficile and were associated with significant levels of skin and environmental
contamination. Residents identified as asymptomatic carriers were monitored up to 3 months after

the initial study, where 83% were found to be persistently colonised.

Progression to an infection with C. difficile is influenced by the commensal gut microbiota and host
immune response (Crobach et al.,, 2018; Sun and Hirota, 2015). CDI patients have a reduced
diversity of the gut microbiota compared to healthy controls (Antharam et al., 2013; Rea et al.,

2012). Members of the Clostridia class in the Ruminococcaceae and Lachnospiraceae families were
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No symptoms No symptoms Symptoms
No C. difficile detected C. difficile detected C. difficile and its toxins detected
No shedding of spores Shedding of spores Shedding of spores

Figure 1.2 C. difficile asymptomatic colonisation and C. difficile infection (Crobach et al., 2018).
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found to be significantly depleted or absent in CDI patients (Antharam et al., 2013). The normally
abundant and essential anaerobic bacteria produce short-chain fatty acids (SCFAs) including
butyrate which is a major energy source for colonic mucosal epithelial cells (Antharam et al., 2013;
Wong et al., 2006; Cook and Sellin, 1998). Butyrate also has a protective effect on the health of the
colonic mucosa, promoting cell renewal, including differentiation, proliferation and apoptosis
(Wong et al., 2006; Cook and Sellin, 1998). The disruption of the gut microbiota and depletion of
beneficial butyrogenic bacteria may lead to epithelial dysfunction, altering the susceptibility to
infection by C. difficile by compromising host defences (Antharam et al., 2013). Concomitantly the
depletion of members of the Ruminococcaceae and Lachnospiraceae families prevents the
biotransformation of primary bile acids to secondary bile acids by 7-dehydroxylases produced by
members of the commensal gut microbiota, leading to increased levels of primary bile acids which
are important determinants of C. difficile germination (Theriot et al., 2016; Ridlon et al., 2006; Sorg
and Sonenshein, 2008; 2010). In antibiotic-treated mice, loss of members of the Ruminococcaceae
and Lachnospiraceae families correlated with a significant reduction of secondary bile acids (Theriot

etal., 2016).

The host’s first line of defence from C. difficile is the physical barrier of the intestinal epithelia, upon
colonisation this can be overcome by the cytotoxic effect of the toxins, causing a disruption to
epithelial tight junctions (Péchiné and Collignon, 2016). The toxins are also responsible for the
activation of the inflammatory signalling cascades of the innate immune system, mediated by
intestinal epithelial and immune cells including macrophages, monocytes and mast cells (Péchiné
and Collignon, 2016; Sun and Hirota, 2015). The proceeding inflammatory response determines the
progression and severity of CDI (Poutanen and Simor, 2004; Kelly and Kyne, 2011). An adaptive
immune response is also induced by the toxins along with non-toxin antigens providing protective
memory which can curtail disease severity (Péchiné and Collignon, 2016; Sun and Hirota, 2015).
Detectable serum IgG and IgA antibodies against C. difficile toxins are found in 60% of adults and

older children (Viscidi et al., 1983). It is thought that this is the result of antibody production in
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infancy and stimulation via environmental exposure to C. difficile throughout adult life (Viscidi et

al., 1983; Kelly and Kyne, 2011).

1.7 Recurrent C. difficile infection.

Despite antibiotic treatment, recurrent CDI occurs in approximately 25% of cases, although
reported rates of recurrence vary considerably (4->50%) (Bakken et al., 2013; Debast et al., 2014;
Enoch et al., 2018; Johnson, 2009a). Recurrent CDl is not a result of treatment failure but is defined
as an episode of CDI occurring within 8 weeks of resolution of symptoms and completion of
treatment of a previous episode of CDI (Johnson, 2009b; McDonald et al., 2007; Kuijper et al., 2006).
The majority of recurrent CDI occurs within the first month of completing antibiotic therapy to treat
the primary episode of CDI (Kelly, 2012). Recurrence occurs as a result of either relapse due to
persistent colonisation of the same strain of C. difficile or reinfection due to the acquisition of a
new strain of C. difficile (Johnson, 2009a; Wilcox et al., 1998). Recurrent CDI due to relapse occurs

in a shorter time period following the primary episode, the average duration between recurrent
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Figure 1.3 The recurrence of C. difficile infection following the initial episode and the first and

second recurrence. Adapted from Kelly (2012).
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episodes was determined to be 14.5 days for relapse and 42.5 days for reinfection in a study by
Johnson et al. (1989). Barbut et al. (2000) determined recurrence was more frequently caused by
relapse than reinfection, but only marginally with 48% of the observed recurrences due to re-
infection. Patients who have experienced a recurrent episode of CDI are at higher risk of
experiencing further episodes of CDI which can occur over the course of weeks, months or even
years, severely impacting quality of life (figure 1.3) (Kelly, 2012; Johnson, 2009a). Repeated cycles
of antibiotic therapy to treat recurrent CDI cause continued disruption to the gut microbiota,
extending the risk of recurrence (Kelly, 2012). This prolonged disruption of the commensal
microbial community is a proposed mechanism of recurrent CDI; patients with recurrent infection
demonstrate a decrease in the diversity of the gut microbiome suggesting the restoration of
colonisation resistance is inhibited (Chang et al., 2008). Recurrence is also associated with low
antibody titres of immunoglobulin M (IgM) and immunoglobulin G (IgG) anti-toxin A and elevated
levels of interleukin-8 (IL-8) as a result of a polymorphism in the promoter gene, leading to altered
neutrophil recruitment and inflammatory response (Kyne et al., 2001; Garey et al., 2010; Abou

Chakra et al., 2014).

32
A.J. Lawler, PhD Thesis, Aston University 2022



1.8 C. difficile infection pathogenicity.

In addition to the well characterised cytotoxins (toxin A and toxin B), C. difficile produces several
virulence factors that contribute to colonisation and pathogenesis including adhesion, tissue
invasion, regulation of bacterial growth and metabolism, and modulation of the host immune

response (Vedantam et al., 2012).

1.8.1 C. difficile non-toxin virulence factors.

1.8.1.1 Adherence to host cells.

The ability to adhere and colonise host cells are important virulence factors that contribute
significantly to disease (Merrigan et al., 2013). The flagellum and type IV pilus, usually associated
with swimming chemotaxis and gliding motility respectively are involved in C. difficile colonisation
and adherence (Tasteyre et al., 2001a; Varga et al., 2006). The flagellin filament (FliC) and flagellin
cap protein (FliD) encoded by fliC and fliD respectively adhere to the layer of mucus that coats the
intestinal epithelium while FliD also has a role in initial adhesion to host cells (Tasteyre et al., 2000;
Tasteyre et al., 2001b). C. difficile flagellin induces the up-regulation of pro-inflammatory gene
expression and pro-inflammatory cytokine synthesis in host cells: FliC activates the nuclear factor
Kappa B (NF-kB) and mitogen-activated protein kinase (MAPK) signalling pathway via Toll-like
receptor 5 (TLR5) promoting the production of Interleukin 8 (IL-8) (Batah et al., 2016; Yoshino et
al., 2013). C. difficile flagellum gene expression is also connected to the regulation of toxin genes,
the disruption of early-stage flagellum genes (associated with the flagellum motor machinery) was
associated with decreased expression of the C. difficile pathogenicity locus (PalLoc), including the
toxin genes (tcdB and tcdA) and regulator (tcdR) (Aubry et al., 2012). Conversely fliC and fliD
mutants studied by Baban et al. (2013) demonstrated increased expression of tcdA. The reciprocal

relationship reported between flagellum gene expression and toxin production seems to be derived
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from the laboratory strains used to study the link between flagellum genes and pathogenesis and
are attributed to uncharacterised mechanisms of global regulation of C. difficile virulence factors
(Stevenson et al., 2015). The expression of flagellum and toxins may have a synergistic effect; the
absence of flagella in toxin-producing C. difficile strains reduced the degree of mucosal
inflammation in a CDI mouse model (Batah et al., 2017). The production of flagella by C. difficile
may provide an advantage, they may not be essential for colonisation and adherence (Stevenson
etal., 2015). Not all C. difficile strains produce flagella but genome analysis demonstrates C. difficile
encode putative Type IV pilus genes (Borriello et al., 1988; Melville and Craig, 2013). The type IV pili
promote adherence to the host epithelium and are important for persistence in the host, this is
proposed to enable the formation of microcolonies that can establish surface-associated biofilm
formation (McKee et al., 2018; Maldarelli et al., 2016). As part of the unique regulation of gene
expression during biofilm formation, flagellin fliC is decreased while the major pilin encoded by

pilA1 demonstrates enhanced expression (Maldarelli et al., 2016).

C. difficile cell-wall proteins (CWPs) and other adhesins are implicated as important colonisation
factors, allowing C. difficile to adhere and proliferate. The predominant cell-wall protein (CWP) of
C. difficile involved in adherence to intestinal epithelia cells are the surface layer proteins (SLPs)
(Calabi et al., 2002; Merrigan et al., 2013). C. difficile expresses two distinct SLPs, a low molecular
weight surface layer protein (SLP) of 32-38 kDa and a high molecular weight SLP of 42-48 kDa (Calabi
et al., 2001). Both are encoded by the s/pA gene and together form a complex of a regularly
arranged lattice on the external surface of the bacterium (Calabi et al., 2001; Calabi et al., 2002;
Fagan et al., 2009). The CWP Cwp84 cleaves SIpA to produce the high molecular weight SLP and the
low molecular weight SLP. The protease activity of Cwp84 also extends to the degradation of
fibronectin, laminin, and vitronectin which may aid host invasion (Janoir et al., 2007). SLP binding
is mediated almost exclusively by the high-MW subunit which is highly conserved. The low
molecular weight SLP displays sequence variation between strains but how this is involvement in

host interaction is not clear (Calabi et al., 2002; Calabi et al., 2001; Mori and Takahashi, 2018).
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Colonisation Mechanisms and Virulence factors
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Figure 1.4 Schematic of C. difficile infection. Adapted from Vedantam et al. (2012). Spores
(orange), vegetative cells (red) and key events of C. difficile pathogenesis are depicted along

with the bacterial and host factors that influence or modulate disease.

Clinical strains of C. difficile display diverse variations in surface protein profiles of SIpA with distinct
adherence capabilities to epithelia cells in culture (Merrigan et al., 2013). SLPs also have a role in
activating the innate immune system through Toll-like receptor-4 (TLR-4). The subsequent
production of inflammatory cytokines, initiated by downstream signalling of NF-kB leads to immune
cell activation (Ryan et al., 2011). SLPs from hypervirulent strains have been demonstrated to
generate a more potent inflammatory response, inducing higher levels of cytokines and

chemokines production by macrophages while inhibiting phagocytosis (Lynch et al., 2017).

Several other CWPs contribute to C. difficile cell adherence and colonization including Cwp66.
Cwp66 was the first adhesin identified in C. difficile as a surface-associated heat shock protein with

adhesive properties (Waligora et al., 2001). CwpV promotes aggregation of C. difficile, this is
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mediated through the antigenically distinct repetitive C-terminal domain which displays high
variablity between strains, suggesting a role in evasion of the host immune system (Reynolds et al.,

2011).

C. difficile toxin mediated the disruption of cell tight junctions results in the exposure of the
underlying extracellular matrix (Pothoulakis, 2000). C. difficile bacterial matrix binding proteins
known as microbial surface components recognising adhesive matrix molecules (MSCRAMMs)
recognize ligands displayed on the extracellular matrix (Arato et al., 2019). The MSCRAMMs
fibronectin binding protein (FbpA) and collagen-binding protein (CbpA) are involved in C. difficile
intestinal adhesion, contributing to the interaction of C. difficile and the host mucosa (Barketi-Klai
etal., 2011; Tulliet al., 2013). A protein more recently attributed to C. difficile MSCRAMMSs CD2831,
is a collagen binding protein that may also promote biofilm formation and has a suggested role in
evading the host immune system by inhibiting the complement cascade (Arato et al., 2019). Other
proteins reported to contribute to C. difficile adherence include the surface associated lipoprotein

CDO0873 and heat shock protein GroEL (Kovacs-Simon et al., 2014; Hennequin et al., 2001).

1.8.1.2 Biofilm formation.

C. difficile biofilm formation has been demonstrated in vitro and via in vivo animal models but the
role of biofilms in CDI is still being understood. It is suspected to be an important virulence factor
for disease and persistence (Vuotto et al., 2018; Donelli et al., 2012; Soavelomandroso et al., 2017).
The sessile microbial community of a biofilm facilitates the survival in hostile environments and
resistance to killing by antibiotics (Hall-Stoodley et al., 2004; Dapa et al., 2013). Under laboratory
conditions, C. difficile forms characteristic structurally complex biofilms composed of a matrix of
bacterial cells, proteins, polysaccharide and extracellular DNA. Similarly to other pathogenic
bacterial species the ability to form biofilms varies between C. difficile strains (Dapa et al., 2013).

As might be predicted, disruption of the quorum-sensing regulator /uxS has a dramatic effect on
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the ability of C. difficile to form biofilms. A luxS mutant was incapable of forming bacterial
monolayer, an important step in the establishment of biofilm formation. Mutants of the master
regulator of sporulation, Spo0OA, and germination regulator, SleC demonstrated defects in biofilm

formation, but the ability to form a biofilm was not eliminated (Papa et al., 2013).

As previously indicated, C. difficile adhesins are also implicated in biofilm formation, Cwp84 is
suspected to be involved the modulation between biofilm and planktonic growth states (Papa et
al., 2013; Pantaléon et al., 2015). A cwp84 mutant constructed by Pantalean et al. (2015) displayed
a restricted growth rate but enhanced biofilm formation, with a denser biofilm than the parental
strain (Pantaléon et al., 2015). The modulation of biofilm formation by Cwp84 may be linked with
the inherent formation of the surface layer through the cleavage of SIpA or cleavage of yet
unidentified proteins (Pantaléon et al., 2015). As previously described, C. difficile flagellum and type
IV pili positively influence the formation of biofilms. A fliC mutant reduced mature biofilm
accumulation while a non-piliated mutant was significantly deficient in early biofilm formation

(DPapa et al., 2013; Maldarelli et al., 2016).

Bile salts are also implicated in the biofilm form of growth. The primary bile salt chenodeoxycholate,
and the bile acid conjugates, glycochenodeoxycholate and taurochenodeoxycholate, significantly
induced biofilm formation in C. difficile (Dubois et al., 2019). Biofilm formation induced by a sub-
lethal concentration of secondary bile salts deoxycholate may also have a role in asymptomatic

persistence of C. difficile in the host (Dubois et al., 2019).

1.8.1.3 Evasion of host defences.

As already discussed, the modulation or evasion of the immune system are important virulence
factors in the pathogenesis of CDI and several mechanisms are employed by C. difficile to overcome

host defensins (Vedantam et al., 2012). Host-produced cationic antimicrobial peptides (CAMPs)
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induce the C. difficile dlIt operon, resulting in the modification of the cell wall by addition of D-
alanine esters to teichoic acids, providing a mechanism of resistance to CAMPs (McBride and
Sonenshein, 2011a). Similarly sub-inhibitory concentrations of lysozyme activate transcription
factors involved in extracellular stress, resulting in the modification of C. difficile peptidoglycan
providing resistance to lysozyme (Ho et al., 2014). McBride and Sonenshein (2011b) also outlined
another mechanism employed by C. difficile to adapt to the presence of CAMPs. Exposure to CAMPs
caused the induction of the cprABC operon which encodes an ABC transporter system, suggesting
that resistance to CAMPs may also be accomplished through the export of these peptides by an

ABC transporter (McBride and Sonenshein, 2011b).

1.8.1.4 Formation of spores.

The ability to produce spores, the major vector of CDI transmission, is also considered a virulence
factor of C. difficile (Deakin et al., 2012). Spores excreted by colonised individuals ensure long-term
survival and dissemination beyond the host environment (McFarland et al., 1989; Samore et al.,
1996). Transmission within clinical settings and dispersal in the community have given rise to the
description of C. difficile spores as ubiquitous in the environment (Gerding et al., 2008; Bauer and
Kuijper, 2015; Freeman et al., 2010). Spores are metabolically dormant and intrinsically resistant to
adverse environmental conditions, ensuring reactivation occurs only in response to defined signals
associated with the host (Deakin et al., 2012; Driks, 2003; Gil et al., 2017; Setlow, 2003). The
important resistant properties of the spore, sporulation and spore germination is discussed further

in successive sections.
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1.8.2 C. difficile toxin virulence factors.

1.8.2.1 Toxins A and B.

The most significant virulence factors of C. difficile, toxins TcdA (Toxin A), TcdB (Toxin B) and, in
some strains, the binary toxin, are responsible for the clinical presentation of CDI (Bongaerts and
Lyerly, 1994; Voth and Ballard, 2005). Toxin-producing strains and non-toxigenic C. difficile strains
are both capable of colonising the host, but only toxigenic strains are associated with disease
(Vedantam et al., 2012). TcdA and TcdB are encoded within a 19.6 Kb genetic island in the
chromosome of C. difficile known as the pathogenicity locus (PaLoc) and are expressed during late
logarithmic and stationary phases of growth in response to environmental stimuli (Hammond and
Johnson, 1995; Davies et al., 2011; Hundsberger et al., 1997). The PalLoc encodes the toxins TcdA
and TcdB, along with TdR, TcdC and TcdE which regulate toxin production and secretion
(Hundsberger et al., 1997, Hammond and Johnson, 1995; Voth and Ballard, 2005). The RNA
polymerase sigma factor tcdR, positively regulates toxin expression along with its own expression
while tcdC is thought to negatively regulate the transcription of tcdA and tcdB (Mani and Dupuy,
2001; Hundsberger et al., 1997). Recent analysis of TcdC suggest it is associated with the bacterial
cell surface and may exert an alternative mechanism of regulation (Oliveira Paiva et al., 2020). The
role of TcdE is thought to be the export of TcdA and TcdB from the bacterial cell (Govind and Dupuy,

2012).

There has been conflicting evidence of the individual roles of toxin A and B in disease. Previous
studies have suggested a synergistic action of the toxins, whereby toxin A causes the majority of
pathology and toxin B is unable to initiate disease unless the epithelium has first been damaged by
the effects of toxin A (Lyerly et al., 1985; Bongaerts and Lyerly, 1994). Lyras et al. (2009)
demonstrated toxin B was essential for virulence. Disruption to tcdB resulted in an attenuated
virulence phenotype, while disruption of tcdA produced results similar to the wildtype strain.

Following the study by Lyras et al. in 2009, Kuehne et al. (2010) established that production of toxin
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A or B in isolation was able to induce a disease state in the hamster infection model, attenuation
occurred only when both toxins were inactivated (Kuehne et al., 2010). The discrepancy between
the studies does not seem to be due to the construction methodology or the animal model utilised
but the inherent variability of toxin activity, where toxins have differing substrate specificity and

host cell selectivity (Janoir, 2016; Kuehne et al., 2010).

The glycosyltransferase toxins TcdA and TcdB share 68% sequence similarity and are shown to be
structurally similar by electron microscopy (Davies et al., 2011; Pruitt et al., 2010). Both toxins enter
the cell through receptor mediated endocytosis and execute cytotoxicity by transferring glycosyl
residues to Rho GTPases, Rac and Cdc42 proteins (Davies et al., 2011; Voth and Ballard, 2005; Jank
et al., 2007). The Rho family GTPases interact with a range of effector molecules to regulate several
essential cellular functions including epithelial barrier permeability and cell to cell contact, immune
cell migration, phagocytosis, cytokine production and immune cell signalling (Chandrasekaran and
Lacy, 2017; Jank et al., 2007). Toxin mediated glycosylation of Rho GTPases results in actin
depolymerisation and rearrangement of the cytoskeleton, disruption of tight junctions and cell
rounding which results in the loss of the epithelial cell barrier along with vital downstream signalling
pathways and ultimately caspase-3 and caspase-9 mediated apoptosis (figure 1.5) (Nusrat et al.,
2001; Voth and Ballard, 2005; Jank et al., 2007; Davies et al., 2011). The increase in vascular
permeability due to the opening tight junctions causes fluid accumulation and haemorrhage

(Pothoulakis, 2000; Poxton et al., 2001).

The toxins also stimulate epithelial cells and resident mucosal immune cells to produce multiple
proinflammatory cytokines and chemokines including tumour necrosis factor-alpha (TNFa) and
interleukins IL-1 and IL-8, leading to the activation of neutrophils through the activation of the NF-
kB and TLR4 and TLR5 signalling pathways and the mitogen-activated protein kinase (MAPK)
pathways (Pothoulakis, 2000; Poxton et al., 2001; Madan and Petri, 2012; Chandrasekaran and Lacy,

2017). The loss of the epithelial cell barrier causes an acute activation of innate immune response
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Figure 1.5 Action of the C. difficile toxins A and B on the intestinal epithelium (Poxton et al.,

2001). Originally adapted from Thelestam and Chaves-Olarte (2000).

inducing further inflammatory cytokine production by lymphocytes and mast cells and the
migration the accumulation of neutrophils (Voth and Ballard, 2005; Shen, 2012; Madan and Petri,
2012). Collectively, the severe intestinal damage and activation of the inflammasome caused by
TcdA and TcdB increases intestinal permeability and fluid accumulation which manifests as

diarrhoea, the hallmark symptom of CDI (Carter et al., 2012; Chandrasekaran and Lacy, 2017).

Finally, the inflammatory response to toxins is believe to supress the proliferation of other microbes
while C. difficile upregulates expression of genes that are involved in utilisation of amino acids for
growth, C. difficile thereby reduces competition for resources and generates more resources to

promote its own proliferation (Fletcher et al., 2021).
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1.8.2.2 Binary toxin.

Some C. difficile clinical isolates produce the Clostridium difficile transferase (CDT), also known as
the binary toxin which has ribosyl-transferase activity, causing cytoskeleton reorganisation,
inactivation of cell signalling pathways and cell death (Barth et al., 2004; Awad et al., 2014). The
binary toxin is encoded by two genes cdtA and ctdB encoded on a 6.2 Kb chromosomal region
known as Cdt locus or CdtLoc, along with response regulator gene cdtR which positively regulates
binary toxin expression (Carter et al., 2007). The binary toxin protein components, the
enzymatically active CdtA and the binding component CtdB are secreted separately and associate
on the surface of host cell (Perelle et al., 1997; Barth et al., 2004). Binary toxin ADP-ribosylates
actin, inducing the depolymerization of the actin cytoskeleton causing the redistribution of
microtubules and formation of protrusions at the surface of intestinal epithelial cells, aiding the
adherence of C. difficile to the surface of epithelia cells (Gongalves et al., 2004; Schwan et al., 2009).
A mutant strain producing only the binary toxin caused disease in an animal model, but the
symptoms caused are not consistent with that of CDI (Kuehne et al., 2014). The production of binary
toxin by C. difficile is associated with severe patient outcomes of CDI, suggesting that it may
potentiate the toxicity of TcdA and TcdB and lead to more severe disease (Gerding et al., 2014;

Kuehne et al., 2014).
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1.9 Symptoms of C. difficile infection.

The clinical presentation of CDI ranges from asymptomatic carriage, mild diarrhoea to life
threatening pseudomembranous colitis (Table 1.2) (Kelly et al., 1994; Poutanen and Simor, 2004).
The onset of diarrhoea caused by CDI typically occurs 4-9 days after antibiotic therapy but up to a
third of patients develop diarrhoea after the cessation of antibiotics therapy which can be up to
weeks later (Kelly and LaMont, 1998). Patients with C. difficile colitis in the absence of
pseudomembranes experience watery diarrhoea, lower abdominal pain and systemic symptoms
such nausea, dehydration and a low-grade fever (Kelly et al., 1994; Poutanen and Simor, 2004).
More acute colitis presents as profuse debilitating diarrhoea along with systematic manifestation
including fever, severe abdominal pain and distention (Kelly et al., 1994). The most severe
manifestation of CDI is pseudomembranous colitis, which is characterised by formation of
microulcerations of the colonic mucosa, which are covered by an inflammatory pseudomembrane
(Figure 1.6) (Kelly and LaMont, 1998). The adherent plaques of the pseudomembranes cover large
areas of the colon which undergoes pronounced thickening (Kelly and LaMont, 1998; Kelly et al.,
1994). The intense inflammatory response, tissue damage and neutrophil recruitment are thought
to promote the formation of pseudomembranes observed in severe cases of CDI (Voth and Ballard,

2005; Sun and Hirota, 2015).

Table 1.2 Spectrum of CDI clinical presentation. Adapted from Leffler and Lamont (2015).

Severity Clinical Manifestations

Asymptomatic carrier No signs or symptoms

Mild Mild diarrhoea (3 to 5 unformed bowel movements per day), afebrile status,
mild abdominal discomfort or tenderness.

Moderate Moderate non-bloody diarrhoea, moderate abdominal discomfort or
tenderness, nausea with occasional vomiting, dehydration, white-cell count >15
x10°%/L, blood urea nitrogen or creatinine levels above normal range

Severe Severe or bloody diarrhoea, pseudomembranous colitis, severe abdominal pain,
vomiting, ileus, temperature >38.9°C, white-cell count >20 x10°/L, albumin level
<0.0025 g/L, acute kidney injury.

Complicated Toxic megacolon, peritonitis, respiratory distress, and hemodynamic instability
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Fulminant colitis and pseudomembranous colitis caused by CDI can lead to rare but serious and life-
threatening complications including prolonged ileus, perforation of the bowel, toxic megacolon,
peritonitis, sepsis, multiple organ dysfunction syndrome and death (Kelly and LaMont, 1998; Rubin
et al., 1995; Dobson et al., 2003; Cone and Wetzel, 1982). Fulminant colitis accounts for the most
serious complications of CDI, patients are acutely unwell presenting with lethargy, fever, and severe
abdominal pain. Diarrhoea is prominent with the exception of patients who develop an ileus (Kelly

and LaMont, 1998; Kelly et al., 1994)

Figure 1.6 Pseudomembranous colitis. Colonoscopy imaging of multiple discrete
pseudomembranous lesions (a) Hematoxylin and eosin stained biopsy of pseudomembranous

lesion (b) Chen and Shih (2011).
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1.10 C. difficile sporulation and spore structure.

The formation of spores by C. difficile is critical for survival in an aerobic atmosphere, resistance to
extreme environmental conditions and the dissemination and persistence of CDI (Paredes-Sabja et
al., 2014; Deakin et al., 2012). The sporulation signalling pathway of C. difficile is based on the
knowledge of other spore formers and members of the Clostridia (Al-Hinai et al., 2015). The
initiation of C. difficile sporulation is under the control of the master regulator Spo0OA and is thought
to be triggered by environmental signals associated with the host, nutrient depletion and quorum
sensing (Steiner et al., 2011; Wetzel and McBride, 2020; Edwards and McBride, 2014; Higgins and
Dworkin, 2012; Paredes-Sabja et al., 2014). Pro-sporulation signals result in histidine kinase
phosphorylation of the master transcription regulator, Spo0OA, and subsequent activation of sigma
factors of, of, 6%, and o* that control the transcription of genes required for spore formation
(Paredes-Sabja et al., 2014; Fimlaid et al., 2013). C. difficile sporulation is indirectly repressed by
the regulator CodY in response to nutrient acquisition (Nawrocki et al., 2016). While these sigma
factors are conserved across spore-forming bacteria, their activation and regulation in C. difficile
occurs in a divergent pathway to Bacillus and other Clostridium species (Fimlaid et al., 2013). The
induction of the sporulation transcription factors coincides with morphological changes and
communication between the mother cell and the forespore facilitates the formation of the mature
oval spore structure that develops sub-terminally in the mother cell (Saujet et al., 2014; Lawson et

al., 2016).

The conserved protective bacterial spore structure has constituents and features that are not
associated with the vegetative cell which contribute to its resistance and durability (Figure 1.7)
(Driks, 2003; Setlow, 2006). At the centre of the spore is the dehydrated spore core containing DNA,
tRNA, ribosomes and enzymes essential for the return to metabolic activity during germination
(Setlow, 2006). The low water content is the primary factor in spore enzymatic dormancy and

resistance to wet heat, making up just 25-55% spore core wet weight, depending on the species
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Figure 1.7 C. difficile spore structure. (a) Schematic cross-sectional representation of spore
layer structure (not to scale). (b) Scanning electron microscopy image of the C. difficile strain

NCTC 11204 spore surface showing the exosporium layer.

(Gerhardt and Marquis, 1989). The core is saturated with dipicolinic acid (DPA) chelated 1:1 with
the divalent cation Ca?* as Ca-DPA contributes to the reduced core water content (Setlow, 2007;
Setlow, 2006). DNA within the spore core is bound to protective small acid-soluble proteins (SASPs),
which alter the properties of DNA. The SASPs are found exclusively in the spore core and are
responsible for spore resistance to desiccation, damage by heat and ultraviolet (UV) radiation
(Setlow, 2014; Setlow, 2006). Recently the role of the SASPs, SspA and SspB produced by C. difficile
were investigated; SspA was demonstrated as the major contributor of resistance to ultraviolet (UV)
radiation while deletion of sspA along with sspB resulted in defective sporulation (Nerber and Sorg,

2021).

The spore core is surrounded by the inner membrane which acts as a permeability barrier and
contributes to spore resistance by preventing the entry of DNA damaging compounds (Nicholson
et al., 2000). The inner membrane is further surrounded by the peptidoglycan-containing germ cell
wall which becomes the outgrowing cell wall upon germination (Paredes-Sabja et al., 2014; Setlow,
2006). Next the large cortex layer is composed of spore-specific modified cross-linked
peptidoglycan containing muramic-6-lactam (MAL) which is important for recognition and selective

hydrolysis by cortex lytic enzymes during germination (Popham, 2002; Paredes-Sabja et al., 2014).
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The presence of the cortex is essential for spore dormancy and resistance to heat and ethanol
(Popham, 2002). The cortex is enclosed by the outer membrane, which, in contrast to the
surrounding spore coat, is not believed to be a significant permeability barrier or to have a role in
spore resistance (Nicholson et al., 2000). The proteins of the spore coat protect against attack from
enzymes, chemicals and biocides (Setlow, 2014). The morphogenetic protein, CotL is essential for
the correct assembly of the spore coat, cortex and exosporium, a cotL knockout resulted in
morphological defects and reduction of the abundance of several coat and exosporium proteins
(Alves Feliciano et al., 2019). The multi-layered protein exosporium which demonstrates variability
in its morphology between and within strains of C. difficile, is not present in all spore formers. The
morphogenetic proteins CdeC and CdeM are involved in the recruitment assembly of C. difficile
exosporium which is demonstrated also to influence C. difficile pathogenesis (Pizarro-Guajardo et
al., 2016; Calderén-Romero et al., 2018). CdeC specifically contributes to spore resistance: spores
lacking the C. difficile exosporium cysteine-rich protein (CdeC) demonstrate reduced resistance to

lysozyme, ethanol and heat treatment (Barra-Carrasco et al., 2013).
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1.11 C. difficile spore germination.

To colonise the host, spores of C. difficile reactivate in the presence of specific environmental
signals (germinants) associated with the small intestine, leading to the return to full metabolic
activity and vegetative cell growth, a process known as germination (Gil et al., 2017; Viswanathan
et al., 2010; Setlow, 2003). Although it has long been recognised that the addition of the primary
bile salt, taurocholate, to culture media enhances the recovery of C. difficile spores in the
laboratory, Sorg et al. (2008) demonstrated that the bile salt, cholate, along with conjugated bile
salts glycocholate and taurocholate, induce the germination of C. difficile spores (Wilson, 1983; Sorg
and Sonenshein, 2008). Exposure to the primary bile acids and secondary bile salts during passage
through the gastrointestinal tract is the crucial signal that regulates the germination. Primary bile
acids, cholic acid and chenodeoxycholic acid, which are secreted into the small intestine to assist
the digestion of lipids acid are conjugated with taurine or glycine to produce primary bile salts
derivatives (figure 1.8) (Ridlon et al., 2006). Although active transport of the primary bile salts
ensures the majority are recycled back to the liver, a low concentration enters the large intestine
and is deconjugated by bacterial species of the intestinal microbiota to generate cholate and
chenodeoxycholate (Ridlon et al., 2006; Thomas et al., 2001). In the colon there is disproportionate
passive reabsorption of chenodeoxycholate leading to a higher ratio of remaining cholate (Mekhjian
et al., 1979). In healthy individuals 7a-dehyroxylation of the primary bile salts by selective
microbiota species generates secondary bile aids deoxycholate and lithocholate (figure 1.8 and 1.9).
However, in the absence of these microbiota species, for example following their elimination by
broad spectrum antibiotics such as the beta-lactam antibiotics, conversion to secondary bile acids
is reduced, resulting in an increased concentration of the C. difficile germinants (Ridlon et al., 2006;
Theriot et al., 2016). Correspondingly, the presence of secondary bile salts is associated with
colonisation resistance, by inhibition of C. difficile germination and outgrowth (Theriot et al., 2016).
Responding only in the presence of cholate-derived germinants ensures C. difficile spores germinate

specifically in the ileum, preventing germination until spores receive the germination-positive
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signals that are indicative of the small intestine environment (Koenigsknecht et al., 2015; Kochan
et al.,, 2018b). Sorg and Sonenshein (2009) also established that the primary bile acid,
chenodeoxycholate, inhibits taurocholate-mediated germination in a competitive manner. The
higher affinity of C. difficile for chenodeoxycholate, thereby supresses germination until the

concentration of germinant overcomes the inhibitory action of chenodeoxycholate (Sorg and
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Figure 1.8 Modification of primary bile acids during transit through the small and large Intestines.
Green text indicates a bile salt or bile acid that has C. difficile spore germination activity; red text

indicates an inhibitor (Sorg and Sonenshein, 2008, 2009, 2010).
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Sonenshein, 2008; 2010; 2009). The secondary bile salt, lithocholate, is also an inhibitor of
germination, whereas deoxycholate is a weak spore germinant but inhibits growth of C. difficile
(Sorg and Sonenshein, 2010; 2008; Thanissery et al., 2017). With the exception of structural
alterations of conjugated bile salt derivatives, bile salt germinants and inhibitors of C. difficile are
structurally similar, and the presence or absence of the 12a-hydroxyl group appears to determine
the promotion or suppression of germination (figure 1.9) (Sorg and Sonenshein, 2010). Variation in
germinant specificity however has been recognised across clinically relevant strains of C. difficile
(Heeg et al., 2012). Heeg et al. (2012) demonstrated variation in the rate and extent of germination
in response to taurocholate; furthermore, taurocholate-mediated germination was not inhibited by

chenodeoxycholate in some clinical isolates. Disparity in the germination response to bile salt

OH OH

Cholate Chenodeoxycholate

OH

Lithocholate

Figure 1.9 Structure of the primary bile salts cholate and chenodeoxycholate, and the secondary
bile acid lithocholate. The 7a-hydroxyl group (highlighted in green) is dehydroxylated during
conversion of primary bile salts to secondary bile acids. The 12a-hydroxyl group (highlighted in
pink) is a structural determinant that differentiates between germinants and inhibitors of C.
difficile germination.
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germinants and inhibitors was also demonstrated across a broad range of C. difficile ribotypes
(Thanissery et al., 2017). A selected mutation of the identified bile salt receptor CspC in the C.
difficile UK1 strain background modified germinant specificity: chenodeoxycholate induced
germination of C. difficile spores instead of having inhibitory action in an optical density-based
germination assay (Francis et al., 2013). By contrast, through assessment of germination on solid
media (pre-treated with potential germinants), Rohlfing et al. (2019) recently demonstrated that
the selected CspC mutation (cspCesszr) in strain 630Aerm resulted in heightened sensitivity to

germinants and co-germinants, but did not induce germination in response to chenodeoxycholate.

C. difficile germination does not occur in the presence of a single germinant, a co-germinant is
usually required. Sorg and Sonenshein (2008) identified the amino acid glycine as a C. difficile spore
co-germinant and the component of complex media that provides the additional signal required for
germination. Other amino acids have also been established as co-germinants, but their activity
varies considerably; although glycine has the greatest co-germination activity, with L-alanine,
taurine and L-glutamine displaying further activity. Although this is strain-dependant, amino acids
with branched side chains typically demonstrate the least co-germinant activity (Wheeldon et al.,
2011; Kochan et al., 2018b; Sorg and Sonenshein, 2008; Shrestha and Sorg, 2017). Histidine was
found to enhance taurocholate- and glycine-mediated germination significantly whereas a specific
combination of 5 amino acids (valine, arginine, aspartic acid, histidine and glycine) in addition to
taurocholate demonstrated similar germination activity to that of taurocholate and complex media.
The combination of the amino acid co-germinants is believed to be an additive effect rather than
synergistic effect (Wheeldon et al., 2008a; Wheeldon et al., 2011; Kochan et al., 2018b). The activity
of amino-acid co-germinants is highly temperature dependant; lysine and serine, not previously
considered as co-germinants and D-forms of amino acids including D-alanine and D-serine,
demonstrate co-germinant activity at the physiologically relevant temperature of 37°C (Shrestha et

al., 2017; Shrestha and Sorg, 2017). The role of glycine as a C. difficile co-germinant is thought to
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be linked to its requirement for optimal growth through its incorporation into peptidoglycan of the

vegetative cell wall (Bhattacharjee et al., 2016b; Peltier et al., 2011).

More recently, C. difficile spore germination was demonstrated in response to taurocholate and
calcium (Kochan et al., 2017). Calcium functions as a co-germinant, inducing germination in
conjunction with the bile salt germinant taurocholate, and is also presumed to be involved in the
transmission of the germination signal by activating cortex degradation during taurocholate- and
glycine-derived germination, through an unidentified calcium-dependant enzyme (Kochan et al.,
2017). Germination in response to calcium as a co-germinant can be induced by either exogenous
(derived from the host) or endogenous calcium released during rehydration of the spore core as
Ca-DPA (Kochan et al., 2017). Calcium demonstrates synergistic activity with amino acid co-
germinants, and enhances the rate of germination in the presence of taurocholate and low
concentrations of amino acid (Kochan et al., 2018b). Crucially, this synergistic activity together with
amino-acid co-germinants is able to overcome the inhibitory activity of the chenodeoxycholate

(Kochan et al., 2018b).

1.12 Regulation of C. difficile spore germination.

Universally across spore-forming bacteria, the binding of germinants and in some cases co-
germinants to their appropriate receptors results in the transformation of a dormant spore into a
metabolically active vegetative cell. The process of spore germination has largely been determined
from the study of germination in the model organism Bacillus subtilis and other Clostridia (Setlow,
2003). Although there is commonality between some Bacillus and Clostridia species, the C. difficile
spore germination regulation pathway is unique amongst spore-formers (Bhattacharjee et al.,
2016b; Setlow, 2003). Typically the Ger receptors are responsible for the detection of germinants
and are highly conserved across Bacillus and Clostridioides species; however, distinctively, C.

difficile does not possess Ger-type receptors but instead senses germinants and co-germinants via
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the Csp subtilisin-like serine proteases of the CspBAC locus (Francis et al., 2013; Shrestha et al.,
2019; Bhattacharjee et al., 2016b). The products of this locus, CspB, CspA and CspC are key
regulators of germination signal transduction, and interactions between the Csp proteins during
spore formation are likely to be important for effective germination. Specific to C. difficile, gerG
controls the incorporation of CspA, CspB and CspC in the mature spore (figure 1.10a) and is required
for C. difficile spores to complete germination (Donnelly et al., 2017). In the absence of functional
GerG, the decreased levels of CspA, CspB and CspC alter the detection of germinants and inhibit
downstream cortex hydrolysis (Donnelly et al., 2017). The catalytic triad of the Csps proteases,
consisting of aspartate, histidine, and serine residues, is functional in only CspB (Adams et al., 2013;
Francis et al., 2013). Evolutionary alteration of the catalytic residues of CspA and CspC eliminates
their ability to process the cortex lytic enzyme to its active form and transduce the germination
signal (Francis et al., 2013). Restoration of the catalytic triad residues of CspC and CspA does not
restore protease activity and results in varied phenotypic consequences. In the case of CspC, the
restoration of specific catalytic residues reduced the stability and levels of CspC in sporulating cells
and caused defective germination while the restoration of residues of CspA did not affect the levels

of CspBA or alter germination activity (Donnelly et al., 2020).
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Figure 1.10 A model of C. difficile germination regulation pathways. (a) The role of key regulators of C. difficile germination, (b) and the sequence of
the C. difficile germination signal cascade (Francis et al., 2013, Shrestha et al., 2019, Donnelly et al., 2017, Adams et al., 2013, Bhattacharjee et al.,

2016, Francis et al., 2015, Francis and Sorg, 2016, Burns et al., 2010, Diaz et al., 2018, Fimlaid et al., 2015).
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CspC has been identified as the proposed bile salt germinant receptor and is responsible for the
transmission of the germination signal downstream to CspB, although the mechanism by which this
occurs has yet to be fully determined (Francis et al., 2013; Bhattacharjee et al., 2016a). However, a
greater abundance of CspC protein in mature spores of clinically relevant C. difficile strains did not
correlate with an increased germination rate, suggesting CspC has a more complex role in C. difficile
germination signal transduction and may inhibit downstream processes (Bhattacharjee et al.,
2016a). Research by Rohlfing et al. (2019) demonstrated that mutation of specific residues of CspC
resulted in increased sensitivity to the germinant taurocholate and even negated the need for
taurocholate to induce germination at low frequency. CspA and CspB are encoded by cspBA as a
fusion protein and undergo interdomain cleavage during spore formation (Adams et al., 2013;
Francis et al., 2013). CspBA is believed to stabilise CspC through sporulation and spore maturation,
and thus regulates the level of CspC incorporated into mature spores (Kevorkian et al., 2016).
Deletion of cspA results in mature spores that are germination-defective and contain reduced level
of CspC protein (Kevorkian et al., 2016). Recently the role of CspA in C. difficile spore germination
has been expanded through research by Shrestha et al. (2019) that implicates CspA in the
recognition of amino acid and calcium co-germinants. Site directed deletions in cspA eliminated the
requirement for co-germinants during taurocholate-mediated germination, although these
mutants still responded to glycine as a co-germinant (Shrestha et al., 2019). The interdomain
processing of CspBA to CspB and CspA is dependent upon the protease YabG (figure 1.10a) during
sporulation (Kevorkian et al., 2016). Cleavage of CspBA regulates appropriate germination: the
mutation of YabG protease produces spores that are able to germinate in response to the
germinant taurocholate alone. By contrast to the CspA mutant discussed previously, the YabG

mutant no longer requires or responds to amino acid co-germinants (Shrestha et al., 2019).

CspB, the only subtilisin-like serine protease produced by C. difficile that has catalytic activity is
controlled by CspC through a putative protein-protein interaction (figure 1.10b) and is required for

cortex hydrolase activation (Adams et al., 2013; Francis et al., 2015; Donnelly et al., 2017).
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Activation of CspB by CspC initiates the cleavage of the N-terminal region of pro-SleC to produce
the active cortex lytic enzyme, SleC (Francis and Sorg, 2016; Adams et al., 2013). Upon activation,
SleC degrades the specialised peptidoglycan of the cortex, releasing stored Ca-DPA and rehydrating
the spore core via a mechanosensing mechanism (Francis and Sorg, 2016; Burns et al., 2010).
Eliminating the catalytic activity of CspB has a significant impact on C. difficile spore germination,
and inhibits processing of the active protease SleC, but does not eliminate germination completely,
suggesting other enzymes are also involved in cortex hydrolysis (Adams et al., 2013). YabG also
regulates of the cortex lytic enzyme and processes preproSlec to proSleC; elimination of YabG

prevents incorporation of proSleC in the mature spore (Kevorkian et al., 2016; Shrestha et al., 2019).

GerS regulates germination through its modification of the peptidoglycan of the cortex and thus
regulates the activity of SleC (Diaz et al., 2018). Germination deficient GerS mutants are unable to
degrade the cortex and complete germination because these cortex-specific modifications are
required for the recognition by SleC (Diaz et al., 2018; Fimlaid et al., 2015). Furthermore the
inactivation of GerS results in the inability to cause disease in the C. difficile hamster infection model

(Fimlaid et al., 2015).

By contrast to other spore-forming bacteria, cortex degradation by cortex lytic enzymes occurs
before the release of Ca-DPA during C. difficile germination (Francis et al., 2015). Hydrolysis of
cortex peptidoglycan relieves osmotic constraints inside the core, and this is detected by the

mechanosensing protein, SpoVAC, that facilitates the release of Ca-DPA (Francis and Sorg, 2016).
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1.13 C. difficile spore germination models.

Considering the understanding of C. difficile germination discussed above, models predicting the
transduction of the germination signal have been hypothesised. Kochan et al. (2018) proposes a
model whereby bile salt germinants acts as a ‘chemical key’ when binding to its ‘lock’, CspC (Kochan
et al., 2018a; Kochan et al., 2017). Activation of CspC by germinants facilitates the transport of co-
germinants including calcium and amino acids through the outer membrane via an unidentified
mechanism. CspB is activated by binding to calcium, which is either exogenous or released from the
spore core when amino acids bind to the co-germinant receptor. CspB processes proSleC to its
active form SleC, which degrades the peptidoglycan of the cortex, leading to core rehydration, DPA

release and spore outgrowth (Kochan et al., 2017).

In the alternative ‘germinosome’ model, based on the findings of Adams et al. (2013); Bhattacharjee
etal. (2016); Fimlaid et al. (2015); Francis et al. (2013) and informed by the observed co-localization
of germinant receptors at the inner membrane of Bacillus subtilis spores, the products of the
cspBAC operon together with proSleC are co-located in the cortex component of the outer-
membrane as a ‘germinosome complex’ (Adams et al., 2013; Francis et al., 2013; Fimlaid et al.,
2015; Bhattacharjee et al., 2016b; Kochan et al., 2018a; Griffiths et al., 2011). Their proximity is
hypothesised to facilitate direct interaction such that when taurocholate binds to the germinant
receptor CspC, CspB is subsequently activated. The activation of CspB, together with simultaneous
interaction of calcium and/or amino acid co-germinants with the germinosome, facilitates CspB-
mediated processing of proSlec to SleC and ultimately cortex degradation (Kochan et al., 2018a).
Integrating the recent findings by Shresha et al. (2019) that identify CspA as the proposed amino
acid co-germinant receptor within the germinosome complex model, the proximity and physical
interaction of CspC and CspA with CspB is hypothesised to inhibit its protease activity, thereby

regulating germination (figure 1.11). Upon binding of germinants and co-germinants to their
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receptors, CspC and CspA dissociate from CspB, allowing the processing of proSleC to SleC

(Shrestha et al., 2019)

Recent characterisation of the crystal structure of CspC by Rohlfing et al. (2019) was unable to
determine whether bile salt germinants interact directly or indirectly with CspC. Mutational binding
studies of CspC identified mutants that had increased sensitivity to the germinant taurocholate but
also had increased sensitivity to amino acid co-germinants (Rohlfing et al., 2019). Although CspC
plays a key role in germination signal transduction, it may not be to bind directly to bile salts
germinants. The authors propose that it may interact with the unidentified bile salt germinant
receptor and the co-germinant receptor to transduce the germination signal (Rohlfing et al., 2019).
CspC activation may induce a conformational change that permits its interaction with CspB,
resulting in induction of protease activity and subsequent interaction of CspA with CspB of the
germinosome complex (Rohlfing et al., 2019; Shrestha et al., 2019). The authors also discuss an
alternative role for CspC in the transport of germinants to their receptors located in the cortex by
altering the permeability of the spore outer membrane (Shrestha et al., 2019). This explanation of
the role of CspC in germination regulation has similarities to the ‘lock and key’ model but also

incorporates the co-location of the germinosome complex.
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Figure 1.11 An updated germinosome complex model demonstrating germinant and co-germinant receptor activation and downstream signalling
leading to germination of C. difficile spores. The model incorporates the recent identification of CspA as the cogerminant receptor and its interaction
with CspB, which together with CspC activation results in processing of proSlec to SleC, subsequent cortex degradation, calcium dipicolinic acid (Ca-

DPA) release, core rehydration, and spore outgrowth. Model modified from Kochan et al. (2018) and Shrestha et al. (2019).
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1.14 Laboratory diagnosis of C. difficile infection.

Because it is not possible to clinically distinguish CDI from other causes of healthcare-associated
diarrhoea, laboratory diagnosis is essential. There is substantial debate in the literature on the most
appropriate methodology to diagnose CDI with specificity, sensitivity, cost, time required for results
and the severity of patient symptomes, all considerations. An effective diagnostic approach should
determine if patients require treatment and isolation to reduce transmission in a timely manner,
preventing the progression of severe CDI and complications while also avoiding unnecessary
treatment or withdrawal of antibiotic therapy for those patients who do not have CDI (Gerding et
al., 2016). If a patient has diarrhoea (Bristol Stool Chart types 5-7) that is not clearly attributable to
an underlying condition or therapy then it is necessary to determine if this is due to CDI (Lewis and
Heaton, 1997; Department of Health, 2012). Diarrhoeal samples should be tested for C. difficile
from hospital patients aged >2 years, all community patients aged >65 years, and from community
patients aged <65 years, wherever clinically indicated. The department of health advisory
committee on antimicrobial prescribing, resistance and healthcare associated infection (ARHAI)
advise a two stage testing approach for the diagnosis of CDI which consists of a lateral flow
glutamate dehydrogenase enzyme immunoassay (EIA) test or a PCR test to screen stool samples,
followed by a sensitive toxin EIA test or a cytotoxin assay (Department of Health, 2012). The
enzyme, glutamate dehydrogenase is produced by both toxigenic and non-toxigenic strains of C.
difficile and its detection by EIA is highly sensitive as a diagnostic marker for C. difficile but is unable
to distinguish between colonisation or CDI (Swindells et al., 2010; Shetty et al., 2011). The
alternative first stage of real-time PCR testing can be used to detect the presence of toxin genes
including tcdA, tcdB or tcdC directly from patient stools (Crobach et al., 2009; de Jong et al., 2012).
For the second stage test, commercially available rapid and highly specific enzyme immunoassays
(ElAs) for C. difficile toxin detection in patient stool include tests for toxin A only or toxins A and B
in combination (Bartlett and Gerding, 2008; Yolken et al., 1981). Anti-toxin antibodies capture the
antigen if present in the stool supernatant which are then bound by a second set of anti-toxin
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antibodies, sandwiching the antigen. The addition of anti-second antibody conjugated to a
chromogenic substrate visualises the reaction as a colour change, indicating the presence of C.
difficile toxins (Lall et al., 2017). The cytotoxin assay requires the inoculation of stool filtrate onto a
monolayer of a cell culture which is subsequently observed for a toxin B induced cell rounding, to
confirm the cytopathic effect is specific to C. difficile toxin, neutralization with antiserum is
completed. This technique requires specialist expertise and laboratory facilities with results taking
24-48 hours (Crobach et al., 2009; Chang et al., 1978). The culture of C. difficile is not routine but is
recommended in outbreaks alongside toxin detection to facilitate strain type monitoring and

surveillance (Department of Health, 2012; Public Health England, 2018).
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1.15 C. difficile ribotyping.

Epidemiological studies of C. difficile utilise several typing techniques including pulsed-field gel
electrophoresis, restriction enzyme analysis, PCR-ribotyping, toxinotyping, arbitrary-primed PCR
and random amplification of polymorphic DNA. Consequently C. difficile isolates are often referred
to by multiple typing designations (eg:NAP1/BI/027) (Fawley et al., 2015). In England, the
standardized ribotyping by the Clostridium difficile Ribotyping Network (CDRN) provides enhanced
surveillance of C. difficile strains monitoring and identifying the emergence of clinically important
C. difficile ribotypes (Wilcox et al., 2012). PCR-ribotyping, a DNA-typing technique comprises the
extraction of DNA from C. difficile cultures, PCR amplification of the 165-23S rRNA gene intergenic
spacer region with specific primers and capillary gel electrophoresis analysis of the PCR fragments.
This is a standardised, rapid, discriminatory and cost-effective methodology for the epidemiological

monitoring of C. difficile (Fawley et al., 2015).

Over 650 unique C. difficile ribotypes have been identified, with the number continuing to expand
(Fawley et al., 2015). Specific ribotypes are prevalent in different geographical regions, with the
predominant ribotypes in Europe including 027, 001/072, 014/020, 140, 002, 010, 078, 018, 015
and 176 (Bauer et al., 2011; Davies et al., 2016). Ribotypes 002, 014, 015, 005, 023 and 078 are the
most prevalent in England (Public Health England, 2019b). There has been a decreasing presence
of C. difficile ribotypes 027, 001 and 106 in England and Northern Ireland between 2008 and 2018
with a compensatory increase in the other ribotypes (Public Health England, 2019b). A two-year
analysis of C. difficile ribotypes in west London hospitals found ribotypes 002 and 015 were the
most frequently identified while ribotype 022 was associated with increased mortality and ribotype
005 was most commonly associated with recurrent C. difficile when compared to other ribotypes

(Herbert et al., 2019).

Ribotype 027, also known as North American pulsed-field gel electrophoresis type 1, restriction

endonuclease analysis type B1 (NAP1/B1/027), is the most commonly isolated ribotype in European
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countries (Loo et al., 2005; McDonald et al., 2005; Davies et al., 2016). Described as hypervirulent,
C. difficile ribotype 027 is responsible for significant outbreaks that have occurred in the USA and
Europe (Kuijper et al., 2006; Cookson, 2007; Fatima and Aziz, 2019). Ribotype 027 strains produce
binary toxin (Carter 2007) which enhances the toxicity of TcdA and TcdB and may be an important
virulent factor of 027 ribotype strains (Carter et al., 2007; Gerding et al., 2014). Ribotype 027 is also
associated with increased expression of toxins A and B; a mutation in the TcdC gene, the negative
regulator of tcdA and tcdB was found to cause hyper-expression of toxins A and B, approximately
16 times and 23 times higher respectively than control strains (Warny et al., 2005). Ribotype 027
has been associated with increased disease severity and mortality but this has been contradicted
where patient outcomes were conversely not significantly worse as a result ribotype 027 when
compared to CDI caused by other strains (See et al., 2014; Walk et al., 2012). Phylogenetic analysis
of C. difficile ribotype 027 demonstrates two epidemic lineages with distinct patterns of global
spread (He et al., 2013). Despite evidence of other enhanced virulence factors that potentially
contribute to the hypervirulence of ribotype 027, the acquisition of several mobile genetic elements
which convey resistance to a number of antibiotic classes is believed to be the driving force in the

evolution and persistence of C. difficile ribotype 027 in healthcare settings (He et al., 2013).
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1.16 Treatment of C. difficile infection.

Upon diagnosis of CDI, isolation of the patient and implementation of appropriate infection control
measures is mandatory to prevent transmission within the hospital (Debast et al., 2014; Public
Health England, 2013; McDonald et al., 2018). Immediate treatment measures to mitigate CDI
include adequate replacement of fluid and electrolytes and the review of any controllable risk
factors including discontinuing the use of antibiotic therapy, PPIs and anti-motility medications
(Debast et al., 2014). Any inciting antibiotic agent(s) should be discontinued as soon as possible to
allow the normal intestinal flora to be re-established (McDonald et al., 2018; Public Health England,
2013). Continuation of the antibiotic therapy is associated with treatment failure and recurrent CDI

(Modena et al., 2006; Mullane et al., 2011)

1.16.1 Antibiotic treatment of CDI.

Appropriate antibiotic treatment of CDI is based on the severity of disease (Gerding et al., 2016).
Metronidazole and vancomycin have been the main antibiotic agents used in the treatment of CDI
but there are now more antibiotics treatment options (McDonald et al., 2018). Public Health
England recommends that patients with mild or moderate CDI should receive oral metronidazole
(dose: 400-500 mg 3 times a day for 10—14 days), diarrhoea should resolve in 1-2 weeks (Public
Health England, 2013). The clinical practice guideline for CDI produced by Infectious Diseases
Society of America and Society for Healthcare Epidemiology of America alternatively recommends

vancomycin or fidaxomicin over metronidazole for an initial episode of CDI (McDonald et al., 2018).
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1.16.1.1 Metronidazole.

Oral metronidazole is demonstrated as effective treatment for CDI and has the advantage of low
cost (Nelson et al., 2017). Metronidazole is activated by reduction when inside the target anaerobic
bacterial cell where it inhibits protein synthesis by interacting with DNA causing strand breakage
and the loss of helical DNA structure (Edwards, 1993). Treatment of CDI with metronidazole is not
appropriate for patients at high risk of severe or life-threatening disease such as those of advanced
age or comorbidities (Shen and Surawicz, 2008; Debast et al., 2014). Data suggest that amongst
patients aged 65 years and under with mild CDI, treatment with metronidazole has similar clinical
outcomes to vancomycin and is therefore an appropriate treatment for younger patients with an
initial mild episode of CDI (Appaneal et al., 2019). There is evidence of the emergence of reduced
susceptibility of some strains of C. difficile to metronidazole and a rise in clinical treatment failure
associated with ribotype 027, although mechanisms remain unclear (Baines et al., 2008; Pépin et
al., 2007). Recently C. difficile resistance to metronidazole has been attributed to the acquisition of
an internationally disseminated plasmid, pCD-METRO which is maintained in the absence of

selective pressure (Boekhoud et al., 2020).

1.16.1.2 Vancomycin.

For patients with severe CDI, or those where metronidazole treatment has failed, Public Health
England recommends oral vancomycin (dose: 125 mg 4 times a day for 10-14 days) due to the
superiority of vancomycin in the treatment of severe CDI compared to metronidazole (Public Health
England, 2013; Zar et al., 2007). The clinical cure rate of oral vancomycin has been shown to be
superior to metronidazole in randomized, placebo-controlled trials (Zar et al., 2007). Vancomycin
is bactericidal, inhibiting the polymerization of peptidoglycan in the bacterial cell wall by binding to
the acyl-D-ala-D-ala portion of the growing peptidoglycan cell wall (Nagarajan, 1991). It is poorly
absorbed from the gastrointestinal tract leading to high luminal drug levels which results in rapid

65
A.J. Lawler, PhD Thesis, Aston University 2022



suppression of C. difficile (Debast et al., 2014; Al-Nassir et al., 2008). For complicated CDI,
vancomycin administered orally together with intravenously administered metronidazole is the
regimen of choice (McDonald et al., 2018). This has been demonstrated to improve mortality in
critically ill patients (Rokas et al., 2015). Life-threatening disease can be treated by vancomycin
given via a nasogastric tube and/or by rectal installation (Public Health England, 2013;
Apisarnthanarak et al., 2002). Treatment of CDI with vancomycin has incorrectly been associated
with an increased risk of colonization with vancomycin-resistant Enterococcus (VRE), however the
frequency of VRE contamination was found to be similar between patients treated with

metronidazole or vancomycin (Sethi et al., 2009).

1.16.1.3 Fidaxomicin and treatment of recurrent CDI.

Oral fidaxomicin was introduced as a new option for the treatment of CDI in Europe in 2012
(Johnson and Wilcox, 2012). Fidaxomicin is a macrocyclic antibiotic that prevents bacterial RNA
synthesis by binding and inhibiting the action of DNA-dependent RNA polymerase, it has a narrow
spectrum of activity against Gram-positive bacteria which includes C. difficile (Johnson and Wilcox,
2012). Its lack of activity against Gram-negative bacilli is an important advantage, promoting the
maintenance of colonization resistance (Johnson and Wilcox, 2012). Fidaxomicin is recommended
for patients with multiple co-morbidities who are receiving concomitant antibiotics or those with
recurrent CDI, whether mild, moderate or severe, because of their increased risk of further
recurrences (Public Health England, 2013). Fidaxomicin was significantly more effective than
vancomycin in achieving clinical cure in the presence of concomitant antibiotic therapy and in
preventing recurrence regardless of concomitant antibiotic use (Mullane et al., 2011). Two phase 3
randomised controlled trials demonstrated fidaxomicin was non-inferior to vancomycin in the initial

clinical cure of CDI, but was superior in reducing recurrence (Crook et al., 2012).
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Recurrent CDI occurs in approximately 25% of patients and is associated with a diminished quality
of life due to repeated episodes of diarrhoea (Kelly, 2012; Johnson, 2009b). For patients with a first
recurrence of CDI, treatment with oral vancomycin or fidaxomicin is recommended (McDonald
2018). In patients with a first recurrence of CDI, fidaxomicin demonstrated similar efficacy to
vancomycin, it was found to be superior in preventing a second recurrence compared to the
standard course of vancomycin (Cornely 2012). The superior efficacy may be linked to suppression
of spores in the faeces of patients treated with fidaxomicin which also leads to a reduction in
environmental contamination (Davies 2020). The European society of clinical microbiology and
infectious diseases (ESCMID) recommend multiple recurrent episodes of CDI should be treated with
fidaxomicin, if unresponsive to repeated antibiotic treatment, faecal microbiota transplantation

(FMT) in combination with oral antibiotic treatment is strongly recommended (Debast et al., 2014).

1.16.1.4 Alternative and future antibiotic therapy for the treatment of CDI.

Rifaximin, a non-absorbed rifamycin antibiotic that remains largely in the gastrointestinal tract has
good antimicrobial activity against C. difficile, is well tolerated by patients with minimal adverse
effects (Public Health England, 2013; Descombe et al., 1994). It has been demonstrated as a viable
alternative for the treatment of CDI by Systematic review (Ng et al., 2019). Rifaximin could also be
utilised in conjunction with other therapies, being efficacious in reducing the rate of recurrence,
however resistance to rifaximin is a significant issue that could limited its practicality for the

treatment of CDI (Ng et al., 2019).

Nitazoxanide and its main metabolite, tizoxanide are antimicrobial against C. difficile and have been
shown to be as effective at as metronidazole in the treatment of CDI but could be more beneficial
as an effective alternative for the treatment of recurrent CDI (Dubreuil et al., 1996; Musher et al.,

2006).
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Ridinilazole is a potential future antimicrobial agent for the treatment of CDI, it demonstrates
bactericidal activity against C. difficile and was found to suppress the release of IL-8 from cell lines
exposed to C. difficile while also reducing the production of toxin A and B (Basseres et al., 2016). It
has a narrow-spectrum of activity, demonstrating limited activity against the commensal of
microbes of the gut helping to preserve the gut microbiota (Cho et al., 2019). Two clinical trials are
currently in progress to evaluate ridinilazole for the treatment for CDI in comparison to vancomycin

(ClinicalTrials.gov, 2018a; c).

Teicoplanin may be an effective antibiotic to treat CDI as an alternative to vancomycin but the
quality of the evidence is currently very low (Nelson et al., 2017). The novel antimicrobials;
tedizolid, dalbavancin, and ceftobiprole have been evaluated for activity against C. difficile with
dalbavancin and tedizolid demonstrating potential as therapeutic agents for the treatment of CDI

(Binyamin et al., 2018).

Other antibiotics that have clinically relevant activity against C. difficile are nitazoxanide,
ramoplanin and tigecycline, however due to limited data, high cost, resistance and reports of
unfavourable adverse-events, these are not current routinely used for the treatment of CDI (Leffler

and Lamont, 2015).

1.16.1.5 Antibiotic resistance.

While resistance to antibiotics has not limited treatment options for CDI, as is the case of many
other clinically relevant pathogens, antibiotics have influenced the epidemiology of CDI and the
emergence of hypervirulent strains. The increased use of fluoroquinolones was correlated with the
acquisition of mutations in DNA gyrase (gyrA) in two independent lineages of C. difficile ribotype
027 (Centers for Disease Control and Prevention, 2019; He et al., 2013). C. difficile is unsusceptible

to many antibiotics commonly used in the treatment of bacterial infections and are known risk
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factors of CDI (Spigaglia, 2016; Peng et al., 2017). Moreover, the formation of dormant spores by C.

difficile are intrinsically resistant to antibiotics (Gil et al., 2017; Driks, 2003).

Horizontal gene transfer is a key mechanism driving C. difficile evolution, mobile genetic elements
are responsible for the acquisition of an extensive array of genes involved in antimicrobial
resistance, virulence, host interaction and the production of surface structures by C. difficile
(Sebaihia et al., 2006). C. difficile resistance to metronidazole and vancomycin is low, although there
is evidence of reduced susceptibility of C. difficile to these antibiotics across European surveillance;
0.11% and 0.87% of the strains investigated were resistant to metronidazole and vancomycin
respectively (Spigaglia, 2016; Freeman et al., 2015). Adler et al. (2015) described a C. difficile
ribotype 027 strain with reduced susceptibility to metronidazole and vancomycin that had
disseminated across Israel to become the dominant strain. C. difficile fidaxomicin resistance is
extremely rare, no fidaxomicin isolates were found to be resistant or intermediately resistant
during European surveillance, as reported by Freeman et al. (2015). Rifampicin resistant clinical
isolates of C. difficile and corresponding resistance to rifaximin have been reported with resistance
rates appearing to be on the rise (Spigaglia, 2016; Eitel et al., 2015). Rifampicin resistance has been

demonstrated across multiple C. difficile ribotypes (Freeman et al., 2015).
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1.16.2 Non-antibiotic treatment of CDI.

Several non-antibiotic therapies for the treatment of CDI have been described and are
predominantly utilised when antibiotic treatment failure occurs, or patients have severe
complications. Severe or recurrent CDI, warrants intravenous immunoglobulin containing anti-toxin
antibodies against C. difficile toxins (Department of Health, 2011). The administration of
neutralizing human monoclonal antibodies against C. difficile toxins A and B significantly reduced
the recurrence of CDI in a randomised controlled study, but did not reduce the time to the
resolution of diarrhoea or the number of days of hospitalization for the initial episode (Lowy et al.,
2010). A case report by Shah et al. (2014) described the successful treatment of a patient with
comorbidities and severe CDI, who had not responded to antimicrobial therapy with a single dose
of intravenous immunoglobulin. No recurrence of CDI occurred following the intravenous

immunoglobulin therapy Shah et al. (2014).

Bezlotoxumab a monoclonal antibody directed against toxin B produced by C. difficile, has been
approved as adjunctive therapy for patients who are receiving antibiotic treatment for CDI and who
are at high risk for recurrence (Wilcox et al., 2017). A retrospective study of the use of bezlotoxumab
in CDI patients in a Finnish hospital demonstrated it was effective in the prevention of recurrent
CDl in 73% of patients and may be a suitable alternative treatment to those in need of FMT (Oksi et

al., 2019).

Tolevamer a novel C. difficile toxin-binding polymer, developed to ameliorate the disease without
adversely affecting normal flora, successfully neutralises the toxins produced by multiple strains of
C. difficile including those produced by epidemic NAP1/BI/027 strains (Hinkson et al., 2008). The
outcome of two controlled trials comparing the efficacy of tolevamer with metronidazole and
vancomycin to treat CDI found tolevamer was inferior to antibiotic therapy but may be suitable as

adjunctive treatment with standard antibiotic treatment (Johnson et al., 2014).
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DAV132 is a therapeutic designed to bind excess antibiotics in the colon to prevent dysbiosis of the
gut microbiota (Burdet et al., 2017). It is currently undergoing a clinical trial to determine its
efficacy of DAV132 in hospitalized patients receiving fluoroquinolones at high risk of CDI

(ClinicalTrials.gov, 2018b).

Surgical intervention by means of colectomy is necessary for severely ill CDI patients, such as those
with toxic megacolon (McDonald et al., 2018; Public Health England, 2013). The mortality of CDI
patients undergoing an emergency colectomy is very high but the surgical intervention for selected
patients is lifesaving. A retrospective observational cohort study suggest colectomy reduces
mortality in very high-risk patients (Lamontagne et al., 2007). A more recent alternative surgical
intervention to colectomy for the treatment of severe CDI is the diverting loop ileostomy which
preserves the colon and has been shown to have an improved mortality rate compared to

colectomy in a multicentre study (Ferrada et al., 2017).

1.16.3 Faecal microbiota transplantation.

FMT aims to restore the health-associated commensal microbiota in patients who have recurrent
CDI by introducing enteric bacteria from the faeces of healthy donors. The subsequent alteration
of intestinal environment becomes inhospitable for C. difficile and allows colonisation resistance to
be restored (NICE, 2014; Tariq et al., 2018). The inhibitory mechanism of action against CDI is
thought to include niche competition for nutrients, production of short chain fatty acids and the
abundance of primary and secondary bile acids (Lawley and Walker, 2013; Theriot et al., 2016). The
exact microbial constituents of the faecal microbiota that provide resistance against C. difficile are
not known but the phyla Bacteroidetes and Firmicutes are thought to comprise critical components
of the material that needs to be transplanted (Antharam et al., 2013). Successful FMT is correlated

with the normalisation of the faecal bile acid composition, decreasing primary bile acid
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concentrations and increasing secondary bile acids to levels found prior to antibiotic treatment

(Weingarden et al., 2016).

FMT is recommended for patients with multiple recurrences of CDI who have failed appropriate
antibiotic treatments (McDonald et al., 2018; NICE, 2014). The first randomized double-blind clinical
study that compared the outcome of standard antibiotic therapy to FMT was published in 2013 and
demonstrated FMT was significantly more effective for the treatment or recurrent CDI than
vancomycin (van Nood et al.,, 2013). A more recent systematic review and meta-analysis of
published studies and case series of FMT for the treatment of recurrent CDI determined FMT was
highly effective, with clinical resolution of CDI following FMT of 92% across the studies included.
FMT was found to be more effective at resolving recurrent CDI than vancomycin therapy (Quraishi
etal., 2017). The mode of FMT delivery, dosage and number of FMT infusions influence the efficacy
of FMT for the treatment of recurrent CDI; multiple infusions increase the rate of efficacy of FMT

while the use of fresh or frozen FMT product does not influence the outcome (laniro et al., 2018).

FMT is currently a highly diverse biological product with variation derived from the microbial
communities of the donor and final FMT product along with the mode of delivery to the recipient
patient (Schaffler and Breitrlick, 2018; Tariq et al., 2018). Observational studies have shown FMT is
highly successful in the treatment of CDI, but the efficacy described in clinical trials has been
variable. A meta -analysis of randomised control trials determined FMT was associated with lower
cure rates than seen with observational studies. Variation appears to be derived from the inclusion
and exclusion criteria of randomised control trials, the mode of delivery of FMT and the definition

of clinical resolution of CDI (Tariq et al., 2018).

The microbial composition and diversity of the donor is a major factor and reliable predictor of the
success of FMT (Kump et al., 2018). A recent study by Littmann et al. (2021) demonstrated the
inflammatory immune status of a recipient can limit the efficacy of FMT. Utilising a C. difficile

infection model and subsequent effective treatment of FMT in mice, the authors demonstrated
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immunodeficient mice exhibited exacerbated intestinal inflammation and impaired resolution of
CDI following FMT compared to control animals. Immunodeficient FMT non-responsive mice failed
to restore the of intestinal metabolite profile to pe-infection concentrations, including secondary
bile acids (Littmann et al, 2021). Weingarden et al. (2016) demonstrated bile acids at
concentrations found in patients after FMT inhibit germination and vegetative growth of clinical
strains of C. difficile, supporting the hypothesis that the restoration of bile acid composition

following FMT is another important factor in the therapeutic efficacy of FMT.
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1.17 Therapies to prevent CDI.

1.17.1 Live biotherapeutic products.

The use of probiotics for the prophylactic treatment of CDI is being studied. The findings of a meta-
analysis on the use of probiotics for the prevention of CDI and antibiotic-associated diarrhoea
indicate that probiotics given concurrently with antibiotics reduce the risk of CDI (Pattani et al.,
2013). The use of a prophylactic probiotic treatment consisting of 3 species of Lactobacillus, in
parallel to antibiotic therapy at a Quebec community hospital was associated with a reduction in
CDl rates and recurrences (Maziade et al., 2015). Existing data suggest that these could be beneficial
at preventing CDI but the data set included a higher CDI incidence than might be expected based in
the patient population, suggesting a bias toward a benefit of the probiotic (McDonald et al., 2018).
The synthetic probiotic lactobacilli, Syn-LAB 2.0 and Syn-LAB 2.1 which display the C. difficile
adhesin SIpA on their cell-surface, could be another non-antibiotic intervention for CDI. Syn-LAB 2.0
and Syn-LAB 2.1 exhibited a protective effect in animals that were subsequently exposed to C.

difficile but have not progressed to clinical trials (Vedantam et al., 2018).

Prevention of primary CDI may be possible with probiotics, but it is less clear if probiotics are
beneficial to patients who have experienced a previous episode of CDI, the efficacy of probiotics
for the prevention of recurrent CDI is believed to be linked to the extent of disruption of the host
colonic microbiota (Johnson et al., 2012). Limitations of the available data on the use of probiotics
for the prevention of CDI remain, including differences in probiotic formulations studied, duration
of probiotic administration, duration of study follow-up, and inclusion of patients (McDonald et al.,
2018). There is currently insufficient evidence to recommend administration of probiotics for

primary prevention of CDI (McDonald et al., 2018; Debast et al., 2014).

The promotion of colonisation by a non-toxigenic strain of C. difficile in order to fill the
environmental niche exploited by toxin-producing C. difficile has been an approach suggested to
prevent CDI recurrence (Kelly and LaMont, 2008; Sambol et al., 2002). Treatment of patients who
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had experience a single episode or a single recurrence of CDI, with a non-toxigenic C. difficile strain
was demonstrated to provide protection from recurrent CDI in a phase 2 clinical trial (Gerding et
al., 2015). Although it is possible for non-toxigenic C. difficile strains to acquire the PalLoc and
antibiotic resistance genes from toxigenic strains through horizontal gene transfer the NTCD-M3
non-toxigenic C. difficile strain has been endorsed by the European Medicine Agency (EMA) for
advancement to a phase 3 clinical trial (Brouwer et al., 2013; Imwattana et al., 2020; Destiny

Pharma PLC, 2022)

1.17.2 Anti-sporulation and anti-germination therapies.

C. difficile sporulation is crucial to the dissemination and transmission of CDI, while germination is
an essential step in the colonisation of the host. Therapies that target these events may offer an
opportunity to disrupt the chain of infection and prevent CDI in vulnerable patients (Paredes-Sabja
et al., 2014; Deakin et al., 2012). Cephamycins have been shown to inhibit sporulation of C. difficile
by binding to penicillin binding proteins. When administered in combination with standard
antibiotic treatment, cephamycin antibiotics were found to prevent recurrent CDI in a mouse model
(Srikhanta et al., 2019). While this suggests an antibiotic therapy that specifically targets recurrent
CDI, itis not applicable to the prevention of primary CDI and could cause prolonged dysbiosis of the
gut microbiota and exacerbate symptoms as cephmycins are known as risk factors of CDI (Wilcox,

2020).

The primary bile salt, chenodeoxycholate and analogues of chenodeoxycholate competitively
inhibit C. difficile germination in the presence of potent germinant taurocholate (Sorg and
Sonenshein, 2010; 2009). Therapeutic use of chenodeoxycholate is not possible as it is
dehydroxylated at 7a-position by the colonic flora to lithocholate which is insoluble and has been

linked to colorectal carcinogenesis (Sorg and Sonenshein, 2010; Nagengast et al., 1995).

75
A.J. Lawler, PhD Thesis, Aston University 2022



Chenodeoxycholate analogues may also be vulnerable to the active and passive reabsorption of bile

salts for recycling by the liver (Ridlon et al., 2006).

A synthesized cholate analogue, the cholic amide meta-sulfonic derivative (CamSA) has been shown
to provide protection from CDI in a mouse model challenged with C. difficile spores. The authors
demonstrated a single dose 50 mg/kg of CamSA given at the time of infection completely protected
animals from CDI. A sub-optimal dose of CamSA or administration 24 hours prior to infection with
C. difficile spores delayed the onset of CDI along with less severe symptoms (Howerton et al., 2013).
CamSA alone was insufficient in preventing CDI in the hamster model but instead delayed the onset
of disease. When administered alongside low doses of vancomycin the survival rate of animals was
improved (Howerton et al., 2018). Building on these findings, a more potent cholic acid amide
inhibitor of C. difficile germination was developed in part to address the variation in germination
inhibitory activity of CamSA in different strains of C. difficile. In vivo activity of this inhibitor has not

yet been reported (Sharma et al., 2018).

Stoltz et al. (2017) synthesised a series of chenodeoxycholic acid and ursodeoxycholic acid
derivatives with substitutions at the C3, C7 and C24 positions. While several bile acid analogues
were identified as inhibitors of taurocholate-induced germination of C. difficile spores, candidate
21b which featured an additional sulphate group at the C7-position to overcome enterohepatic re-
uptake, was found to be both a potent inhibitor of C. difficile germination and poorly permeable in
a model of intestinal epithelial absorption, indicated by its remains within the gut lumen (Stoltz et

al., 2017).
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1.17.3 Vaccines.

Vaccination that target the toxins of C. difficile could be an effective strategy for the prevention of
CDI and several vaccine candidates have been explored or are currently undergoing clinical trials. A
toxoid vaccine, known as Cdiffense, developed Sanofi Pasteur was undergoing a phase 3 clinical
trial until it was terminated in 2017. Interim analysis determined it was unlikely to meet its primary
objective as it did not effectively prevent CDI in participants (ClinicalTrials.gov, 2013; de Bruyn et
al., 2021). A vaccine candidate of recombinant fusion protein of TcdA and TcdB C-terminal domains
(VLA84 or 1C84) developed by Valneva completed phase 2 trials but has not progressed to phase 3

(ClinicalTrials.gov, 2014).

A genetically modified and formalin-inactivated toxoid vaccine developed by Pfizer was shown to
be safe, well tolerated, and immunogenic in healthy adults aged 65-85 years in a phase 3 trial
(ClinicalTrials.gov, 2015; Kitchin et al., 2020). This vaccine candidate is also being assessed in a
global clinical trial named the Clover trial which has recruited >1700 participants across 23
countries. It aims to determine if the vaccine is effective at preventing CDI in patients aged 50 years

and over who are at risk (ClinicalTrials.gov, 2017).

DNA-based vaccines targeting the toxins have also been developed, including a plasmid-based
vaccine (pTAB) which encodes toxin A and B receptor binding domains of C. difficile which was
found to reduced infection severity in hamster and murine CDI models (Fehér et al., 2017; Zhang et

al., 2016).

While antitoxin vaccines, target and neutralise toxins in the host they do not prevent colonisation
or inhibit the growth of C. difficile (Zhu et al., 2018). Vaccines that targeting C. difficile surface
antigens have been investigated to address this problem (Zhu et al., 2018; Fehér et al., 2017).
Targets include the surface layer proteins, Cwp84, flagellum protein (FIiD) and surface
polysaccharide but data is currently limited to animal models and has not progressed to human

subjects (Fehér et al., 2017).
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1.18 Strategies to prevent CDI.

1.18.1 Interventions to minimise the incidence and transmission of CDI.

As part of a multi-component care bundle to prevent HAls, specific policies and procedures were
implemented to address the risk posed by C. difficile. The purpose was to improve and measure the
implementation of key elements of care and reduce risk of CDI by ensuring they are performed
every time and for every patient. Five main factors were identified as being necessary to reduce the
incidence of CDI: prudent antibiotic prescribing, hand hygiene, environmental decontamination,
isolation of CDI patients and personal protective equipment (Department of Health, 2007a). To
support compliance, healthcare workers should be well educated of the infection control measures
and have an understanding of C. difficile contamination of the environment, transmission and

disinfection strategies (Vonberg et al., 2008).

All NHS Trusts in England are required to participate in the Department of Health’s mandatory CDI
reporting system and to report all cases of C. difficile toxin positive diarrhoea in patients over 2
years of age (Department of Health and Health Protection Agency, 2008). This requires the testing
of samples for all patients aged 65 years and above and for those aged less than 65 years if this is
clinically indicated. Diagnostic laboratories are also required to provide information that identifies
if specimens are hospital-associated or community-associated (Department of Health and Health
Protection Agency, 2008). CDI surveillance is essential to detect increases in incidence, disease
severity and identify risk-factors for CDI acquisition and opportunities for intervention (Vonberg et

al., 2008)
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1.18.1.1 Antibiotic prescribing.

Appropriate prescribing of antibiotics should minimize the frequency and duration of high-risk
antibiotic therapy and the number of antibiotic agents prescribed, to reduce CDI risk (McDonald et
al., 2018). This encompasses the wider goal of antibiotic stewardship to optimize clinical outcomes
while minimizing unintended consequences of antimicrobial use, including toxicity, the selection of
pathogenic organisms (such as C. difficile), and the emergence of resistance (Dellit et al., 2007).
Restrictive antibiotic guidelines for NHS trusts recommend the use narrow-spectrum agents for
empirical treatment where appropriate, avoidance of the use of clindamycin and second and third
generation cephalosporins, especially in the elderly and to minimise the use of fluoroquinolones,
carbapenems and prolonged courses of aminopenicillins (Department of Health and Health
Protection Agency, 2008). Antibiotic stewardship programmes ensuring the selection of the most
appropriate antibiotic, duration, dose and method of administration for patients have been

demonstrated to reduce the incidence of CDI in hospital inpatients (Goff, 2011; Baur et al., 2017)

1.18.1.2 Isolation of patients with CDI.

To prevent transmission and limit C. difficile contamination within the healthcare environment, it
is strongly recommended that patients with suspected potentially infectious diarrhoea be moved
immediately into a single room (Department of Health and Health Protection Agency, 2008). Cohort
care for CDI patients should be used if single rooms are not available (Department of Health, 2007a).
Screening of patients to identify asymptomatic carriers has been implemented during outbreaks

but was not shown to reduce the rate of CDI (Vonberg et al., 2008).
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1.18.1.3 Hand hygiene and personal protective equipment.

Patient to patient transfer of C. difficile via healthcare workers hands should be considered an
important route of transmission of CDI (Jullian-Desayes et al., 2017). Increased levels of C. difficile
environmental contamination have been correlated with an increase in the isolation of C. difficile
from the hands of healthcare workers (Samore et al., 1996). All healthcare workers should wash
their hands with soap and water before and after contact with patients with suspected or proven
CDI. They must use disposable gloves and aprons for any physical contact with such patients, and
with the patient’s immediate environment and body fluids (Department of Health and Health
Protection Agency, 2008). Common antiseptic handwash or antiseptic hand rub preparations are
not reliably sporicidal against Clostridium species but the mechanical action while washing hands
with soap and water aids the physical removal of spores from the surface of contaminated hands
(World Health Organisation, 2009). Alcohol-based hand sanitizers should not be used as an
alternative to handwashing with soap as they do not reduce the number of viable C. difficile spores
(Department of Health and Health Protection Agency, 2008; Jabbar et al., 2010). All staff or visitors
entering an isolation-room should use disposable gloves and aprons for all contact with the patient
and the patient’s environment (Department of Health and Health Protection Agency, 2008).
Contaminated gloves and aprons should then be removed prior to touching any other surface in
order to prevent the contamination and transmission of C. difficile (Manian et al., 1996). Along with
staff, visitors should wash their hands with soap and water before and after CDI patient contact

(Department of Health and Health Protection Agency, 2008).

1.18.1.4 Environmental decontamination.

Clinical environments are contaminated with C. difficile spores shed by symptomatic CDI patients
and asymptomatic carrier; cleaning is therefore essential to minimise the reservoir of these spores
(Samore et al., 1996; Riggs et al., 2007; Sethi et al., 2010). The contamination of patient room
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surfaces, and equipment plays an important role in the transmission of C. difficile between patients
(Weber et al., 2013). Studies investigating C. difficile contamination in clinical settings have
recovered C. difficile from toilets and commodes, sinks, beds and bedrails, call buttons, light
switches and floors (McFarland et al., 1989; Verity et al., 2001). Fawley et al. (2005) demonstrated
a significant correlation between the prevalence of environmental C. difficile contamination

associated with patients and healthcare workers and CDI incidence rates (Fawley et al., 2005).

Environmental decontamination to prevent CDI includes the implementation of enhanced cleaning
in areas with CDI patients. The Department of Health recommends the use of chlorine-based
disinfectants or other sporicidal products to reduce environmental contamination with C. difficile
spores as per local policy (Department of Health, 2007a). Environmental cleaning of rooms or bed
spaces of C. difficile patients should be carried out at least daily using chlorine-based cleaning
agents (at least 1,000 ppm available chlorine), clinical areas should be regularly assessed for

cleanliness (Department of Health and Health Protection Agency, 2008).

Terminal cleaning, the deep cleaning of mattresses, bed space, bay or ward area after the discharge,
transfer or death of a patient with CDI should be thorough (Department of Health, 2007a;
Department of Health and Health Protection Agency, 2008). All areas should be cleaned using
chlorine-containing cleaning agents (at least 1,000 ppm available chlorine) or vaporised hydrogen
peroxide (Department of Health and Health Protection Agency, 2008). Routine environmental
screening for C. difficile is not recommended but can be used to evaluate cleaning standards

(Department of Health and Health Protection Agency, 2008; Vonberg et al., 2008).
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1.18.2 Disinfectants and biocides.

Contamination of the clinical environment by C. difficile spores is an important route of
transmission for CDI, the use of sporicidal disinfectants and biocides to eliminate this contamination
is widely accepted as a control measure to prevent hospital-acquired CDI (Wilcox et al., 2003; Wullt
et al., 2003). Hospital cleaning agents and biocides are highly effective against the vegetative cells
of C. difficile but their efficacy against the spores is often inadequate due to the chemical resistant
properties of spores which allows them to withstand common decontamination methods (Fawley
etal., 2007; Edwards et al., 2016). Clinical environments are frequently soiled with organic material
that inhibits the sporicidal activity of disinfectants and biocides (Vohra and Poxton, 2011).
Detergent based cleaning is necessary to remove this organic debris, such as that excreted
alongside C. difficile spores in faeces, but this does not eliminate spores in the environment (Wilcox

et al., 2003).

Effective sporicidal products are needed to eliminate C. difficile contamination that persist in clinical
settings as commercially available biocides for use in hospitals to target bacterial spores
demonstrate inadequate decontamination in laboratory test conditions (Speight et al., 2011). The
laboratory testing methodology used to evaluate the activity of sporicidal agents against C. difficile
varies amongst studies and often recommends exposure times of disinfectants and biocides far
beyond what can reasonably be achieved in a hospital setting (Wilcox et al., 2003; McDonald et al.,
2018). Clinical and laboratory strains of C. difficile have also been reported to demonstrate
considerable variation in susceptibility to sporicidal disinfectants and biocides (Edwards et al., 2016;
Kenters et al., 2017). Of concern, enhanced sporulation of C. difficile has also been demonstrated
in the presence of subinhibitory concentrations and even at the manufacturer’s recommended

concentrations of hospital cleaning agents (Wilcox and Fawley, 2000; Fawley et al., 2007).

In clinical settings the efficacy of disinfectants and biocides to eliminate C. difficile spores is difficult

to determine as cleaning practices and frequency differ and sporicidal agents are used alongside
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multicomponent infection control measures or as intervention during outbreak settings (McDonald

et al., 2018; Schoyer and Hall, 2020).

1.18.2.1 Chlorine-based agents.

Chlorine-releasing disinfectants and biocides including sodium hypochlorite (NaOCI) and sodium
dichloroisocyanurate (NaDCC) are the most the effective agents to eliminate C. difficile spores and
are therefore recommended to reduce environmental contamination (MaclLeod-Glover and
Sadowski, 2010; Lawley et al., 2010; McDonald et al., 2018; Department of Health and Health
Protection Agency, 2008). In a comparison of the efficacy of hospital cleaning agents used at
recommended working concentrations, only chlorine-based agents were able to inactivate C.
difficile spores (Fawley et al., 2007). The concentration of available chlorine, presence of organic
debris and exposure time of C. difficile spores are important factors that influence the efficacy of
chlorine-releasing disinfectants against C. difficile resulting in considerable variation of reported
results (Perez et al., 2005; Wheeldon et al., 2008b; Ungurs et al., 2011). The cleaning of surfaces
with detergents prior to the use of chlorine-releasing disinfectants is demonstrated to enhance
efficacy against C. difficile spores compared to the use of a chlorine-releasing disinfectant alone
(Ungurs et al., 2011). While hypochlorite and sodium dichloroisocyanurate are biocidal, they are
not effective at cleaning surfaces. Formulations that combine chlorine-releasing agents and

detergent can overcome this problem (Wilcox et al., 2003)

Perez et al. (2005) utilised the quantitative carrier test to determine sporicidal activity of several
chlorine releasing products at a range of concentrations. All formulations were able to eliminate C.
difficile spores to below detectable levels within 30 minutes of exposure, in the absence of any
organic debris. Moreover, the majority of chlorine-releasing disinfectants achieved the 6-log
reduction of C. difficile spores within 20 minutes, however variation in the sensitivity of C. difficile

was associated with the culture media used to prepare the inoculum for the experiment (Perez et
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al., 2005). Disparity in the susceptibility to chlorine-releasing disinfectants was also demonstrated
across clinical isolates of C. difficile by Joshi et al. (2017). A 10 minute exposure to a
dichloroisocyanurate-based disinfectant at half the recommended concentration (500 ppm)
produced the variable reduction of spore viability of between 4 to 6-log of C. difficile strains of

different ribotypes (Joshi et al., 2017).

Speight et al. (2011) examined the C. difficile sporicidal activity of 23 commercially available
chlorine-releasing disinfectants for use in clinical settings using the standard suspension test. The
manufacturer’s recommended concentrations were tested at short (1 minute) and long (60
minutes) contact times and under clean and dirty conditions. Only eight of these chlorine-releasing
disinfectants achieved the required 3-log reduction of C. difficile viability, specified as sporicidal
efficacy by the modified suspension test, in 1 minute under dirty conditions. A further 5 chlorine-
releasing disinfectants achieved the required 3-log reduction of C. difficile in 1 minute under clean

conditions only or within 60 minutes in either clean or dirty conditions (Speight et al., 2011).

In an early study during an outbreak, Kaatz et al. (1988) demonstrated the introduction of
hypochlorite-based disinfection (500 ppm available chlorine) reduced C. difficile environmental
contamination to 21% of samples compared to the prior rate of 31% of samples. The use of
hypochlorite at a higher concentration was even more effective, reducing C. difficile environmental
contamination by 98% (Kaatz et al., 1988). Substituting a quaternary ammonium disinfectant to a
hypochlorite solution was found to significantly decrease CDI rates from 8.6 cases to 3.3 cases per
1000 patient-days. Following the intervention, when the disinfection regime was switched back to
the use of quaternary ammonium disinfectant, CDI incidence increased to 8.1 cases per 1000
patient-days, suggesting the reduction of C. difficile environmental contamination as a result of
hypochlorite disinfection decreased nosocomial transmission of CDI (Mayfield et al., 2000). A
hospital-based study examined the efficacy of cleaning with a chlorine-releasing disinfectant or

detergent in separate wards in reducing environmental C. difficile contamination over 2 years. Over
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the duration of the study the level of C. difficile environmental contamination detected was similar
on both wards but there was a significant reduction in the incidence of CDI rates from 8.9 to 5.3

cases per 100 admissions (Wilcox et al., 2003).

There are several disadvantages to the use chlorine-based products in a clinical setting, including
the risk of respiratory exposure to healthcare workers completing cleaning regimes, corrosion of
metal surfaces and equipment and an undesirable odour (Wilcox and Fawley, 2000; Speight et al.,
2011). While there are some effective alternatives, worryingly sub-inhibitory concentration of non-
chlorine based disinfectants have been found to enhance C. difficile sporulation (Wilcox and Fawley,

2000).

1.18.2.2 Hydrogen peroxide.

Hydrogen peroxide is an oxidising agent, producing hydroxyl radicals which react with biomolecules
causing the damage of DNA, proteins and the disruption of cell membranes, which upon
biodegradation converts to non-toxic oxygen and water (Linley et al., 2012). Hydrogen peroxide is
sporicidal, rapidly eliminating C. difficile spores on contact. A 1 minute exposure of 1% hydrogen
peroxide resulted in the immediate inactivation of 75% of the spores while 10% hydrogen peroxide
caused the inactivation of >99% of the spores in the same time period (Lawley et al., 2010). In an
evaluation of hard surface disinfectants measured via the quantitative carrier test, the hydrogen
peroxide (7%) releasing biocide, Virox STF achieved a 6-log reduction of C. difficile spores within 10

minutes (Perez et al., 2005).

Automated room decontamination using hydrogen peroxide vapour (HPV) offers a no-touch
disinfection method that has been shown to significantly reduce CDI rates in hospital setting
(Manian et al., 2013; Boyce et al., 2008). In a study investigating the terminal disinfection of CDI
patient rooms, the delivery of 35% HPV, forming microscopic condensation of hydrogen peroxide

on clinical surfaces, replaced the normal use of a chlorine-based disinfectant resulting in a 60%
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reduction in CDI rates. During the study period terminal disinfection was implemented by cleaning
with a non-sporicidal disinfectant followed by decontamination with HPV. The CDI rate was
demonstrated to decrease from 1.0 case per 1000 patient-days before HPV usage, to 0.4 cases per
1000 patient-days in the first 24 months of HPV usage, suggesting the elimination of C. difficile
spores from the environment reduced exposure to vulnerable patients (McCord et al., 2016). The
use of hydrogen peroxide dry-mist disinfection was found to be significantly more effective than
0.5% sodium hypochlorite solution at eradicating C. difficile spores in a study conducted in French
hospitals to evaluate terminal disinfection of C. difficile in patient rooms. After decontamination
with hydrogen peroxide dry-mist only, 2% of environmental samples from patient rooms were
positive for C. difficile compared to 12% in hypochlorite-treated rooms (Barbut et al., 2009).
Following the increase in CDI rates at a 500-bed hospital in the USA, multicomponent control
measures were implemented alongside the introduction of HPV decontamination to decrease
environmental contamination of C. difficile. HPV decontamination resulted in a reduction of C.
difficile contamination to below a detectable level of the sites sampled. The implementation of HPV
along with control measures resulted in a reduction in CDI incidence to 1.28 cases per 1,000 patient-
days from 2.28 cases per 1,000 patient-days prior to intervention (Boyce et al., 2008). Detergent-
based cleaning of surfaces is still required prior to HPV decontamination. Rooms must also be sealed
during the decontamination process which typically takes 3-4 hours (Boyce et al., 2008; Manian et
al., 2013). Hydrogen peroxide levels must return to 1 ppm before it is safe for healthcare staff to

enter (Boyce et al., 2008).

1.18.2.3 Other sporicidal disinfectants.

While several chemicals have sporistatic activity only a limited number are sporicidal and suitable
for inclusion in disinfectant or biocide formulations for use in clinical settings (Russell, 1990). Wullt

et al. (2003) investigated the sporicidal activity of glutaraldehyde, peracetic acid, acidified nitrite
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and isopropanol against C. difficile. Peracetic acid (1.6%) demonstrated rapid sporicidal activity
achieving a 4-log reduction within 5 minutes exposure. The same reduction in viability of C. difficile
required 30 minutes exposure to glutaraldehyde (2%) and acidified nitrite. 70% isopropanol
displayed no measurable sporicidal activity after 30 minutes (Wullt et al., 2003). The sporicidal
activity of peracetic acid has also been demonstrated in the laboratory, achieving a >3 log reduction
of C. difficile spores in 10 to 30 minutes of exposure, depending upon the reporting study (Block,
2004; Wheeldon et al., 2008b). In a hospital setting the introduction of peracetic acid-based
disinfectant for daily and terminal decontamination was associated with an increase in the
incidence of CDI case. Subsequent evaluation of the peracetic acid-based disinfectant determined
the concentration of peracetic acid was significantly below expected levels which did not have
sufficient sporicidal activity against C. difficile to adequately eliminate environmental

contamination (Cadnum et al., 2017).

Glutaraldehyde-based disinfectants are routinely used in the sterilisation of endoscopes. Their
sporicidal activity against C. difficile has been demonstrated via standardised testing but efficacy is
dependent upon the specific disinfectant formulation, with concentration below 2% glutaraldehyde
inhibiting the sporicidal decontamination activity (Cowan et al., 1993; Rutala et al., 1993).
Glutaraldehyde-based disinfectants are irritants and sensitisers, requiring precautions for their

routine use in hospital settings (Cowan et al., 1993).

1.18.3 Ultraviolet-light decontamination.

Germicidal UV-light for disinfection and decontamination involves the emission of shortwave (100-
280 nm) UV radiation to inactivate microorganisms by targeting DNA, causing the formation of
pyrimidine dimers which inhibits DNA replication (Reed, 2010; Rastogi et al., 2010). Germicidal UV-
light technology has been demonstrated as a promising decontamination method for the

eliminated of C. difficile spores on surfaces in a hospital environment (Boyce et al., 2011; Nerandzic
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et al., 2010). Boyce et al. (2011) utilised a modified version of the quantitative carrier test to
evaluate the efficacy of mobile UV-light technology for the decontamination of C. difficile. On
average a 2-log reduction of spores inoculated onto metal discs and placed in various position
around the room was achieved, including those out of the line of exposure of the device. Similarly,
Nerandzic et al. (2010) who inoculated C. difficile spores directly on the surface of laboratory work
benches achieved a 2-3-log reduction in the recovery of C. difficile amongst the multiple laboratory
strains tested, following the use of a UV-light device. When the same mobile UV-light device was
utilised in patient rooms that previously housed CDI patients and had not been terminally cleaned,
of the 9 sites that were previously positive for C. difficile only one remained positive after germicidal
UV-light decontamination (Nerandzic et al., 2010). UV-light decontamination is a no-touch
disinfectant technology intended to enhance manual environmental cleaning by decontaminating
surfaces inadequately cleaned by manual practices, particularly terminal decontamination of
patient rooms. UV-light devices require placement in multiple positions to achieve the delivery of
UV-light to surfaces throughout the room (Miller et al., 2015). The efficacy of germicidal UV-light
decontamination is inhibited by the presence of debris and applicable to only hard surfaces in
clinical setting, indicating manual cleaning regimes are necessary for optimal results (Nerandzic et
al., 2010). UV-light devices are remotely operated and cannot be used when rooms are occupied
or during rapid turnover of patient rooms (Nerandzic et al., 2010; Levin et al., 2013). The
decontamination process time to prepare and deploy the UV-light devices per patient room varies,
approximately 45 minutes is required to complete UV-light decontamination that specifically
targets the elimination of bacterial spores, but is not reported to add significantly more time to

cleaning regimes (Levin et al., 2013; Nerandzic et al., 2010; Pegues et al., 2017).

In a hospital setting, Miller et al. (2015) demonstrated a 56.9% reduction in CDI rates in the period
where the UV-light disinfection was introduced, but this was in combination with multidisciplinary
team intervention to address the incidence of C. difficile and so the reduction in CDI rate cannot be

attributed to the efficacy of UV-light for decontamination exclusively. In a multicentre randomised

88
A.J. Lawler, PhD Thesis, Aston University 2022



assessment of enhanced terminal room disinfection strategies the utilisation of UV-light terminal
decontamination did not significantly change the incidence of CDI, but it should be noted that the
comparator was the cleaning of rooms with bleach based disinfectant and rooms decontaminated
with UV-light were also cleaned with bleach based disinfectant prior to the UV-light treatment
(Anderson et al., 2017). Levin et al. (2013) also used UV-light as part of terminal disinfection as an
adjunct to decontamination with a chlorine-based disinfectant. CDI attributed deaths and
colectomies were decreased, and the rate of CDI was reduced by 53% during the study period
where UV-light was used part of terminal disinfection, compared to the previous year where

chlorine-based disinfectant was also used (Levin et al., 2013).

1.18.4 Pro spore-germination elimination strategy.

A strategy to eliminate C. difficile spores from the environment termed ‘germinate to exterminate’
involves the exposure of C. difficile spores to a germinant, triggering the irreversible process of
germination and loss of the spore’s resistant properties (Wheeldon, 2008; Wheeldon et al., 2010;
Setlow, 2003). Exploiting the germination process to produce bacterial cells that are sensitive to
traditional elimination methods was first suggested by Stuy (1956). Wheeldon et al. (2008a) utilised
a germinant solution of 1% sodium taurocholate in thioglycolate medium in combination with the
antimicrobial properties of copper to enhance the killing of C. difficile spores. Similarly, Nerandzic
and Donskey (2010) demonstrated that C. difficile spores exposed to a germinant solution were
eliminated by UV-C radiation or heat. Furthermore this study was completed on the surfaces within
a hospital environment, demonstrating the potential application in clinical settings (Nerandzic and
Donskey, 2010). Later, the same authors combined the germinant solution with a disinfectant
containing a quaternary ammonium compound (Nerandzic and Donskey, 2016). Sensitising C.
difficile spores with the dual germinant and biocide solution significantly reduced the number of

spores recovered from hospital surfaces (Nerandzic and Donskey, 2016). This strategy has also been

89
A.J. Lawler, PhD Thesis, Aston University 2022



applied to eliminate spores on the surface of skin. An ex vivo porcine skin model was utilised to
demonstrate the enhanced elimination of C. difficile spores by exposure to germinants and co-
germinants in an ethanol solution, comparable to that of an alcohol-based hand sanitizer
(Nerandzic and Donskey, 2017). These data suggest that activation of germination of spores and
elimination of the sensitive outgrowing vegetative cells could provide an effective strategy to

reduce the contamination of C. difficile spores on the surfaces of clinical environments.

1.18.5 Antimicrobial surfaces.

An alternative to disinfectants in clinical environments is the use of antimicrobial smart surfaces or
antimicrobial polymeric materials that have the ability to inhibit or kill microorganisms
(Kamaruzzaman et al., 2019). Antimicrobial polymeric materials can incorporate a wide variety of
antimicrobial agents including biocides and antimicrobial peptides which are typically covalently
bonded to a polymer matrix, producing reusable, chemically stable and long-term antimicrobial
activity (Kamaruzzaman et al., 2019; Xue et al., 2015). This targeted approach has been
demonstrated to be effective against a large number of clinically relevant microorganism (Mufoz-
Bonilla and Fernandez-Garcia, 2012; Kamaruzzaman et al., 2019). Antimicrobial polymers with
activity against C. difficile have been developed that incorporate molecules that mimic host defence
peptides. These polymers demonstrated inhibitory action against C. difficile vegetative cells and
successfully prevented spore outgrowth but did not eliminate the spores themselves or their ability
to germinate and so do not offer a solution to the transmission of CDI in hospital environments (Liu

et al., 2014).
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1.19 Aims and objectives.

A greater understanding of the environmental signals that initiate C. difficile germination is of
importance to prevent CDI in vulnerable patients. The aim of the research presented in this thesis
was to study the germinants and co-germinants of C. difficile spores to understand the mechanism
of germination regulation and provide insight for the development of disinfectant strategies that
exploit the inappropriate triggering of germination to eliminate C. difficile spores that contaminate
the clinical environment. The aims of this research were achieved by completing the following

objectives:

e To utilise an establish methodology to study the initiation of C. difficile spore germination.

e To determine the germination activity of bile salts to initiate the germination C. difficile

spores and investigate the environmental factors that influence spore germination.

e To determine the co-germinant activity of amino acids and calcium to initiate C. difficile

spore germination.

e Toinvestigate the germination response of C. difficile spores exposed to glycine or calcium

in combination or with other amino acid co-germinants.

e To study the morphology and structure of germinating C. difficile spores utilising scanning

and transmission electron microscopy and cryogenic soft X-ray tomography.

e To investigate the germination and antimicrobial activity of lithocholate derived novel

compound C109.

e To evaluate the germination and antimicrobial activity of polymeric biomaterial

formulations incorporating bile salt-derived novel compounds to target C. difficile.

91
A.J. Lawler, PhD Thesis, Aston University 2022



Chapter 2

2.0 Measurement of Clostridioides difficile spore germination.

2.1 Introduction.

The germination of bacterial spores is initiated by the presence of germinants which activate
germination receptors and a signal cascade leading to the physiological transformation of the
dormant spore into a metabolically active vegetative cell (Setlow, 2003). In C. difficile the
germination signal cascade is transduced by Csps proteins and the conversion of the cortex lytic
enzyme SleC to its active form, causing the degradation of specialised peptidoglycan of the cortex
(Adams et al., 2013; Francis and Sorg, 2016; Burns et al., 2010). The removal of the osmotic
constraints imposed by the cortex is detected by SpoVAC a mechanosensing protein, triggering the
release of DPA and Ca?* from the spore core and its rehydration (Francis and Sorg, 2016; Francis et
al., 2015; Kochan et al., 2018b). The sequence of events during C. difficile spore germination
contrasts to that of the well-studied spore former B. subtilis where DPA release and partial
rehydration of the spore core occurs before the degradation of the cortex peptidoglycan
(Vepachedu and Setlow, 2007; Setlow, 2003). The release of H*, monovalent cations, degradation
of the SASPs and full rehydration of the C. difficile spore core facilitates enzymatic and metabolic
activity and expansion of the germ cell wall, completing the transition to an outgrowing vegetative

cell (Setlow, 2003).

During the past 2 decades, a greater understanding of the germinants and co-germinants
responsible for initiating germination of C. difficile has been established. In 2008, Sorg and
Sonenshein demonstrated C. difficile germination is triggered by bile salt germinants and the amino
acid co-germinant glycine. The primary bile salt taurocholate was identified as the most effective

germinant, with cholate, along with the conjugated bile salt glycocholate, also able to induce the
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germination of C. difficile spores. Importantly, bile salt-induced germination was found to only
occur in complex media or in the presence of the co-germinant glycine (Sorg and Sonenshein, 2008).
The co-germinant activity of more amino acids was identified but their ability to enhance
germination varies. Glycine has the greatest co-germination activity, with L-alanine, taurine and L-
glutamine demonstrating less activity (Sorg and Sonenshein, 2008; Kochan et al., 2018b; Wheeldon
et al., 2011). Most recently Ca®* was identified as a C. difficile co-germinant and was found to
enhance the gemination activity of taurocholate and low concentrations of amino acid co-

germinants (Kochan et al., 2018b).

While specific bile salts act as C. difficile germinants, others are known to inhibit germination in a
competitive manner. The secondary bile salt chenodeoxycholate and bile acid lithocholate inhibit
taurocholate mediated germination (Sorg and Sonenshein, 2009; 2010). In the host, the balance of
bile salts in the colon is modified by specific microbiota species which 7a-dehyroxylate primary bile
salts to produce secondary bile acids, an environment that prohibits germination of C. difficile
spores. When the intestinal microbiota is disrupted, the production of secondary bile acids is
reduced, giving rise to an environment with an increased concentration of C. difficile germinants

(Ridlon et al., 2006; Theriot et al., 2016; Sorg and Sonenshein, 2008).

In addition to the balance of germinants and inhibitors of germination, environmental factors
regulate germination. C. difficile spores germinate optimally at 37°C but germination also occurs at
lower temperatures (Wheeldon et al., 2008a). An environmental pH of ~6.5-7.5 is required for
optimum germination while acidic and basic conditions reduce the rate or inhibit germination of C.
difficile spores (Wheeldon et al., 2008a; Paredes-Sabja et al., 2008; Kochan et al., 2018b). However,
the activation of germination does not require an anaerobic atmosphere or nutrient-rich media
necessary for spore outgrowth (Wheeldon et al., 2008a; Sorg and Sonenshein, 2008). The
interaction of spore germinants with their receptors and the specific environmental conditions

discussed, ensure C. difficile spores germinate only in the host (Gil et al., 2017).
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The transformational changes which results in the end of spore dormancy also cause the loss of the
spore’s resistance properties (Setlow, 2003). DNA inside the core is no longer protected by the
reduced water content previously derived through the high percentage of Ca-DPA and the binding
of DNA to SASPs which contribute to the resistance to desiccation, heat and UV radiation (Setlow,
2014; Setlow, 2006). Protection from DNA damaging compounds is no longer provided by the
restrictive permeability barriers of the outer membranes and the loss of the specialised cortex
peptidoglycan reduces the resistance to heat and ethanol (Nicholson et al., 2000; Popham, 2002).
Protection against enzymatic damage, chemicals and biocides is decreased as the vegetative cell

emerges from the proteinaceous spore coat (Setlow, 2014).

The initial stages of germination, where the resistant properties of the spore are lost but before
restoration of full metabolic activity or outgrowth, occurs within a short time frame of just minutes
(Francis and Sorg, 2016; Burns et al., 2010; Kochan et al., 2018b; Carr et al., 2010; Wheeldon et al.,
2008a). This rapid change is a biological characteristic of germination and can be monitored or
measured using a number of experimental techniques (Setlow, 2003; Hindle and Hall, 1999; Vary
and Halvorson, 1965; Levinson and Hyatt, 1966). Occurring during the early stages of germination,
the release of Ca-DPA and other monovalent cations from the C. difficile spore core is a property of
the germinating spore that can be used to monitor germination (Francis et al., 2015; Francis and
Sorg, 2016; Burns et al., 2010; Hindle and Hall, 1999). Spore Ca-DPA release can be quantified
through the utilisation of terbium chloride, which forms a highly fluorescent complex with DPA.
Germination can therefore be measured experimentally in a terbium DPA assay as an increase in
fluorescence (Hindle and Hall, 1999). This methodology has been further developed as a
colorimetric assay, with the addition of pyrocatechol violet, which also forms a complex with

terbium and is displaced by DPA, resulting in a colour change from blue to yellow (Clear et al., 2013).
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An established technique to analyse the kinetics of germination is spectrophotometry, monitoring
the optical density of purified spore suspensions in the visible light range (Powell, 1950; Vary and
Halvorson, 1965; Cabrera-Martinez et al., 2003). Germinating spores can be studied by monitoring
the characteristic drop in optical density at 600 nm, representing the decrease in refractive index
of spores as the spores swell and rehydrate during germination (Moir and Smith, 1990; Tehri et al.,
2018). This methodology was successfully utilised with purified C. difficile spores to characterise
germination in response to bile salt germinants and amino acid co-germinants (Sorg and
Sonenshein, 2008; Heeg et al., 2012). The decrease in refractive index of germinating spores can
also be studied via phase contrast microscopy, the change in refraction is observed as a transition

from phase bright to phase dark spores (Tehri et al., 2018).

The low water content of the spore’s core provides protection from heat damage (Gerhardt and
Marquis, 1989; Setlow, 2006; Setlow, 2007). The consequent rehydration of the spore during
germination leads to the loss of resistance to heat, a property which can be used to assess
germination (Levinson and Hyatt, 1966). Utilising this methodology, spore suspensions are exposed
to control and germination test conditions before a high temperature heat-challenge and rapid
cooling. Ungerminated and therefore heat resistant spores are then enumerated by inducing
germination on media containing characterised germinants to determine survival (Levinson and
Hyatt, 1966). This method is therefore reliant on subsequently germinating the spores that have
remained ungerminated during the germination test conditions. Similarly, germination can be
indirectly measured through the loss of resistance to toxic chemicals (Levinson and Hyatt, 1966).
The hydrolysis of the spore cortex and the breakup of proteinaceous spore coat and exosporium
during germination result in an increase in susceptibility to biocides and other chemicals, including
ethanol (Popham, 2002; Barra-Carrasco et al., 2013; Setlow, 2014). Loss of resistance to heat and
ethanol of C. difficile spores was successfully employed by Wheeldon et al. (2008a) to study
germination of C. difficile in response to bile salt germinants and at optimum pH conditions

respectively.
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The aim of the research presented in this chapter was to establish the methodology for analysis of
C. difficile spore germination spectrophotometrically, through the use of the germination optical
density assay. This permitted study of the initial germination response of C. difficile to bile salts and
the examination of other environmental factors that may influence or regulate germination.
Knowledge gained from these studies can be used to inform and build upon the pro-germination
elimination strategy, ‘germinate to exterminate’ to reduce environmental contamination of C.
difficile the source of transmission of CDI (Wheeldon et al., 2010; Kaatz et al., 1988; Otten et al.,

2010).
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2.2 Methods.

2.2.1 Bacterial strains and growth conditions.

C. difficile NCTC 11204 (ribotype 001) was sourced from Jon Brazier (HPA Anaerobic Reference
Laboratory, Cardiff). C. difficile reference ribotype strains 001, 002 and 015 were sourced from
Andrew Sails (Newcastle HPA Laboratory, Newcastle upon Tyne). Frozen stocks of C. difficile were
stored at -80°C on Microbank™ beads (Pro Lab Diagnostics, Canada) and resuscitated by inoculating
a bead onto Wilkins-Chalgren agar (Oxoid, Basingstoke, UK) supplemented with 0.1% (w/v) sodium
taurocholate hydrate (Alfa Aesar, UK) and incubating anaerobically (MiniMACS anaerobic cabinet,

Don Whitley Scientific, Shipley, UK) at 37°C for 48 hours.

2.2.2 Preparation of spore suspensions of C. difficile.

Spore suspensions of C. difficile were prepared using a modified version of the methodology
described by Heeg et al. (2012). Frozen stocks of C. difficile NCTC 11204 and reference ribotype
strains 001, 002 and 015 stored at -80°C were used to inoculate Wilkins-Chalgren agar (Oxoid,
Basingstoke, UK) supplemented with 0.1% (w/v) sodium taurocholate and incubated anaerobically

(MiniMACS anaerobic cabinet, Don Whitley Scientific, Shipley, UK) at 37°C for 48 hours.

Under anaerobic conditions, a single colony of the resuscitated C. difficile strain was used to
inoculate 10 ml of pre-reduced brain heart infusion (BHI) broth (Oxoid, Basingstoke, UK) which was
incubated anaerobically at 37°C for 4 hours. Aliquots of 100 ul of the C. difficile culture were
inoculated and spread on the surface of BHI agar supplement with 0.1% (w/v) L-cysteine and 0.5%
(w/v) yeast extract (BHIS). The inoculated BHIS agar plates were incubated anaerobically at 37°C for
5-7 days. The presence of a high concentration of spores was confirmed by staining with 5% (w/v)
malachite green solution and counterstaining with 0.5% (v/v) safranin as per the Schaeffer-Fulton

endospore staining technique (Schaeffer and Fulton, 1933). Spores were harvested from the
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surface of the BHIS agar plates using a sterile cotton swab moistened with sterile distilled water

(SDW) and suspended in SDW. The crude spore suspension was incubated at 4°C overnight.

The spore suspension was washed by resuspending the spores in ice-cold sterile phosphate
buffered saline (PBS) and 0.1% (v/v) Tween 80 and centrifuging at 8800g for 10 minutes at 4°C. Each
time the supernatant was discarded carefully ensuring the lower layer of the pellet was not
disturbed. This was repeated 5 times. A further 5 washes were completed by resuspending the
spores in ice-cold sterile PBS and 0.01% (v/v) Tween 80 and centrifuging at 8800g for 10 minutes at
4°C. A minimum of a final 5 washes were completed in 20 ml ice-cold SDW and centrifuging at 4700g
for 15 minutes at 4°C. A pure spore suspension was confirmed by the Schaeffer-Fulton staining
technique, characterised by an absence of vegetative cells and cell debris (Schaeffer and Fulton,
1933). Spore suspensions that were identified to contain residual vegetative cells or cell debris were
treated with further washes with 20 ml ice-cold SDW and centrifuging at 4700g for 15 minutes at
4°C and re-examined using the Schaeffer-Fulton staining technique. Pure spore suspensions were
checked for clumping by phase-contrast microscopy and to confirm the transition from phase bright

to phase dark when initiated by a germinant.

2.2.3 Determination of germination of C. difficile spores by measurement of optical

density.

The methodology of the measurement of germination by the optical density assay was based on
that described by Sorg and Sonenshein (2008) and Heeg et al. (2012). The optical density at 570 nm
(ODsy0) of the purified C. difficile spore suspensions was determined using a spectrophotometer
(Jenway, UK) and adjusted to an ODs7o of 3.5 in preparation for the optical density assay. Aliquots
of 20 ul of the spore suspension or SDW were loaded into the wells of a clear flat bottom 96-well
plate followed by 180 ul of appropriate media, achieving a final ODs of the spore suspension of
0.35. The ODs7 was measured immediately (time zero) using the ELx808 Absorbance plate reader
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(BioTek, USA) and every minute thereafter for 60 minutes during incubation at room temperature.
A 3 second medium shake was included prior to each ODs7o measurement to prevent the adhesion
of spores to the wells of the 96-well plate. The relative ratios of the ODs70 at the various time points
to the ODsyg at time zero were plotted against time. To investigate the germination activity of bile
salts, BHIS broth was supplemented with the bile salts; sodium taurocholate, sodium glycocholate,
sodium cholate and sodium chenodeoxycholate. To determine the influence of pH and the presence
of butyrate (Alfa Aesar, Heysham, UK) on germination, the pH of the BHIS broth supplemented to
achieve a final concentration of 6.9 mM sodium taurocholate was adjusted to pH 4, 5, 6, 7, 8 and
pH 9 or was supplemented with butyrate to achieve a final concentration 5, 10, 15, 20, 25 and 30
mM. To achieve the required pH of BHIS broth, the media was adjusted with 1.0 M hydrochloric

acid or 1.0 M sodium hydroxide.

2.2.4 Statistical analysis.

Spore germination optical density data presented consists of the mean of a minimum of 6 replicates
and the standard deviation of these experiments. A one-way analysis of variance (ANOVA) was used
to determine the germination activity of sodium taurocholate, the influence of pH and the presence
of butyrate with C. difficile NCTC 11204. A two-way ANOVA was used to determine the germination
activity of bile salts: sodium glycocholate, sodium cholate and sodium chenodeoxycholate and
sodium taurocholate with C. difficile reference ribotypes 001, 002 and 015. The post-hoc
Bonferroni’s multiple comparisons test was used to statistically analyse the germination activity of
various test conditions. Both statistical tests were completed using the GraphPad Prism software

(GraphPad, USA).
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2.3 Results.

2.3.1 Preparation of purified C. difficile spore suspensions.

In order to investigate the germination activity of bile salt and environmental factors that influence
germination the optical density germination assay methodology was selected. The production of C.
difficile spore suspension with the absence of vegetative cells and cell debris is therefore necessary
for the measurement of C. difficile germination spectrophotometrically. To ensure the C. difficile

spore suspensions were suitable for the germination optical density assay, the Schaeffer and Fulton

Figure 2.1 Visualisation of C. difficile spore suspensions. C. difficile strain NCTC 11204 spore
suspension stained using the Schaeffer and Fulton (1933) endospore staining technique
viewed under x100 objective prior to (A) and post purification (B). Spores were stained with
5% (w/v) Malachite green solution, vegetative cells are counterstained with 0.5% (v/v)
Safranin solution. Phase contrast microscopy viewed under x100 objective of purified C.
difficile spore suspension prior to (C) and 10 minutes post exposure to germinant taurocholate

(D). Images are representative of routine endospore staining and phase contrast microscopy.
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(1933) endospore staining technique was utilised to identify the presence of vegetative cells post
the purification of spore suspensions. Only spore suspensions of 299% purity were accepted for use
in the optical density assay (figure 2. 1B). Spore suspensions were also observed under phase
contrast microscopy. C. difficile spores demonstrated the phase bright appearance and were
observed to transition to phase dark upon exposure to characterised germinants and co-germinants

(figure 2.1C and D).

2.3.2 Determination of C. difficile spore germination by measurement of optical density.

The germination activity of the bile salt taurocholate was investigated utilising the optical density
germination assay. Exposure of C. difficile spores to taurocholate at a concentration of 6.9 mM and
0.1 % (w/v), equivalent to 1.86 mM, in BHIS resulted in an expected decrease in relative optical
density at 570 nm over the time course of the assay, demonstrating spore germination. The results
(figure 2.2) demonstrate an initial rapid decrease in relative ODsy response to both tested
concentrations of taurocholate, during the first 5 minutes of the assay. The rate of the decrease in
relative ODszo declines between 5 and 10 minutes, with a further gradual reduction over the
remainder of the assay. Taurocholate at 6.9 mM caused a 32% decrease of relative ODszofrom 1.0
at time point zero to 0.68 at 60 minutes. A decrease in relative ODsy from 1.0 to 0.72 at 60 minutes
was also demonstrated by 0.1 % (w/v) taurocholate, a 28% decrease. The achieved decrease in
relative ODsyo after 60 minutes, caused by 6.9 mM and 0.1 % (w/v) taurocholate was determined

to be statistically significant (P < 0.001).

The negative control, where C. difficile spores were exposed to BHIS only demonstrated a small
reduction in relative ODs7 over the time course of the assay from 1.0 to 0.95, a 5% reduction. This
was not determined to be a statistically significant decrease. To ensure any observed decrease in
optical density was the result of the change in refractive index of germination spores, controls of

BHIS, BHIS with 6.9 mM and 0.1 % (w/v) taurocholate in the absence of spores were included in the
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Figure 2.2 The activity of primary bile salt taurocholate to induce C. difficile spore germination
measured via optical density. Purified C. difficile NCTC 11204 spores were mixed with BHIS
broth only: orange diamonds, in BHIS with 0.1% (w/v) sodium taurocholate (STC): light blue
circles, BHIS with 6.9 mM STC: dark blue diamonds. Error bars represent standard deviation.
Statistically significant reductions of the relative optical density values at 60 minutes

compared to time point zero are indicated by an asterisk (P < 0.0001).

optical density. No change in relative ODsyo in the absence of spores was observed over +/- 2.2%

(data not shown on the graph).

2.3.3 The effect of pH on the germination of C. difficile spores by measurement of optical

density.

Utilising the optical density germination assay, the effect of pH on taurocholate-induced C. difficile
germination was investigated. The exposure of C. difficile spores to taurocholate in BHIS at pH 5, 7,
8 and 9 failed to initiate germination, with minimal changes to the relative ODs7, observed. These
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were not found to be statistically significant (figure 2.3). Taurocholate-induced C. difficile
germination occurred only in BHIS at pH 6 and in unmodified BHIS, with a pH of 6.6 as demonstrated
by the decrease in relative ODszduring the time course of the assay. C. difficile germination in both
BHIS at pH 6 and in unmodified BHIS test conditions was demonstrated by the characteristic initial
rapid decrease in relative ODs7o followed by a reduction in the rate of decrease. A steeper decline
in relative ODs7o during the initial 20 minutes of the assay, and therefore a faster rate of C. difficile
germination is observed for the unmodified BHIS at pH 6.6 when compared to taurocholate-induced
germination in BHIS at pH 6. At completion of the assay (60 minutes), both BHIS at pH 6 and
unmodified BHIS test conditions demonstrated a statistically significant decrease in relative ODsyo
compared to the start of the assay (P < 0.0001), a reduction of 30% and 31% respectively. The final
relative ODs7o values for C. difficile spores germinated with BHIS at pH 6 and unmodified BHIS were

comparable and not determined to be statistically significantly different from each other.

As previously, to ensure that any observed decrease in optical density was the result of the change
in refractive index of germination spores, controls of BHIS with 6.9 mM at the various pH values but
in the absence of C. difficile spores were included. Small changes in the relative ODs7o germination
during the time course of the assay were observed but these the were not over +/-4.4% (data not
shown on the graph). C. difficile spores exposed to BHIS at the various pH values but in the absence
of the germinant taurocholate, demonstrated observable changes in the relative ODs7o germination
during the time course of the assay, particularly BHIS at pH 7, 8 and 9. To investigate this further,
spores were examined under phase contrast microscopy and were determined to be phase bright,

indicating the spores remained ungerminated under these conditions.
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Figure 2.3 The effect of pH on taurocholate-induced germination of C. difficile spores. Purified
C. difficile NCTC 11204 spores were mixed with unmodified BHIS broth only: orange squares,
unmodified BHIS with 6.9 mM STC: dark blue diamonds, BHIS with 6.9 mM STC at pH 5: dark
green triangles, BHIS with 6.9 mM STC at pH 6: light green circles, BHIS with 6.9 mM STC at pH
7: dark green squares, BHIS with 6.9 mM STC at pH 8: light blue diamonds, BHIS with 6.9 mM
STC at pH 9: light blue circles. Error bars represent standard deviation. Statistically significant
reductions of the relative optical density values at 60 minutes compared to time point zero

are indicated by an asterisk (P < 0.0001).

2.3.4 The effect of butyrate on the germination of C. difficile spores by measurement of

optical density.

A biologically relevant range of concentrations of the short-chain fatty acid butyrate was selected
to investigate its influence on taurocholate-induced C. difficile spore germination. C. difficile spores

exposed to taurocholate in the presence of all tested concentrations of butyrate demonstrated the
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characteristic drop in relative ODsyo indicating C. difficile spore germination, however there was
variation in the extent of the change relative ODs7oin the presence of the different concentration
of butyrate (figure 2.4). The presence of butyrate at 5 mM and 10 mM, both resulted in a change in
relative ODs7 from 1.0 at time point zero to 0.76 at 60 minutes, a 24% decrease (P < 0.0001). The
presence of 15, 20 and 25 nmol butyrate was demonstrated to cause a decrease in relative ODs7o
from 1.0 at the start of the assay to 0.79, 0.75 and 0.75 at 60 minutes respectively, a 22%, 25% and
25% reduction (P < 0.0001). The highest concentration of butyrate tested, 30 mM resulted in the

smallest decrease in relative ODsz from 1.0 to 0.83 at 60 minutes, a 17% reduction (P < 0.0001).

The positive control, C. difficile spores exposed to taurocholate in the absence of butyrate, showed
a 28% decrease of relative ODsy from 1.0 at time point zero to 0.71 at 60 minutes. The
concentrations of butyrate tested were not found to result in a statistically different final relative
ODs70 from the positive control. The final relative ODsyo values for C. difficile spores germinated in
the presence of each concentration of butyrate were compared but were not found to be

statistically significantly different from each other.

Negative controls, where C. difficile spores were exposed to BHIS and the various concentrations of
butyrate in the absence of taurocholate demonstrated a small reduction in relative ODszo over the
time course of the assay, this was not beyond a 2% reduction. Controls of BHIS, the various
concentrations of butyrate and taurocholate in the absence of spores were included to ensure the
observed decrease in optical density was the result of the change in refractive index of germinating

spores. No change in relative ODs7 was observed over +/- 2.3% during the assay.
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Figure 2.4 The effect of butyrate on taurocholate-induced germination of C. difficile spores.
Purified C. difficile NCTC 11204 spores were mixed with BHIS broth only: orange squares, BHIS
with 6.9 mM STC: blue triangles, BHIS with 6.9 mM STC and 5 mM butyrate: pink diamonds,
BHIS with 6.9 mM STC and 10 mM butyrate: purple circles, BHIS with 6.9 mM STC and 15 mM
butyrate: purple squares, BHIS with 6.9 mM STC and 20 mM butyrate: open pink triangles,
BHIS with 6.9 mM STC and 25 mM butyrate: open purple circles, BHIS with 6.9 mM STC and
30 mM butyrate: open pink circles. Error bars represent standard deviation. Statistically
significant reductions of the relative optical density values at 60 minutes compared to time

point zero are indicated by an asterisk (P < 0.001).
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2.3.5 The germination response of C. difficile spores of strain NCTC 11204 to bile salts.

The germination response of C. difficile NCTC 11204 spores to a range of bile salts was investigated
utilising the optical density assay. The exposure of C. difficile spores to 6.9 mM cholate caused a
gradual decrease in relative ODszo over the course of the assay but this reduction was minimal, with
a decrease from 1.0 at time point zero to 0.97 at 60 minutes, a 3.2% decrease (figure 2.5A). C.
difficile spores exposed to 6.9 mM glycocholate did not cause a noticeable drop in relative ODszo
over the course of the assay. The relative ODsy at 60 minutes was 0.99, a 0.1% decrease (figure
2.5B). Spores of C. difficile exposed to 6.9 mM deoxycholate caused a gradual decrease in relative
ODs7o over the course of the assay but similarly to cholate this reduction was minimal. A gradual
decrease in relative ODs7o from 1.0 at time point zero to 0.95 at 60 minutes, a 5% decrease was
observed in response to 6.9 mM deoxycholate (figure 2.6A). The observed changes in relative
optical density caused by cholate, glycocholate and deoxycholate were not found to be statistically

significant, indicating they did not initiate C. difficile spore germination.

A positive control of C. difficile spores exposed to taurocholate where the germination activity of
cholate, glycocholate and deoxycholate were investigated, caused a relative ODs7ofrom 1.0 at time
point zero to 0.7, 0.68 and 0.68 at 60 minutes, a decrease of 30, 32 and 32%, respectively. Negative
controls, where C. difficile spores were exposed to BHIS demonstrated small changes in relative
ODsyo over the time course of the assays, equally to a maximum of +/- 3.5% change at 60 minutes.
Controls of BHIS, BHIS with cholate, glycocholate, deoxycholate and taurocholate in the absence of
spores were included in the optical density assays. No change in relative ODs7o was observed over

+/-1.5%.

The activity of chenodeoxycholate to induce C. difficile spore germination along with the
taurocholate-induced germination inhibitory action of chenodeoxycholate was also investigated. C.
difficile spores exposed to 6.9 mM chenodeoxycholate only did not cause a significant change in

relative ODsyo over the course of the assay. The presence of chenodeoxycholate resulted in a change
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in relative ODs7o from 1.0 at time point zero to 1.03 at 60 minutes, a 3% increase (figure 2.6B). The
control, where C. difficile spores were exposed to taurocholate caused an expected rapid reduction
in relative ODsyo, characteristic of spore germination, causing a decrease from 1.0 at time point zero
to 0.67 at 60 minutes, a 33% reduction. The exposure of C. difficile spores to 6.9 mM taurocholate
in combination with 6.9 mM chenodeoxycholate, did not cause a noticeable change in relative ODs7o
over the course of the assay. The relative ODs7o of 1.0 at time point zero and 1.007 at 60 minutes

was observed, a 0.7% change (figure 2.6B).

Controls of BHIS, BHIS with chenodeoxycholate and or taurocholate in the absence of spores were
included in the optical density assay. No change in relative ODs7, was observed over +/- 1.5%. A
negative control, where C. difficile spores were exposed to BHIS demonstrate a small change in

relative ODs7o over the time course of the assays, equally to +/- 3.2% change at 60 minutes.
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Figure 2.5 The activity of bile salts cholate and glycocholate to induce C. difficile spore
germination. The activity of cholate (A) and glycocholate (B) to induce C. difficile germination
was investigated. Purified C. difficile NCTC 11204 spores were mixed with BHIS broth only:
light blue diamonds, BHIS with 6.9 mM STC: dark blue circles, BHIS with 6.9 mM cholate: open
red squares, BHIS with 6.9 mM sodium glycocholate: open orange circles. Error bars represent
standard deviation. Statistically significant reductions of the optical density ratio values at
various time points 10, 30 and 60 minutes compared to time point zero are indicated by an

asterisk (P < 0.001).
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Figure 2.6 The effect of deoxycholate and chenodeoxycholate on C. difficile spore germination.
The activity of deoxycholate (A) and chenodeoxycholate (B) to induce C. difficile germination
and the activity of chenodeoxycholate to inhibit taurocholate-induced germination
investigated. Purified C. difficile NCTC 11204 spores were mixed with BHIS broth only: light
blue diamonds, BHIS with 6.9 mM STC: dark blue circles, BHIS with 6.9 mM sodium
deoxycholate: open red diamonds, BHIS with 6.9 mM sodium chenodeoxycholate: open
orange triangles, BHIS with 6.9 mM sodium taurocholate and 6.9 mM sodium
chenodeoxycholate: open green triangles. Error bars represent standard deviation.
Statistically significant reductions of the optical density ratio values at various time points 10,

30 and 60 minutes compared to time point zero are indicated by an asterisk (P < 0.001).
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2.3.6 The germination response of C. difficile ribotypes 001, 002 and 015 to bile salts.

The germination response of C. difficile spores of reference ribotypes 001, 002 and 015 strains to
bile salts taurocholate, cholate, glycocholate and deoxycholate was investigated utilising the optical
density assay. Spores of C. difficile ribotype 001 demonstrated the characteristic rapid drop in
relative optical density, only in the presence of the bile salt taurocholate. Exposure of spores of
ribotype reference strain 001 to 6.9 mM taurocholate resulted in a statistically significant decrease
in relative ODs7 from 1.0 at time point zero to 0.76 at 60 minutes (P < 0.0001), a 24% decrease
(figure 2.7A). Statistically significant reductions in the relative ODs7o were also observed at 10 (P <
0.0001), and 30 minutes (P < 0.0001), when compared to time point zero. The exposure of ribotype
reference strain 001 to 6.9 mM cholate, glycocholate and deoxycholate resulted in minimal changes
to the relative ODs7o over the time course of the assay, these were not determined to be statistically

significant.

Spores of C. difficile ribotype 002 demonstrated a divergent response to bile salts, a decrease in
relative optical density was observed following exposure to taurocholate, cholate and
deoxycholate. The presence of taurocholate resulted in a statistically significant decrease in relative
ODs7 from 1.0 at time point zero to 0.64 at 10 minutes (P < 0.0001), 0.62 at 30 minutes (P < 0.0001)
and 0.62 at 60 minutes (P < 0.0001), a reduction of 37% (figure 2.7B). Exposure of spores of the
ribotype 002 reference strain to cholate also resulted in a gradual but substantial drop in relative
optical density, indicating spore germination. Here the presence of cholate resulted in a statistically
significant decrease in relative ODs7, from 1.0 at time point zero to 0.80 at 30 minutes (P = 0.0008)
and 0.72 at 60 minutes (P < 0.0001), a reduction of 28% (figure 2.7B). A similar response of spores
of the ribotype 002 reference strain to deoxycholate was observed. The presence of deoxycholate
resulted in a statistically significant decrease in relative ODs7 from 1.0 at time point zero to 0.77 at
30 minutes (P < 0.0001) and 0.74 at 60 minutes (P < 0.0001), a reduction of 26% (figure 2.7B). The

exposure of ribotype reference strain 002 to 6.9 mM glycocholate resulted in minimal changes to
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the relative ODs7o over the time course of the assay, these were not determined to be statistically

significant.

As for the spores of C. difficile ribotype 001 reference strain, spores of the ribotype 015 reference
strain demonstrated a drop in relative optical density, only in the presence of the bile salt
taurocholate. Exposure of spores of the ribotype reference strain to 015 to 6.9 mM taurocholate
resulted in a decrease in relative ODsz from 1.0 at time point zero to 0.9 at 60 minutes, but this
was not determined to be statistically significant (figure 2.7A). The exposure of ribotype reference
strain 015 to 6.9 mM cholate, glycocholate and deoxycholate resulted in minimal changes to the
relative ODs7o over the time course of the assay, these were not determined to be statistically

significant.

Negative controls, where C. difficile spores of ribotype reference strains 001, 002 and 015 were
exposed to BHIS only, demonstrated small changes in relative ODs7o over the time course of the
assays, equally to a maximum of +/- 2% change at 60 minutes. Controls of BHIS, BHIS with
taurocholate, cholate, glycocholate and deoxycholate in the absence of spores were included in the

optical density assays. No change in relative ODs7 was observed over +/- 6%.
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Figure 2.7 The germination response of C. difficile ribotypes 001 (A), 002 (B) and 015 (C) to

bile salts. Legend continued on next page.
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Figure 2.7 The germination response of C. difficile ribotypes to bile salts. The activity of bile
salts taurocholate, cholate, glycocholate and deoxycholate induce germination of C. difficile
ribotype 001 (A), 002 (B) and 015 (C) was investigated. Purified C. difficile spores were mixed
with BHIS broth only: light blue squares, BHIS with 6.9 mM STC: dark blue circles, BHIS with
6.9 mM cholate: green triangles, BHIS with 6.9 mM sodium glycocholate: red squares, BHIS
with 6.9 mM sodium deoxycholate: yellow diamonds. Error bars represent standard
deviation. Statistically significant reductions of the optical density ratio values at various time
points 10, 30 and 60 minutes compared to time point zero are indicated by an asterisk (P

<0.0001).
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2.4 Discussion.

In order to investigate the germination response of C. difficile spores to compounds that may
function as germinants, co-germinants and inhibitors of germination or to study the environmental
factors that influence C. difficile spore germination, a reliable and sensitive method is required to
monitor germination. In this study, the germination optical density assay was selected as it provides
a real-time measurement of the initial stages of spore germination, following activation by
germinants, where the partial rehydration of the spore core and the release of Ca-DPA occurs
(Setlow, 2014; Setlow, 2006). This method facilitates the quantification of the rate of the
germination response and the extent of spore C. difficile germination without the requirement of
the transformation of the spore to a metabolically active vegetative cell as is the case for methods
which measure germination via the loss of resistance to heat or ethanol (Moir and Smith, 1990;
Levinson and Hyatt, 1966). Utilising the optical density germination assay, this work characterised
the germination response of C. difficile spores to bile salts, confirming previously identified C.
difficile germinants and inhibitors. This methodology was also used to demonstrate the influence
of environmental pH and the presence of the fatty acid butyrate on taurocholate-induced C. difficile

germination.

By successfully establishing the use of the germination optical density assay with C. difficile spores,
the induction of germination of C. difficile in response to the known germinant taurocholate in BHIS
media was replicated. The exposure of spores of C. difficile NCTC 11204 to taurocholate in BHIS
broth induced the characteristic rapid reduction in optical density (figure 2.2), a measure of the
decreasing refractive index of germinating spores as they rehydrate and swell (Sorg and
Sonenshein, 2008; Moir and Smith, 1990). The rapid germination response of C. difficile NCTC 11204
to 0.1 % (w/v) taurocholate was in agreement with the data presented by Sorg and Sonenshein
(2008) where the germination activity of the bile salt germinant was initially characterised. In

addition, the germination response of C. difficile to 0.1 % (w/v) taurocholate, the germination
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activity of 6.9 mM taurocholate was investigated. This concentration of taurocholate was selected
based on a previous study by Wheeldon et al. (2008a) and its biological relevance of the maximal
duodenal and ileum concentrations (Leverrier et al., 2003; Mallory et al., 1973; Northfield and
McColl, 1973). This is a considerably higher concentration than that selected by Sorg and
Sonenshein (2008); 0.1% (w/v) sodium taurocholate is equivalent to a concentration of 1.86 mM.
Germination of C. difficile NCTC 11204 spores in response to 6.9 mM taurocholate was
demonstrated to occur more rapidly during the initial phase of the optical density assay and the
extent of the germination response was greater, with a larger final reduction in relative optical

density, compared to that found with 0.1 % (w/v) taurocholate.

The pH of culture media has previously been demonstrated as an important factor influencing C.
difficile germination (Wheeldon et al., 2008a; Paredes-Sabja et al., 2008; Kochan et al., 2018b). The
investigation of the influence of pH on taurocholate-induced C. difficile germination demonstrated
significant germination occurred only with a narrow pH range. Germination of C. difficile spores
induced by taurocholate, was demonstrated with BHIS media at pH 6 and unmodified BHIS at pH
6.6 exclusively (figure 2.3). These findings differ to that of Paredes-Sabja et al. (2008) and Wheeldon
et al. (2008a) who demonstrated the germination of C. difficile spores in media over a wider pH
range. Paredes-Sabja et al. (2008) demonstrated C. difficile spore germination occurred between a
range of pH 6 and pH 7.5 while Wheeldon et al. (2008a) reported germination of C. difficile spore
between pH 5.5 to 8.5, but the extent of the germination response varied. Acute acidic or basic
conditions inhibited C. difficile germination, with the most efficient germination being
demonstrated between pH 6.5-7.7. However germination in this study was measured via loss of
resistance ethanol. Germination of C. difficile spores over a broader pH range was also reported by
Kochan et al. (2018b). C. difficile spore germination, measured via the optical density assay,
occurred optimally between pH 6.5 and 8.5 (Kochan et al., 2018b). In this investigation the exposure

of C. difficile spores to the germinant at pH 7 and beyond, failed to induce germination.
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The presence of butyrate largely had minimal influence on the germination of C. difficile.
Germination was demonstrated at all concentrations of butyrate examined although the extent of
the germination of C. difficile spores appeared to be reduced for some concentrations of butyrate
tested. However, the extent of germination was not determined to be significantly altered from the
taurocholate-induced germination of C. difficile (figure 2.4). C. difficile germination in the presence
of butyrate occurred at concentrations within and beyond that of the physiologically relevant values
of butyrate of 10-20 mM, although the total short chain fatty acid intestinal concentration is

thought to be much greater (Kiefer et al., 2006).

The investigation of the germination activity of bile salts cholate, glycocholate and deoxycholate
with spores of C. difficile NCTC 11204, demonstrated limited germination. Cholate identified as a C.
difficile germinant did not produce the rapid germination response when monitored via the optical
density assay in this investigation or by that of (Sorg and Sonenshein, 2008). Cholate is a weak
germinant, where the germination response has been observed over a time scale of hours on solid
media (Sorg and Sonenshein, 2008). Equally glycocholate demonstrated no germination activity
with spores of C. difficile NCTC 11204 when measured via the optical density assay. It has also
demonstrated a failure to induce germination over a short time frame in the study by Sorg and
Sonenshein (2008) but was also identified as a weak germinant due its ability to induce germination
when incorporated into BHIS agar. Deoxycholate did not induce a statistically significant decrease
in relative optical density of the C. difficile NCTC 11204 spores over the time scale of the assay, but
a slight reduction was observed at 60 minutes. This is similar to the germination activity of
deoxycholate reported by Bhattacharjee et al. (2016a). In contrast to bile salts cholate and
glycocholate, deoxycholate has been found to induce germination of C. difficile but inhibit its
growth. Chenodeoxycholate a known inhibitor of C. difficile germination failed to induce the
germination of C. difficile NCTC 11204 spores and was found to completely inhibit taurocholate-
induced germination of C. difficile NCTC 11204 spores (figure 2.6) (Sorg and Sonenshein, 2008;

2009). This is in accordance with the demonstrated competitive inhibitory action of
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chenodeoxycholate with C. difficile germinants, preventing germination (Sorg and Sonenshein,
2009; 2010). Of the bile salts investigated for germination activity, only the well characterised C.
difficile germinant taurocholate was identified to be a strong initiator of C. difficile NCTC 11204
spore germination with the optical density assay used in this work (Sorg and Sonenshein, 2008;

Heeg et al., 2012).

To examine the diversity of the germination response of C. difficile to bile salts, spores of reference
ribotype strains of C. difficile representing 001, 002 and 015 were exposed to taurocholate, cholate,
glycocholate and deoxycholate. The representative ribotypes were chosen based on their
prevalence in Europe and the UK with 002 and 015 being identified as the most frequently isolated
ribotype in a study of West London hospitals (Bauer et al., 2011; Public Health England, 2019b;
Herbert et al., 2019). Spores of C. difficile ribotype 001 reference strain demonstrated a similar
germination response to taurocholate, cholate, glycocholate and deoxycholate as C. difficile NCTC
11204, also ribotype 001. Cholate, glycocholate and deoxycholate failed to induce germination of
ribotype 001 reference strain, while a rapid germination activity was observed with taurocholate
(figure 2.7A), although the extent of the germination response was not as pronounced as for C.
difficile NCTC 11204 (figure 2.2). The germination activity of cholate, glycocholate and deoxycholate
was also similar with C. difficile ribotype 015 reference strain, with no detectable activation of
germination. Exposure of spores of ribotype 015 reference strain to taurocholate-initiated
germination but the activity was weaker and to a lower extent than seen with ribotype 001 or NCTC
11204 (figure 2.7C). In contrast, spores of C. difficile ribotype 002 reference strain demonstrated a
divergent germination response to cholate, glycocholate and deoxycholate compared with ribotype
001 and 015 reference strains and C. difficile NCTC 11204. Rapid germination of C. difficile ribotype
002 spores was observed in response to taurocholate. Germination of ribotype 002 spores was also
initiated by the presence cholate and deoxycholate (figure 2.7B), demonstrating their activity as C.
difficile germinants. A varied germination response to bile salts germinants across different strains

of C. difficile has previously been reported in clinical isolates. In the study by Heeg et al. (2012) the
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activity of taurocholate to induce germination was diverse and notably chenodeoxycholate did not
inhibit germination of some C. difficile clinical isolates. This work and that of others clearly
demonstrate taurocholate as a strong initiator of C. difficile germination, causing the activation of
germination across the limited number of strains of C. difficile used in this investigation (Sorg and
Sonenshein, 2008; Heeg et al., 2012). The germination response of the representative ribotypes
strains in this work demonstrates the potential for a varied response of clinical isolates of C. difficile
to characterised C. difficile germinants, an important consideration when developing a pro-

germination decontamination strategy to eliminate C. difficile spores in the environment.

Primary bile acids; cholic acid and chenodeoxycholic acid are conjugated with glycine and taurine
prior to release into the small intestine, producing secondary bile salts: glycocholate, taurocholate,
glycochenodeoxycholate and taurochenodeoxycholate (Ridlon et al., 2006). While active transport
returns the majority of the secondary bile salts back to the liver, low concentrations are
deconjugationed by bile salt hydrolases produced by species of the intestinal microbiota, forming
cholic acid and chenodeoxycholic acid (Ridlon et al., 2006; Thomas et al., 2001). These primary bile
acids are passively reabsorbed however reabsorption of chenodeoxycholate is disproportionate
leading to a higher remaining concentration of cholate (Mekhjian et al., 1979). Specific members of
the intestinal microbiota, including the Ruminococcaceae and Lachnospiraceae families, modify
cholate and chendeoxycholate through 7a-dehydroxylation to produce the secondary bile acids
deoxycholate and lithocholate (Ridlon et al., 2006; Theriot et al., 2016). Disruption of the gut
microbiota by broad spectrum antibiotics, a key risk factor for CDI diminishes the members of the
intestinal microbiota responsible for the biotransformation of primary bile acids to secondary bile
acids by 7a-dehydroxylation, creating an environment that promotes the germination of C. difficile
spores (Vedantam et al., 2012; Theriot et al., 2016). The modulation of bile acids and salts is an
important factor in germination of C. difficile spores in the host (Theriot et al., 2016; Ridlon et al.,

2006; Sorg and Sonenshein, 2008; 2009).
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The specific members of the Ruminococcaceae and Lachnospiraceae families also produce short-
chain fatty acids (SCFAs) including butyrate which is important for healthy functioning of the colonic
mucosal (Cook and Sellin, 1998). The possible inhibition of C. difficile germination in the presence
of butyrate seen in this study is likely due to the influence by the high concentration of butyrate on
the pH in the media, creating an acidic environment that impedes germination. The inhibitory
activity of high concentrations of butyrate on C. difficile proliferation and colonisation resistance
has been demonstrated but the inhibitory mechanism of butyrate was not found to be exclusively
due to the effect on environmental pH (Rolfe, 1984). The inhibitory activity of butyrate on C. difficile
has been predicted to disrupt of metabolic pathways and interfere with cellular signalling or
enzyme function (Gregory et al., 2021). This may indicate that butyrate acts as another
environmental cue that supresses germination when there is an abundance of the
Ruminococcaceae and Lachnospiraceae families within the healthy intestinal microbiota of the host

(Antharam et al., 2013).

To successfully examine the germination response of C. difficile, preparation of purified spore
suspension that are free from vegetative cell debris was critical to a reliable measurement of C.
difficile germination using the optical density assay. The purification process of the spore
suspension however eliminates the biological variation of spores morphotypes, including spores at
various stages of sporulation. Similarly, it does not reflect the condition of spores that are excreted
by CDI patients into the environment (Samore et al., 1996). Preparation of purified spore
suspensions is likely to eliminate the natural heterogeneity of the germination response of spores
to germinants, a characteristic of C. difficile clinical isolates (Ghosh and Setlow, 2009; Heeg et al.,
2012). The methodology of spore preparation likely also influences the abundance of C. difficile
germinant receptors and proteins involved in the germination signal cascade, as seen in other spore
formers (Ramirez-Peralta et al., 2012). The abundance of CspB and CspC was demonstrated to be
altered in spores of C. difficile prepared in different culture media (Shrestha and Sorg, 2019). The

necessary laboratory-based culture and purification of C. difficile spores in order to perform the
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optical density may result in a germination response that does not accurately reflect the biology of

spores that contaminate the clinical environment.

An alternative method to measure the initial transformation of the spore following the triggering
of germination, but also requiring the use of pure spore suspensions, is the quantification of spore
Ca-DPA release using terbium chloride (Hindle and Hall, 1999). This method has been routinely
utilised to study germination of C. difficile spores, but the experimental conditions of this
methodology have been found to influence the germination of C. difficile spores (Shrestha and Sorg,
2019). Terbium was demonstrated to enhance taurocholate-induced germination and is predicted
to act as a C. difficile co-germinant, in a similar mechanism as calcium (Kochan et al., 2017; Shrestha
and Sorg, 2019). The germination enhancing effect of terbium was also found to extend to other
metal ions and was associated with the preparation of C. difficile spores in peptone-rich culture

media (Shrestha and Sorg, 2019).

The initial stages of germination, where the resistant properties of the spore are lost presents an
opportunity to eliminate spores using the pro-germination, germinate to exterminate strategy
(Wheeldon et al., 2010). During this initial stage of germination, the loss of refractive index of
rehydrating spore population can also be measure via a decrease optical density facilitating a
sensitive and reproducible method to monitor C. difficile germination. This methodology provides
an alternative to traditional methods of measuring spore germination which determine the heat or
ethanol resistance of spores exposed to germinants and are reliant on subsequently inducing
germination and outgrowth of C. difficile spores. The germination response of C. difficile spores,
measured by the optical density assay in this chapter are confirmatory of previously published
studies. Sodium taurocholate was demonstrated to be a potent germinant of C. difficile NCTC
11204, in addition to other well studied laboratory and clinical strains of C. difficile (Sorg and
Sonenshein, 2008; Heeg et al., 2012). A varied germination response rate to sodium taurocholate

was observed across the representative ribotype clinical strains of C. difficile. This divergent
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germination response was also seen when the representative ribotype strains of C. difficile were
exposed to other relevant bile salts. The rate and extent of C. difficile NCTC 11204 spore
germination was influenced by environmental factors including pH. In conclusion, the germination
response of C. difficile clinical isolates is anticipated to vary to any bile salt germinant, with
environmental factors also influencing the germination response of the spore population. These
are important considerations for the development of a C. difficile pro-germination spore

elimination strategy.
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Chapter 3

3.0 Investigation of the co-germinant potential of amino acids and calcium in the

germination of Clostridioides difficile spores.

3.1 Introduction.

To initiate C. difficile spore germination, a bile salt germinant and a co-germinant are required to
transduce the germination signal, causing the transformation of the dormant spore (Sorg and
Sonenshein, 2008; Kochan et al., 2017). The term co-germinant is distinctive of the description of
C. difficile germination, despite other Clostridia requiring multiple germinants to trigger efficient
germination (Bhattacharjee et al., 2016b). The first co-germinant of C. difficile germination
identified was glycine, as the component of complex nutrient media that facilitates efficient C.
difficile spore germination with the germinant taurocholate (Sorg and Sonenshein, 2008). Glycine
has subsequently been demonstrated as an effective co-germinant of the spores of multiple
laboratory and clinical strains of C. difficile (Sorg and Sonenshein, 2008; Howerton et al., 2011;

Shrestha and Sorg, 2017; Kochan et al., 2017).

The profile of amino acid co-germinants was expanded by Wheeldon et al. (2011) who
demonstrated the activity of arginine, aspartic acid, valine, and histidine but only when utilised in
combination with glycine to induce spore germination of C. difficile laboratory strain NCTC 11204.
The efficiency of glycine co-germinant activity was found to be enhanced when combined with
arginine, aspartic acid, valine, or histidine. Glycine together with histidine or a mixture of glycine
and the four amino acids (arginine, aspartic acid, valine, and histidine) was found to be a particularly
effective co-germinant combination to trigger C. difficile spore germination. The activity of these
co-germinant combinations was also demonstrated as effective with four clinical C. difficile strains

(Wheeldon et al., 2011). More recently Shrestha and Sorg (2017) conducted a detailed
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characterisation of amino acid co-germinants of C. difficile; 16 amino acids were identified to act as
co-germinant to induce germination of C. difficile UK1 spores. Activity was varied and was highly
dependent on amino acid concentration and temperature. The co-germinant activity of these
amino acids was ranked according to the calculated ECso values, the concentration at which half
maximum germination was achieved, revealing alanine, taurine, glutamine, histidine, serine,
arginine to have the highest efficacy to induce germination, after glycine. The same approach was
taken with C. difficile M68 but resulted in a different order of the ranking of amino acids to

efficiently induce germination (Shrestha and Sorg, 2017).

The activity of C. difficile amino acid co-germinants appears to be highly strain dependant with the
exception of glycine, which has demonstrated consistent activity (Sorg and Sonenshein, 2008;
Wheeldon et al., 2011; Howerton et al., 2011; Shrestha and Sorg, 2017; Kochan et al., 2017). The
capacity of other amino acids to function as co-germinants is temperature dependant; amino acids
including D- forms of alanine and serine not previously identified as C. difficile co-germinants were
demonstrated to have activity as co-germinants at physiologically-relevant 37°C (Shrestha et al.,
2017; Shrestha and Sorg, 2017). The germination response of some C. difficile clinical strains was
shown to be highly dependent upon prior heat activation. Spores of some C. difficile strains,
obtained during a CDI outbreak, also germinated in response to alternative germinants including

potassium, phosphate and Ca-DPA (Paredes-Sabja et al., 2008).

C. difficile spore germination can also be initiated by calcium when in combination with
taurocholate. Calcium and other cations were identified to stimulate germination along with
taurocholate, but the co-germination activity of calcium was highly efficient. Kochan et al. (2017)
demonstrated rapid initiation of spore germination of 3 C. difficile strains following exposure to
calcium and taurocholate. In addition to exogenous calcium functioning as a co-germinant to
stimulate germination, endogenous calcium was also demonstrated to be essential for glycine and

taurocholate-induced C. difficile germination. This was suggested to be due to the activation of
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calcium-dependant enzymes involved in the initiation of spore germination (Kochan et al., 2017).
Analysis of the kinetics of C. difficile spore germination in response to taurocholate and calcium or
glycine indicates calcium is 10-fold more efficient at triggering germination. Significantly, calcium
and glycine act synergistic when in combination to facilitate germination of C. difficile spores in the

presence of suboptimal concentration of co-germinants (Kochan et al., 2017; Kochan et al., 2018b).

Amino acids and calcium as co-germinants are believed to activate the co-germinant receptor CspA,
functioning through the same signalling pathway to induce germination (Kochan et al., 2018b;
Shrestha et al.,, 2019). A study of the role of co-germinants in the regulation of C. difficile
germination revealed the inactivation of the protease involved in processing of CspA or the deletion
of the coding region of CspA generated C. difficile spores that did not require a co-germinant to
initiate germination (Kevorkian et al., 2016; Shrestha et al., 2019). Current models of the
germination signalling pathway suggest that the bile salt germinant signal is required prior to the
activation of the co-germinant receptor. In the ‘Lock and Key’ model the germinant receptor CspC
is first activated by the binding of germinants, allowing the influx of calcium and amino acids co-
germinants across the outer membrane to reach the co-germinant receptor, CspA (Kochan et al.,
2017; Kochan et al., 2018b). The ‘germinosome’ model suggests the germinant and co-germinant
receptors are co-located in a complex along with protease CspB. Due to their proximity, the binding
of bile salts to CspC and co-germinants to CspA, releases CspB to transfer the germination signal by
activating the cortex lytic enzyme SleC (Kochan et al., 2018b; Shrestha et al., 2019; Francis and Sorg,

2016; Lawler et al., 2020).

The current knowledge of C. difficile co-germinants has been utilised in C. difficile spore pro-
germination elimination strategies. The four amino acids: arginine, aspartic acid, valine and
histidine, identified by Wheeldon et al. (2011) to work cooperatively as co-germinants with glycine
were utilised in a germination solution to investigate the initiation of germination and subsequent

susceptibility of germinating spores to biocides (Wheeldon et al., 2011; 2010). Incubation of C.
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difficile spores with the germination solution for 1 hour resulted in a 3-log reduction in recovery of
C. difficile (Wheeldon et al., 2010). Similarly, a cocktail of 18 amino acid co-germinants was
subsequently included in a ‘spore germination solution’ along with taurocholate and other
components with the purpose of triggering C. difficile spore germination (Nerandzic and Donskey,
2010; 2013). The application of the germinant solution to surfaces in a clinical environment
followed by UV radiation was demonstrated to enhance the elimination of C. difficile spores
(Nerandzic and Donskey, 2010). The germinant solution was also demonstrated to increase the

sensitivity of C. difficile spores to nisin (Nerandzic and Donskey, 2013).

The aim of the research presented in this chapter was to investigate the co-germination activity of
amino acids and calcium to induce germination of C. difficile strain NCTC 11204. The germination
optical density assay was selected to measure the germination response of C. difficile to co-
germinants during the initial phase of germination. Experiments sought to characterise the co-
germinant activity of amino acids as the exclusive co-germinant with germinant sodium
taurocholate and to examine the germination response of spores exposed to glycine and calcium
with other amino acid co-germinants. This research aims to enhance current knowledge of C.
difficile spore co-germinants and provide further understanding of the relevant conditions under

which co-germinants could be utilised in a spore-germination elimination strategy.
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3.2 Methods.

3.2.1 Bacterial strains and growth conditions.

C. difficile NCTC 11204 was sourced from Jon Brazier (HPA Anaerobic Reference Laboratory, Cardiff).
Frozen stocks of C. difficile were stored at -80°C on Microbank™ beads (Pro Lab Diagnostics, Canada)
and resuscitated by inoculating a bead onto Wilkins-Chalgren agar (Oxoid, UK) supplemented with
0.1% (w/v) sodium taurocholate hydrate (Alfa Aesar, UK) and incubating anaerobically (MiniMACS

anaerobic cabinet, Don Whitley Scientific, Shipley, UK) at 37°C for 48 hours.

3.2.2 Preparation of spore suspensions of C. difficile.

Spore suspensions of C. difficile NCTC 11204 were prepared using a modified version of the

methodology described by Heeg et al. (2012) as described on chapter 2, section 2.2.2 of this thesis.

3.2.3 Determination of germination of C. difficile spores by measurement of optical

density.

The methodology of the measurement of germination by the optical density assay was based on
that described by Sorg and Sonenshein (2008) and Heeg et al. (2012). The optical density at 570nm
(ODs70) of the purified C. difficile spore suspensions was determined using a spectrophotometer
(Jenway, UK) and adjusted to an ODsy of 3.5 in preparation for the optical density assay. Aliquots
of 20 ul of the spore suspension or SDW were loaded into the wells of a clear flat bottom 96-well
plate followed by 180 ul of appropriate germination buffer, achieving a final ODso of the spore
suspension of 0.35. The ODs7o was measured immediately (time zero) using the ELx808 Absorbance
plate reader (BioTek, USA) and every minute thereafter for 60 minutes during incubation at room

temperature. A 3 second medium shake was included prior to each ODs7, measurement to prevent
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the adhesion of spores to the wells of the 96-well plate. The relative ratios of the ODsz at the
various time points to the ODszo at time zero were plotted against time. To investigate the co-
germination activity of amino acids and calcium, a germination buffer of
Tris(hydroxymethyl)aminomethane hydrochloride (Tris-HCl), pH 7.3-7.4 was supplemented with
6.9 mM sodium taurocholate and 0.4% (w/v) of the amino acids: glycine, aspartic acid, alanine,

methionine, valine, serine, arginine, histidine, and 50 mM calcium chloride.

3.2.4 Statistical analysis.

Spore germination optical density data presented consists of the mean of a minimum of six
replicates and the standard deviation of these experiments. A two-way analysis of variance
(ANOVA) was used to determine the co-germination activity of amino acids and calcium on C.
difficile germination. The post-hoc Bonferroni’s multiple comparisons test was used to statistically
analyse the germination activity of various test conditions. Both statistical tests were completed

using the GraphPad Prism software (GraphPad, USA).
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3.3 Results.

3.3.1 The efficacy of amino acids as co-germinants of C. difficile spore germination.

The optical density germination assay was utilised to investigate the co-germination activity of
amino acids in the initiation of C. difficile spore germination along with known bile salt germinant
taurocholate. Exposure of C. difficile spores to 0.4% (w/v) glycine and sodium taurocholate at a
concentration of 6.9 mM resulted in a decrease in relative optical density at 570nm over the one
hour timeframe of the assay. The results (figure 3.1) demonstrate a moderate decrease in relative
ODs7o during the initial 30 minutes, with a following gradual reduction over the remainder of the
assay. Glycine 0.4% (w/v) together with 6.9 mM sodium taurocholate caused a 32.2% decrease of
relative ODs7ofrom 1.0 at time point zero to 0.68 at 60 minutes. A statistically significant (P < 0.001)
decrease in relative ODsyo of C. difficile spores exposed to 0.4% (w/v) glycine and sodium
taurocholate was observed at 30 and 60 minutes when compared to C. difficile spores and 0.4%
(w/v) glycine only (in the absence of the bile salt germinant sodium taurocholate) at the equivalent

time point.

To ensure any observed decrease in relative optical density was the result of the transition in
refractive index of germination spores, controls of the germination buffer Tris-HCl with 6.9 mmol
and Tris-HCl with 0.4% (w/v) glycine in the absence of spores were included in the optical density
assay. No change in relative ODs7o was observed over +/-1.3% at the end point of the assay. Negative
controls where C. difficile spores were exposed to the germination buffer Tris-HCI and sodium
taurocholate or Tris-HCl and 0.4% (w/v) glycine resulted in a small change in relative ODsz over the

time course of the assay from 1.0 to 1.03, a -3.5% change.
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Figure 3.1 The effect of amino acid glycine on C. difficile spore germination. The activity of
glycine to co-induce C. difficile NCTC 11204 spore germination with sodium taurocholate was
investigated. Tris-HCl buffer was mixed with SDW and 6.9 mM sodium taurocholate: light
green squares, purified C. difficile spores and 6.9 mM sodium taurocholate: yellow squares,
SDW and 0.4% (w/v) of glycine: dark blue circles, purified C. difficile spores and 0.4% glycine:
orange circles, SDW, 6.9 mM sodium taurocholate and 0.4% (w/v) of glycine: dark green
triangles, purified C. difficile spores, 6.9 mM sodium taurocholate and 0.4% (w/v) glycine: red
triangles. Error bars represent standard deviation. Statistically significant reductions of the
optical density ratio values of at points 30 and 60 minutes compared to purified C. difficile
spores and 0.4%(w/v) glycine only at the equivalent time point are indicated by an asterisk (P

<0.001).

130
A.J. Lawler, PhD Thesis, Aston University 2022



(ODg7o(t,)/ODg4(to)

(ODyg70(t,)/ODsg(ty)

1.2

11

0.9

0.8

0.7

0.6

0.5

0.4

1.2

11

0.9

0.8

—e— Asp SDW

Asp Spores

1

1.2

I ] 11

—&— STC/Asp SDW

{ODs7o(t,,)/ODs3(ty)
e o o
~ (=-] w

o
o

o
wn

—#—STC/Asp Spores

10

—8— Meth SDW

—d&— STC/Meth SDW

20

| A

30 40

Time (minutes)

o
=~

50 60

1.2

1.1

Meth Spores

—i STC/Meth Spores

s+
—4

0.9

0.8

0.7

(OD57ﬂ(tn)/ODS7ﬂ(t0)

0.6

0.5

10

20

30 40

Time (minutes)

50 60

b
) —8— Ala SDW Ala Spores
—d— STC/Ala SDW —a— STC/Ala Spores
0 10 20 30 40 50 60
_ Time (minutes)
—&—Val SDW Val Spores —&—STC/Val SDW —&—STC/Val Spores
0 10 20 30 40 50 60

Time (minutes)

Figure 3.2 The effect of amino acids aspartic acid (A), alanine (B), methionine (C), and valine (D) on C. difficile spore germination. Legend continued on

next page.
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Figure 3.2 The effect of amino acids aspartic acid, alanine, methionine, and valine on C. difficile
NCTC 11204 spore germination. The activity of aspartic acid (A), alanine (B), methionine (C),
and valine (D) to co-induce C. difficile spore germination with sodium taurocholate was
investigated. Tris-HCI buffer was mixed with SDW and 0.4% (w/v) of the specified amino acid:
dark blue circles, purified C. difficile spores and 0.4% (w/v) of the specified amino acid: orange
circles, SDW, 6.9 mM sodium taurocholate and 0.4% (w/v) glycine: dark green triangles,
purified C. difficile spores, 6.9 mM sodium taurocholate and 0.4% (w/v) glycine: red triangles.

Error bars represent standard deviation.

The co-germination activity of amino acids aspartic acid, alanine, methionine, valine, serine,
arginine, and histidine in the germination of C. difficile spores was also investigated. These amino
acids aspartic acid, alanine, methionine, valine, serine, arginine, and histidine failed to initiate C.
difficile spore germination in combination with 6.9 mM of bile salt germinant taurocholate during
the time course of the assay (figure 3.2 and 3.3). No statistically significant decrease in relative
ODs7o of C. difficile spores exposed to 0.4% (w/v) of the specified amino acid and sodium
taurocholate was observed. As for the optical density assay with 0.4% (w/v) glycine, to ensure any
decreases in relative optical density were the results of the transition in refractive index of
germination spores, controls of the germination buffer Tris-HCl with 6.9 mmol sodium taurocholate
and 0.4% (w/v) of the specified amino acid in the absence of spores were included in the optical
density assay. No change in relative ODs7o was observed over +/-2.2% at the end point for the assays
completed with the specified amino acids. For the negative controls where no amino acids were
present in combination with sodium taurocholate, C. difficile spores were exposed to the
germination buffer and 0.4% (w/v) of the specified amino acid, this resulted in a small change in
relative ODsy7 at the end point of the assay a maximum of a -4.3% change across the different

assays.
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Figure 3.3 The effect of amino acids serine (A), arginine (B), and histidine (C) on C. difficile spore germination. Legend continued on next page.
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Figure 3.3 The effect of amino acids serine, arginine, and histidine on C. difficile NCTC 11204
spore germination. The activity of serine (A), arginine (B), and methionine (C), to co-induce C.
difficile spore germination with sodium taurocholate was investigated. Tris-HCIl buffer was
mixed with SDW and 0.4% (w/v) of the specified amino acid: dark blue circles, purified C.
difficile spores and 0.4% of the specified amino acid: orange circles, SDW, 6.9 mM sodium
taurocholate and 0.4% glycine: dark green triangles, purified C. difficile spores, 6.9 mM sodium

taurocholate and 0.4%(w/v) glycine: red triangles. Error bars represent standard deviation.

3.3.2 The efficacy of calcium in combination with amino acids as co-germinants of C.

difficile NCTC 11204 spore germination.

The optical density assay was also utilised to investigate the co-germination activity of amino acids
in combination with calcium in the initiation of C. difficile spore germination along with known bile
salt germinant taurocholate. As previously demonstrated (figure 3.1), exposure of C. difficile spores
t0 0.4% (w/v) glycine and sodium taurocholate at a concentration of 6.9 mM, resulted in a reduction
in relative ODs7o over the time course of the assay, causing a 34.4% decrease of relative ODs at 60
minutes. The decrease in relative ODsyo of C. difficile spores exposed to 0.4% (w/v) glycine and
sodium taurocholate observed at 30 and 60 minutes when compared to C. difficile spores and 0.4%
(w/v) glycine only (in the absence of the bile salt germinant sodium taurocholate) at the equivalent
time point was determined to be statistically significant (P < 0.001). A similar germination response
of C. difficile spores when exposed to 50 mM calcium chloride and 6.9 mM sodium taurocholate
was also observed (figure 3.4A). The results demonstrate a moderately rapid rate of reduction in
the relative ODsyo during the initial 30 minutes, with a more gradual reduction over the remainder
of the 60 minute assay. Calcium chloride and sodium taurocholate caused a 32.2% decrease of
relative ODs7ofrom 1.0 at time point zero to 0.70 at 60 minutes. A statistically significant (P < 0.001)

decrease in relative ODsy of C. difficile spores exposed to 50 mM calcium chloride and sodium
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Figure 3.4 The effect of calcium in combination with amino acids glycine and aspartic acid on
C. difficile spore germination. The activity of calcium and glycine (A), and calcium and aspartic
acid (B) to co-induce C. difficile NCTC 11204 spore germination with sodium taurocholate was
investigated. Purified C. difficile spores and Tris-HCl buffer were mixed with 0.4% of the
specified amino acid: dark blue diamonds, 6.9 mM sodium taurocholate and 0.4% (w/v) of the
specified amino acid: red circles, 6.9 mM sodium taurocholate and 50 mM calcium chloride:
purple squares, 6.9 mM sodium taurocholate, 50 mM calcium chloride and 0.4% of the
specified amino acid: light green triangles. Error bars represent standard deviation.
Statistically significant reductions of the optical density ratio values at time points 10, 30 and
60 minutes compared to purified C. difficile spores and 0.4% (w/v) of the specified amino acid

only at the equivalent time point are indicated by an asterisk (P < 0.001).
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taurocholate was observed at 10, 30 and 60 minutes when compared to C. difficile spores and 0.4%
(w/v) glycine only at the equivalent time point. When C. difficile spores were exposed to 0.4% (w/v)
glycine in combination with 50 mM calcium chloride and 6.9 mM sodium taurocholate germination
was initiated, causing a rapid decrease in the relative ODs;o during the initial 10 minutes of the assay
followed by a gradual reduction over the remainder of the assay. A reduction in relative ODs7from
1.0 at time point zero to 0.68 at 60 minutes was observed. The decrease in relative ODs7o at 10, 30
and 60 minutes caused by exposure of C. difficile spores to 0.4% (w/v) glycine in combination with
50 mM calcium chloride and 6.9 mM sodium taurocholate when compared to C. difficile spores and
0.4% (w/v) glycine only at the equivalent time point was found to be statistically significant (P <
0.001). The extent of the change in relative ODs7 in response to 0.4% (w/v) glycine, 50 mM calcium
chloride and 6.9 mM sodium taurocholate in combination was similar as for the response to 0.4%
(w/v) glycine in combination with 6.9 mM sodium taurocholate or 50 mM calcium chloride in

combination with 6.9 mM sodium taurocholate.

The exposure of C. difficile spores to 0.4% (w/v) aspartic acid and 6.9 mM sodium taurocholate
failed to initiation of C. difficile spore germination (figure 3.4B) as in previous experiments (figure
3.2A), while C. difficile spores exposed to 50 mM calcium chloride and 6.9 mM sodium taurocholate
demonstrated a statistically significant (P < 0.001) decrease in relative ODsz at 10, 30 and 60
minutes when compared to C. difficile spores and 0.4% (w/v) aspartic acid only at the equivalent
time point. When C. difficile spores were exposed to 0.4% (w/v) aspartic acid in combination with
50 mM calcium chloride and 6.9 mM sodium taurocholate germination was not initiated, there was

no observed decrease in the relative ODsy over the time course of the assay (figure 3.4B).

Controls of the germination buffer Tris-HCl with 6.9 mM sodium taurocholate and 0.4% (w/v)
glycine, 0.4% (w/v) aspartic acid or 50 mM calcium chloride in the absence of spores were included
in the optical density assay to ensure the observed decrease in relative optical density were the

results of the transition in refractive index of germination spores. A maximum change of +/-1.4 %
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Figure 3.5. The effect of calcium in combination with amino acids alanine and methionine on
C. difficile spore germination. The activity of calcium and alanine (A), calcium and methionine
(B) to co-induce C. difficile NCTC 11204 spore germination with sodium taurocholate was
investigated. Purified C. difficile spores and Tris-HCI buffer were mixed with 0.4% (w/v) of the
specified amino acid: dark blue diamonds, 6.9 sodium taurocholate and 0.4% (w/v) of the
specified amino acid: red circles, 6.9 mM sodium taurocholate and 50 mM calcium chloride:
purple squares, 6.9 mM sodium taurocholate, 50 mM calcium chloride and 0.4% (w/v) of the
specified amino acid: light green triangles. Error bars represent standard deviation.
Statistically significant reductions of the optical density ratio values at time points 10, 30 and
60 minutes compared to purified C. difficile spores and 0.4% (w/v) of the specified amino acid

only at the equivalent time point are indicated by an asterisk (P < 0.001).

137
A.J. Lawler, PhD Thesis, Aston University 2022



of the relative ODs70 was observed at the end point of the assay. Negative controls included in the
assays where C. difficile spores were exposed to germination buffer Tris-HCl and glycine, aspartic
acid or calcium in the absence of sodium taurocholate resulted in a small -2.4% change in relative

ODs7o over the time course of the assay.

As previously established, the exposure of C. difficile spores to 0.4% (w/v) alanine, methionine
valine, serine, arginine, and histidine with 6.9 mM sodium taurocholate failed to initiation C. difficile
spore germination while the co-germination activity of calcium in combination with 6.9 mM sodium
taurocholate (in the absence of amino acids) was demonstrated as statistically significant (P <0.001)
at 30 and 60 minutes for each germination assay (Figures 3.5, 3.6, 3.7). Only when C. difficile spores
were exposed to 0.4% (w/v) of alanine, methionine, valine, arginine, and histidine and 50 mM

calcium chloride in combination with 6.9 mM sodium taurocholate was germination initiated.

C. difficile spores exposed to 0.4% (w/v) of alanine or methionine in combination with 50 mM
calcium chloride and 6.9 mM sodium taurocholate demonstrated a slow decrease in relative ODszo
over the time course of the assay (figure 3.5). The extent of the germination response, as measured
by the relative ODso values at the end point of the assay was reduced compared to that of the
response to 50 mM calcium chloride and 6.9 mM sodium taurocholate. A reduction in relative ODsyo
from 1.0 at time point zero to 0.83 and 0.82 at 60 minutes was observed following expose of C.
difficile spores to alanine in combination with 50 mM calcium chloride and 6.9 mM sodium
taurocholate, and methionine in combination with 50 mM calcium chloride and 6.9 mM sodium
taurocholate, respectively. The decrease in relative ODs7 at 30 and 60 minutes in response to 0.4%
(w/v) alanine in combination with 50 mM calcium chloride and 6.9 mM sodium taurocholate when
compared to that of 0.4% (w/v) alanine only at the equivalent time point was found to be
statistically significant (P = 0.0046 and P = 0.0073 respectively). The decrease in relative ODs0 at 60

minutes in response to 0.4% (w/v) methionine in combination with 50 mM calcium chloride and 6.9
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Figure 3.6 The effect of calcium in combination with amino acids valine and serine on C.

difficile spore germination. The activity of calcium and valine (A), calcium and serine (B) to co-

induce C. difficile NCTC 11204 spore germination with sodium taurocholate was investigated.

Purified C. difficile spores and Tris-HCl buffer were mixed with 0.4% (w/v) of the specified

amino acid: dark blue diamonds, 6.9 mM sodium taurocholate and 0.4% (w/v) of the specified

amino acid: red circles, 6.9 mM sodium taurocholate and 50 mM calcium chloride: purple

squares, 6.9 mM sodium taurocholate, 50 mM calcium chloride and 0.4% (w/v) of the

specified amino acid: light green triangles. Error bars represent standard deviation.

Statistically significant reductions of the optical density ratio values at time points 10, 30 and

60 minutes compared to purified C. difficile spores and 0.4% (w/v) of the specified amino acid

only at the equivalent time point are indicated by an asterisk (P < 0.001).
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mM sodium taurocholate when compared to that of 0.4% (w/v) methionine only at the equivalent

time point was found to be statistically significant (P < 0.0001)

Exposure of C. difficile spores to valine in combination with 50 mM calcium chloride and 6.9 mM
sodium taurocholate demonstrated a similar pattern of reduction of the relative ODs7o over the
time course of the assay and a similar extent in reduction to that of the response of C. difficile spore
to 50 mM calcium chloride and 6.9 mM sodium taurocholate (figure 3.6A), a decrease in relative
ODs70from 1.0 at time point zero to 0.69 at 60 minutes was observed. The decrease in relative ODs7o
at 30 and 60 minutes in response to 0.4% (w/v) valine in combination with 50 mM calcium chloride
and 6.9 mM sodium taurocholate when compared to that of 0.4% (w/v) valine only at the equivalent

time point was found to be statistically significant (P < 0.001).

C. difficile spores exposed to 0.4% (w/v) serine in combination with 50 mM calcium chloride and
6.9 mM sodium taurocholate resulted in a slow reduction of the relative ODs7o over the time course
of the assay with a limited extent of the reduction. The decrease in relative ODs at 60 minutes was

not determined to be statistically significant (figure 3.6B).

C. difficile spores exposed to 0.4% (w/v) of arginine or histidine in combination with 50 mM calcium
chloride and 6.9 mM sodium taurocholate demonstrated a very similar germination response to
that of the response to 50 mM calcium chloride and 6.9 mM sodium taurocholate alone (figure 3.7).
The results demonstrate a moderate rate in reduction of the relative ODs during the initial 20
minutes followed by a more gradual reduction over the remainder of the assay. A reduction in
relative ODs7o from 1.0 at time point zero to 0.70 and 0.67 at 60 minutes was observed following
expose of C. difficile spores to arginine in combination with 50 mM calcium chloride and 6.9 mM
sodium taurocholate, and histidine in combination with 50 mM calcium chloride and 6.9 mM
sodium taurocholate, respectively. The decrease in relative ODs7 at 30 and 60 minutes in response
to 0.4% (w/v) arginine in combination with 50 mM calcium chloride and 6.9 mM sodium
taurocholate, and 0.4% (w/v) histidine in combination with 50 mM calcium chloride and 6.9 mM
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Figure 3.7 The effect of calcium in combination with amino acids arginine and histidine on C.
difficile spore germination. The activity of calcium and arginine (A), calcium and histidine (B)
to co-induce C. difficile NCTC 11204 spore germination with sodium taurocholate was
investigated. Purified C. difficile spores and Tris-HCl buffer were mixed with 0.4% of the
specified amino acid: dark blue diamonds, 6.9 mM sodium taurocholate and 0.4% (w/v) of the
specified amino acid: red circles, 6.9 mM sodium taurocholate and 50 mM calcium chloride:
purple squares, 6.9 mM sodium taurocholate, 50 mM calcium chloride and 0.4% of the
specified amino acid: light green triangles. Error bars represent standard deviation.
Statistically significant reductions of the optical density ratio values at time points 10, 30 and
60 minutes compared to purified C. difficile spores and 0.4% (w/v) of the specified amino acid

only at the equivalent time point are indicated by an asterisk (P < 0.001).
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sodium taurocholate when compared to that of 0.4% (w/v) of the specified amino acid only at the

equivalent time point was found to be statistically significant (P < 0.001).

Controls of the germination buffer Tris-HCl with 6.9 mM sodium taurocholate and 0.4% (w/v) of the
specified amino acid (alanine, methionine, valine, serine, arginine, histidine) or 50 mM calcium
chloride in the absence of spores were included in each of the optical density assays to ensure the
observed decrease in relative optical density were the results of the transition in refractive index of
germination spores. A maximum change of +/-2.2 % of the relative ODs7 was observed at the end
point, across the germination assay conducted. Negative controls included in the assays where C.
difficile spores were exposed to germination buffer Tris-HCl and alanine, methionine, valine, serine,
arginine, histidine, or calcium in the absence of sodium taurocholate resulted in a maximum of a

6.2% change in relative ODs7o at the end point, across the germination assay conducted.

3.3.3 The efficacy of glycine in combination with other amino acids as co-germinants of

C. difficile NCTC 11204 spore germination.

The co-germination activity of amino acids in combination with glycine to initiation of C. difficile
spore germination with known bile salt germinant taurocholate was also investigated. The change
in relative ODs0 at the end point of the assay as a result of exposure of spores to the amino acids
combination and sodium taurocholate was compared to that achieve by glycine and sodium

taurocholate to determine if the germination response was altered.

C. difficile spores exposed to 0.4% (w/v) valine in combination with 0.4% (w/v) glycine and 6.9 mM
sodium taurocholate initiated germination, causing a steady decrease in relative ODs7o over the
time course of the assay (figure 3.8). The rate and extent of spore germination however was limited
when compared to that of exposure to 0.4% (w/v) glycine and sodium taurocholate. A reduction in

relative ODszofrom 1.0 at time point zero to 0.78 at 60 minutes, a 21.5% decrease, was observed.

142
A.J. Lawler, PhD Thesis, Aston University 2022



1.2 +

1.1 ‘/l\} T 1 T T T T T
1 E
209 -
2 *
Dm
Sos - \
=
= £
=0.7 -
A
()
006 -
0.5 - ,
—@—STC/Gly/Arg STC/Gly/Asp —4—STC/Gly/His _
——STC/Gly/Val —8—STC/Gly STC
0.4 T T T T T T
0 10 20 30 40 50 60

Time (minutes)

Figure 3.8 The effect of glycine in combination with the amino acids valine, arginine, aspartic
acid and histidine on C. difficile NCTC 11204 spore germination. The activity of glycine and
arginine, glycine and valine, glycine and aspartic acid, glycine and histidine to co-induce C.
difficile spore germination with sodium taurocholate was investigated. Purified C. difficile
spores and Tris-HCI buffer were mixed with 6.9 mM sodium taurocholate: orange squares,
0.4% (w/v) glycine: red circles, 0.4% (w/v) glycine and 0.4% (w/v) valine: light blue squares,
0.4% (w/v) glycine and 0.4% (w/v) arginine: dark blue circles, 0.4% (w/v) glycine and 0.4%
(w/v) aspartic acid: light green triangles, 0.4% (w/v) glycine and 0.4% (w/v) histidine: dark
green diamonds. A statistically significant change in the optical density ratio values at 60
minutes compared to that of purified C. difficile spores, 6.9 mM sodium taurocholate and

0.4% glycine at the equivalent time point are indicated by an asterisk (P < 0.001).

The relative ODsy value at 60 minutes, as a result of exposure of C. difficile spore to 0.4% (w/v)

valine in combination with 0.4% (w/v) glycine and 6.9 mM sodium taurocholate was found to be
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statistically significantly different (P < 0.001) from that of 0.4% (w/v) glycine and 6.9 mM sodium

taurocholate, which caused a 34.2% decrease in the relative ODsovalue.

The exposure of C. difficile spores to the combination of 0.4% (w/v) arginine and 0.4% (w/v) glycine
with 6.9 mM sodium taurocholate caused a reduction in relative ODs7o over the course of the assay
to 0.91 at 60 minutes, a 9% decrease. The relative ODs7ovalue achieved by 0.4% (w/v) arginine and
0.4% (w/v) glycine with 6.9 mM sodium taurocholate at 60 minutes was determined to be
statistically significantly (P < 0.001) from that of 0.4% (w/v) glycine and 6.9 mM sodium
taurocholate at the same time point. The exposure of C. difficile spores to 0.4% (w/v) aspartic acid
in combination with 0.4% (w/v) glycine and 6.9 mM sodium taurocholate failed to initiate C. difficile
spore germination. Due to the lack of germination response, the relative ODsyo values of spores
exposed to 0.4% (w/v) aspartic acid in combination with 0.4% (w/v) glycine and 6.9 mM sodium
taurocholate when compared to 0.4% (w/v) glycine and 6.9 mM sodium taurocholate were found

to statistically significantly different (P < 0.001) at 60 minutes.

C. difficile spores exposed to 0.4% (w/v) histidine in combination with 0.4% (w/v) glycine and 6.9
mM sodium taurocholate initiated germination, causing a moderately rapid decrease in relative
ODs70 over 60 minutes. The rate and extent of spore germination was similar to that of exposure to
0.4% (w/v) glycine and sodium taurocholate. A reduction in relative ODs7 from 1.0 at time point
zero to 0.68 at 60 minutes, equating to a 32.1% decrease was observed. The relative ODszo value
achieved by 0.4% (w/v) histidine and 0.4% (w/v) glycine with 6.9 mM sodium taurocholate at 60
minutes was not found to be statistically significantly different from the germination response

caused by 0.4% (w/v) glycine and 6.9 mM sodium taurocholate.

Controls of the germination buffer Tris-HCI with 6.9 mM sodium taurocholate, 0.4% (w/v) glycine

and 0.4% (w/v) of the specified amino acid (valine, arginine, aspartic acid and histidine) in the

absence of spores were included on each of the optical density assay to ensure the observed

decrease in relative optical density were the results of the transition in refractive index of
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germination spores. A maximum change of +/- 1.2 % of the relative ODs7o was observed at the end
point, across the germination assay conducted. For the negative control C. difficile spores were
exposed to the germination buffer with Tris-HCI and valine, arginine, aspartic acid and histidine or
glycine in the absence of sodium taurocholate which resulted in a maximum of a 6.3% change in

relative ODsyo at the end point, across the germination assay conducted.
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3.4 Discussion.

To develop an effective C. difficile pro-germination strategy, knowledge of the role of co-germinants
in the initiation of C. difficile spore germination is an important consideration. Under optimal
laboratory conditions the amino acid glycine and calcium have been demonstrated to be potent co-
germinants of C. difficile but the activity of other amino acids as co-germinants is varied or absent
depending on the C. difficile strain and experimental conditions utilised in studies (Sorg and
Sonenshein, 2008; Howerton et al., 2011; Shrestha and Sorg, 2017; Kochan et al., 2017). While the
activity of individual amino acids as co-germinants may vary, combining specific amino acids has
been demonstrated to act as an effective co-germinant solution, along with taurocholate to induce
C. difficile germination (Wheeldon et al., 2010; 2011; Nerandzic and Donskey, 2010; 2013). The role
of calcium as a co-germinant to initiate taurocholate-induced C. difficile germination was identified
more recently (Kochan et al., 2017). Furthermore, the release of endogenous calcium from the Ca-
DPA complex during the initial stage of germination, is believed to contribute to the activation of
germination to enhance the spore germination response in the presence of low concentration of
glycine (Kochan et al., 2017; Kochan et al., 2018b). The dynamics of the interaction of co-germinants
glycine and calcium have been studied but understanding of the efficacy of other potential amino

acid co-germinants and calcium in combination to induce C. difficile spore germination is less clear.

In this chapter the co-germinant activity of selected amino acids was investigated utilising the
optical density germination assay. Only glycine and calcium were identified as co-germinants of C.
difficile NCTC 11204 spore germination. The germination response initiated when selected amino
acids were then combined with co-germinants glycine or calcium ranged from no effect to the
reduction of C. difficile spore germination, thus indicating possible inhibition. No combination of
amino acid with co-germinant glycine or calcium was found to enhance C. difficile spore

germination.
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In line with previous studies, the activity of glycine as an amino-acid co-germinant of C. difficile
spores was confirmed in this study (Sorg and Sonenshein, 2008; Kochan et al., 2017; Shrestha and
Sorg, 2017). Utilising the optical density assay, glycine as a co-germinant in combination with bile
salt germinant sodium taurocholate caused the rapid initiation of the germination the spores of C.
difficile NCTC 11204. Amino acids established by Wheeldon et al. (2011) to have co-germination
activity when in combination with glycine to induce germination of C. difficile NCTC 11204 spores,
were also investigated using the optical density assay. The amino acids aspartic acid, alanine,
methionine, valine, serine, arginine, and histidine, at 0.4% (w/v) failed to demonstrate co-
germination activity, in the absence of glycine in this study, in agreement with the findings of
(Wheeldon et al., 2011). Calcium was also demonstrated to be a highly effective co-germinant,
causing the initiation of C. difficile spore germination, confirming the findings reported by (Kochan

etal., 2017).

The lack of independent co-germination activity demonstrated by aspartic acid, alanine,
methionine, valine, serine, arginine, and histidine is supported Wheeldon’s prior work (2011) but is
divergent to that reported by Shrestha and Sorg (2017) and for the co-germinant activity of specific
amino acids; alanine, methionine, arginine as demonstrated by Howerton et al. (2011). Howerton
et al. (2011) utilised C. difficile strain 630 while Shrestha and Sorg (2017) used two C. difficile
laboratory strains (UK1 and M68) in their studies. C. difficile spores of both strains used by Shrestha
et al. (2017) germinated in response to the above listed amino acids but there was variability in the
degree of the germination response achieved with specific amino acids between each of the C.
difficile strains. An important difference in the experimental approach of Shrestha and Sorg (2017)
and Howerton et al. (2011) and this study is the temperature at which the germination response to
amino acid co-germinants was monitored. Shrestha and Sorg (2017) identified clear differences in
activity of amino acids to function as co-germinants at 37°C and 25°C; lysine for instance acted as
an effective co-germinant initiate C. difficile spore germination at 37°C to but did not at 25°C.

Howerton et al. (2011) conducted experiments at 30°C in contrast to those in this study and by
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Wheeldon et al. (2011) which were undertaken at ambient temperature. The clear influence of
temperature on co-germinant activity along with the distinct preference of C. difficile strains for
specific amino acids co-germinants may explain the differences in amino acid co-germination
activity data reported by Shrestha and Sorg (2017) and Howerton et al. (2011) and that presented

in this study.

When C. difficile spores were exposed to co-germinants calcium and glycine in combination with a
bile salt germinant, as is predicted to occur in vivo, germination was rapidly initiated in vitro (Kochan
etal., 2017; Shrestha et al., 2019). The germination response of C. difficile NCTC 11204 spores when
exposed to the combination of the co-germinant calcium and other amino acids previously
demonstrated to have no independent co-germinant activity in this study, were also examined.
Calcium in combination with either valine, arginine or histidine caused the initiation of spore
germination that was highly similar to that of when calcium was the exclusive co-germinant,
suggesting there was minimal or no impact on the germination response with the addition of these
amino acids. Conversely, the combination of calcium and aspartic acid with germinant sodium
taurocholate failed to initiate a germination response, despite the presence of the calcium, known
to be a potent co-germinant (Kochan et al., 2018b). When C. difficile spores were exposed to amino
acids alanine, methionine and serine with calcium and sodium taurocholate, germination was
initiated but the rate and extent of the germination response was decreased compared to that of
calcium as the exclusive co-germinant, suggesting the co-germinant activity of calcium was
inhibited. The combination of calcium and alanine or methionine caused a slow but gradual
initiation of germination over the time course of the optical density assay with both amino acids in
combination with calcium and taurocholate demonstrating a statistically significant (P < 0.001)
germination response at the end point of the assay. The combination of calcium and serine also
caused a decrease in relative ODszo indicating the initiation of germination, but the extent of

germination response was not determined to statistically significant after 60 minutes.
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Research by Kochan et al. (2018b) demonstrated the synergistic activity of calcium and glycine as
co-germinants to initiate germination, particularly when glycine was at low concentrations. In this
study, calcium and glycine independently or in combination as co-germinants produced a similar
germination response, but the use of high concentrations of glycine (0.4% v/w glycine is equivalent
to 54 mM) and the experimental approach used here does not allow the identification of synergism.
When calcium was combined with valine, arginine, or histidine (and sodium taurocholate) a similar
germination response was demonstrated but it is unclear if this is due to the efficient action of
calcium as co-germinant or a synergistic interaction. Utilising terbium DPA germination assay,
Kochan et al. (2018b) also observed this effect, although not with the same profile of amino acids.
Calcium was seen to enhance the germination response of alanine, serine and to a limited extent
histidine, when at suboptimal concentrations. Importantly these amino acids were not able to act

as co-germinants independently, reflecting the observations of this study (Kochan et al., 2018b).

The germination response initiated by the exposure of C. difficile spores to alanine or methionine
and calcium could be interpreted as the synergistic activity of calcium to enhance germination but
alternatively, it could be viewed as an inhibitory effect of the presence of these amino acids on the
efficient co-germinant activity of calcium. Furthermore, the germination response exhibited by C.
difficile spores to the combination of serine and calcium was limited to the point it was not
determined to statistically different from the control. Taken together, this suggests that some
amino acids may adversely affect the germination response, inhibiting calcium and taurocholate-

induced C. difficile spore germination.

Combining amino acids with glycine was previously shown to enhance the efficacy of glycine to

induce C. difficile NCTC 11204 spore germination by Wheeldon et al. (2011). However, findings from

this study demonstrated the presence of specific amino acids supressed the co-germination activity

of glycine and taurocholate to induced germination C. difficile NCTC 11204 spores. Histidine in
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combination with glycine and sodium taurocholate initiated a germination response that was
similar to that of glycine as the exclusive co-germinant, indicating it had minimal or no impact on
the germination response, which was not determined to statistically different from that of the
germination response to glycine and sodium taurocholate. However, arginine or valine in
combination with glycine limited the germination response, causing a statistically significant
reduction in the extent of the germination response when compared to glycine and sodium
taurocholate. Aspartic acid in combination with glycine abolished the C. difficile spore germination
response completely. This suggests arginine and valine have a suppressive effect on glycine and
taurocholate-induced C. difficile spore germination. Furthermore, aspartic acid prohibited the
germination of spores completely, indicating it acted as an inhibitor of C. difficile NCTC 11204 spore
germination. A study of the synergy of glycine with amino acids as co-germinants, via the
measurement of Ca-DPA release from germinating spores, revealed glycine at low concentration
was not able to act synergistically with amino acids. The authors concluded that when combining
amino acids, the germination response would likely be the result of an additive effect (Kochan et
al., 2018b). The data presented in this current study indicated the inclusion of specific amino acids
was inhibitory to the efficient co-germinant activity of glycine to initiate C. difficile germination.
Howerton et al. (2011) described amino acid that failed to initiate germination as ‘weak co-
germinants’. The authors also proposed that weak amino acid co-germinants may inhibit the
efficient action of strong co-germinants germinants under some circumstances by competing for
the co-germinant receptor. Characterisation of the interaction of glycine and other amino acid by
Howerton et al. (2011) however did not identify a combination of amino acids that inhibited C.

difficile germination in their research.

Although there are important differences in the experimental approach and reported outcome,
evidence of an inhibitory effect is also indicated in the data presented by Wheeldon et al. (2011).
The activity of glycine independently as a co-germinant initiated the germination of C. difficile

spores causing an approximate 0.5 log reduction of C. difficile NCTC 11204 when challenged to heat
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shock at 70°C for 10 minutes. The combination of glutamic acid, glutamine, asparagine, cysteine, or
lysine with glycine all resulted in a decrease in the achieved log-reduction and therefore the

initiation of C. difficile germination (Wheeldon et al., 2011).

With the exception of aspartic acid, the activity of amino acids in combination with glycine to act
as co-germinants of C. difficile NCTC 11204 confirms the profile of co-germinants identified by
Wheeldon et al. (2011). The lack of co-germinant activity of aspartic acid with glycine was
unexpected when characterising the germination response of the same laboratory strain in this
study. This disparity could be due to the differences in experimental methodology and spore
preparation. In this study, evidence of spore germination was monitored spectrophotometry by the
decrease in refractive index of germination spores while Wheeldon measured germination by
utilising the loss of germinated spore’s resistant properties to heat. The C. difficile spores utilised
by Wheeldon et al. (2011) underwent a short sporulation period before the crude spore suspension
was harvested. This was followed by minimal purification of the suspensions to remove cell debris
and other contaminants. In contrast, the utilisation of the optical density germination assay
required substantial purification of spores which were derived from a period of sporulation over 5-
7 days. This necessary purification process is likely to alter the biological variation amongst spores,
producing a homogenous population of spores that germinate more consistently, distinct from
those with minimal manipulation. Malyshev and Baillie (2020) demonstrated the morphotype of C.

difficile spores was highly influenced by the methodology utilised to produce purified suspensions.

The optical density germination assay completed in this study were completed at ambient
temperature to reflect the environmental conditions of a clinical setting. Monitoring the
germination response of spores of C. difficile NCTC 11204 to amino acid co-germinants at 30°C or
37°C as per Howerton et al. (2011) and Shrestha and Sorg (2017) may reveal a different profile of
amino acids that are able function as co-germinants glycine in the absence or presence of glycine

and calcium, however this is not applicable to the administration of a pro spore-germination
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elimination strategy which would need to function within the conditions of clinical environment.
Equally heat activation of spores in a laboratory environment, was found to enhance the
germination response of C. difficile spores exposed to a germination solution containing amino acid
co-germinants and taurocholate, but this has limited relevance as the biology of heat shocked
spores is not consistent with those excreted into the environment by patients (Nerandzic and

Donskey, 2013; Samore et al., 1996; Crobach et al., 2018).

The activity of co-germinants as reported in this study are considered in context with the findings
of other research but are limited by the use of a single C. difficile laboratory strain and the narrow
range of amino acids investigated. The strength of conclusions would be improved if the co-
germinant activity of a wider selection of amino acids was investigated with multiple laboratory and
clinical strains of C. difficile. Particularly, the inclusion of C. difficile strains utilised by other

researchers characterise co-germinant activity of amino acids or calcium.

Collectively, the data presented in this chapter and that reported by other researchers
demonstrates the role of co-germinants in the initiation of C. difficile germination is complex with
clear disparity in the reported activity of co-germinants depending on the selected C. difficile strain
and the experimental approach taken to monitor germination. Glycine is consistently reported as
an efficient amino acid co-germinant across multiple studies but when in combination with specific
amino acids in this study, this activity was inhibited. The capacity of amino acids to inhibit co-
germinant activity was also seen with calcium. This has import implications when considering the
inclusion of co-germinants in a pro-germination strategy to reduce the reservoir of C. difficile spores
in clinical environments. Including a combination of amino acids co-germinants may prove to be
detrimental to spore germination, causing the competitive inhibition of the co-germinant receptor.
A strong co-germinant would need to be at a concentration sufficient to overcome any potential
inhibitory activity of competing weak amino acids co-germinants. Inclusion of either glycine or

calcium as the exclusive co-germinant may overcome this problem but biological contamination in
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the environment may also be a source of inhibitory amino acids to limit the efficiency of the

initiation of germination to render spores susceptible to antimicrobials.

The research presented in this part of the study further contributes to existing knowledge relating
to the co-germination potential of amino acids and calcium in the germination of C. difficile spores.
In this chapter, the study of amino acids to function as co-germinants during the initial phase of
germination revealed an absence of co-germinant activity to initiate C. difficile spore germination
independently, with the exception of glycine. Calcium was also confirmed as a potent co-germinant
of C. difficile spore germination. Measurement of the germination response initiated by amino
acids in combination with either glycine or calcium identified combinations of co-germinants that
were effective at initiating C. difficile spore germination and those where specific amino acids
inhibited the co-germinant activity of glycine and calcium to initiate germination. Understanding
the potential interactions of C. difficile spore co-germinants may be a key detail for the
development of a successful pro spore-germination elimination strategy to eliminate C. difficile

spores from the environment.
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Chapter 4

4.0 Electron microscopy and cryo-soft X-ray tomography of germinating Clostridioides

difficile spores.

4.1 Introduction.

The conserved protective structure of C. difficile spores ensures their survival and dissemination in
the environment to transmit CDI (Driks, 2003; Setlow, 2006; Deakin et al., 2012; Paredes-Sabja et
al., 2014). The spore’s structure, detailed in figure 1.7, comprises a central dehydrated core
preserving the critical enzymes, ribosomes, tRNA and DNA which is saturated with protective small
acid-soluble proteins (SASPs). The low water content (25-60% of wet weight) of the core, is essential
for dormancy and is maintained by high levels of Ca-DPA (Setlow, 2006; Setlow, 2014; Paredes-
Sabja et al., 2014). The spore inner membrane surrounds the spore core, limiting permeability of
water and harmful compounds and is itself enclosed by the germ cell wall (Nicholson et al., 2000;
Paredes-Sabja et al., 2014; Setlow, 2006). A dense layer of specialised peptidoglycan makes up the
large cortex layer providing resistance to heat and is important for dormancy (Popham, 2002;
Paredes-Sabja et al., 2014). The cortex is surrounded by the outer membrane, which is not believed
to have properties that restrict permeability or contribute to resistance (Nicholson et al., 2000). The
proteinaceous multi-layered spore coat protects against large toxic compounds and enzymatic
attack (Driks, 2003; Paredes-Sabja et al., 2014). The outermost spore layer, the exposorium has a
variable morphology and is not present on all C. difficile strains but has been associated with a
contribution to spore resistance properties (Pizarro-Guajardo et al., 2016; Barra-Carrasco et al.,

2013).
High-resolution microscopy has been used to study the internal structure of C. difficile spores but

there has been limited examination of the changes that occur upon the initiation of germination
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(Paredes-Sabja et al., 2014; Barra-Carrasco et al., 2013; Escobar-Cortés et al., 2013; Joshi et al.,
2012; Permpoonpattana et al., 2011). In a study of the morphology and ultrastructure of C. difficile
spores, transmission electron microscopy (TEM) imaging was used to identify the features of the
internal spore structure comprising of the spore core, inner membrane, germ cell wall, cortex, spore
coat and exosporium (Rabi et al., 2017). Particularly of interest was the morphology of the
exosporium which was observed as an enclosed layer with numerous peaks or bumps protruding
from the spore. Scanning electron microscopy (SEM) imaging confirmed the bumpy morphology of
the exposorium which covers the entire surface of the spore, and was apparent on spores of all C.

difficile strains examined in the study (Rabi et al., 2017).

Research has demonstrated the outer structures of C. difficile spores are particularly different to
those of other spore-forming bacteria. The spore coat is made up of multiple layers or laminations
with defined inner and outer coat layers being identified in some TEM images of C. difficile spores
(Paredes-Sabja et al., 2014; Rabi et al., 2017; Barra-Carrasco et al., 2013; Setlow, 2007). The
morphology of the outermost spore layer, the exosporium is distinctive in C. difficile spores. A
bumpy exosporium phenotype has previously been observed in TEM images of C. difficile spores
but a thin and smooth morphology or even absence of the exosporium has also been reported.
Significantly this variation in morphotype occurs between and also within strains of C. difficile (Joshi
et al., 2012; Paredes-Sabja et al., 2014; Pizarro-Guajardo et al., 2016). Pizarro-Guajardo et al. (2016)
reported two distinct phenotypes of the exosporium, a thick morphotype often with protrusions or
thin smooth morphotype. Differences in the exosporium phenotype have been shown to be
dependent upon the methodology used to generate and purify spore suspensions (Malyshev and
Baillie, 2020; Escobar-Cortés et al., 2013). Malyshev and Baillie (2020) demonstrated differing spore
preparation and purification techniques resulted in a disparity in the morphology of C. difficile
spores of the same strain. The inclusion of a sonication step was found to result in a higher
proportion of spores with a smooth exosporium morphology. Spore preparation methodology was

also found to influence the size and shape of C. difficile spores with differences in length and width
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of spores reported between the spore production and purification methods (Malyshev and Baillie,

2020).

The research of Kochan et al. (2017), Francis et al. (2013), Adams et al. (2013), Fimlaid et al. (2015),
Francis and Sorg (2016) and Shrestha et al. (2019) has revealed the key regulators of C. difficile
spore germination, identifying CspC as the bile salt germinant receptor and the requirement of CspA
in the recognition of calcium and amino acid co-germinants. While CspC, CspB and CspA are
demonstrated as essential for the downstream transmission of the germination signal and
transformation of the spore, the exact location of these proteins within the internal structure of
the C. difficile spore has not been determined. Within the proposed germinosome complex model
of the regulation of C. difficile germination, CspC, CspB and CspA are predicted to be co-located
internally on the spore outer membrane, along with pro-SleC. Germinant and co-germinants must
therefore transit the external spore structures of the exposorium and spore coat, crossing the inner
membrane to reach their corresponding receptors (Francis et al., 2013; Francis and Sorg, 2016;
Adams et al., 2013; Fimlaid et al., 2015; Shrestha et al., 2019; Lawler et al., 2020). The ‘Lock and
Key’ model suggest the germinant receptor CspC and co-germinant receptor CspA are located on
the outer membrane and extend into the layers of the spore coat, while CspB is situated internally
on the outer membrane. Activation of the germinant receptor facilitates access of co-germinants
across the outer membrane and to the internal layers of the spore. A proposed uncharacterised
amino acid dependant receptor is located on the spore inner membrane, which facilitates the

release of endogenous calcium from the spore core (Kochan et al., 2017; Kochan et al., 2018a).

While TEM imaging has allowed recognition of the internal spore structure, the presence of the
inner and outer membrane have not been definitively confirmed within the internal structure of C.
difficile spores. The fluorescent probe Laurdan (6-dodecanoyl-N,N-dimethyl-2-naphthylamine) can
be utilised to detect changes in fluidity of lipid membranes which exists as complex systems

combining liquid ordered or disordered states, previously described as gel and liquid phases
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(Klymchenko and Kreder, 2014). Distribution of Laurdan within the lipid membrane allows the
fluidity of the lipid membrane to be studied: the sensitivity of Laurdan to the polarity of the lipid
membrane can be detected by a shift in the Laurdan emission spectrum (Jay and Hamilton, 2017).
The peak emission spectra of the liquid ordered (440 nm) and disordered (490 nm) state can be
utilised to calculate the generalized polarization function (Parasassi et al., 1990). Laurdan has been
used successfully employed to study membrane fluidity of vegetative bacterial cells in response to
high pressure and antibiotics (Ulmer et al., 2002; Bessa et al., 2018). Furthermore Hofstetter et al.
(2012) demonstrated a methodology for Laurdan labelling of spore membranes of Clostridium
species in order to determine generalized polarization measurements. The generalized polarization
values of Laurdan-labelled spores of Clostridium sporogenes and Clostridium beijerinckii were
determined to be high, indicating a liquid ordered state or gel phase of membrane with low fluidity

(Hofstetter et al., 2012).

The aim of research presented in this chapter was to utilise high resolution microscopy techniques
to study the morphology and structure of C. difficile spores following the initiation of germination.
Scanning and transmission electron microscopy were selected to investigate changes to the
external and internal structures of C. difficile spores exposed to bile salt germinants and co-
germinants. Novel use of cryogenic soft X-ray tomography (cryo-SXT) and the labelling of C. difficile
spores with Laurdan sought to examine the internal structural changes that occur during
germination and identify the location of the inner and outer spore membrane. Creating a greater
understanding of the spore structural changes that occur during the initial phase of C. difficile
germination and the confirmation of the presence of the inner and outer spore membranes may

contributing to clearer understanding of the regulation pathway of C. difficile germination.

157
A.J. Lawler, PhD Thesis, Aston University 2022



4.2 Methods.

4.2.1 Bacterial strains and growth conditions.

C. difficile NCTC 11204 was sourced from Jon Brazier (HPA Anaerobic Reference Laboratory, Cardiff).
C. difficile 630 (NCTC 13307, ribotype 012) was sourced from National Collection of Type Cultures,
Public Health England. Frozen stocks of C. difficile were stored at -80°C on Microbank™ beads (Pro
Lab Diagnostics, Canada) and resuscitated by inoculating a bead onto Wilkins-Chalgren agar (Oxoid,
Basingstoke, UK) supplemented with 0.1% (w/v) sodium taurocholate hydrate (Alfa Aesar, UK) and
incubating anaerobically (MiniMACS anaerobic cabinet, Don Whitley Scientific, Shipley, UK) at 37°C

for 48 hours.

4.2.2 Preparation of spore suspensions of C. difficile.

Spore suspensions of C. difficile NCTC 11204 and C. difficile 630 used in electron microscopy and
cryo-soft X-ray tomography (cryo-SXT) were prepared using a modified version of the methodology

described by Heeg et al. (2012) as described in chapter 2, section 2.2.2 of this thesis.

In order to label C. difficile spores with Laurdan a single colony of the resuscitated C. difficile strains
NCTC 11204 and 630 was used to inoculate 10 ml of pre-reduced BHI broth (Oxoid, Basingstoke,
UK) and incubated anaerobically at 37°C for 4 hours. Aliquots of 100 pl of the C. difficile cultures
were then used to inoculate BHIS agar plates pre-treated with 70 mM Laurdan dissolved in 100%
ethanol. Briefly, 400 ul of 70 mM Laurdan was spread on the surface of BHIS agar plates (90 mm
petri dishes) and allowed to dry in the absence of light. The Laurdan-treated BHIS agar plates were
transferred to a light-proof box and pre-reduced in the anaerobic cabinet for 2 hours before
inoculation with C. difficile. The inoculated Laurdan BHIS agar plates were incubated anaerobically
at 37°C for 5-7 days. The presence of a high concentration of spores was confirmed by staining with

5% (w/v) malachite green solution and counterstaining with 0.5% (v/v) safranin as per the
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Schaeffer-Fulton endospore staining technique (Schaeffer and Fulton, 1933). Spores were
harvested and purified as described in chapter 2, section 2.2.2 of this thesis. Purified spores
cultured in the presence of Laurdan were resuspended in SDW and stored at 4°C protected from
the dark. The labelling of spores with Laurdan was confirmed by measuring the fluorescence

(excitation: 360 nm, emission: 440/490) in a fluorescent plate reader (SpectraMax Gemini EM).

4.2.3 Preparation of C. difficile spores for electron microscopy.

Spore suspensions of C. difficile NCTC 11204 and C. difficile 630 were prepared at an optical density
of 3.0 at 570,m equivalent to approximately 1.0 x 108 CFU/ml. Aliquots of 150 pl of spore suspension
were transferred to labelled 1.5 ml microcentrifuge tubes containing 1.35 ml BHIS media or BHIS
media supplemented with 6.9 mM sodium taurocholate and incubated for 5, 10, 20 and 60 minutes.
At the appropriate time period the microcentrifuge tubes containing spores were centrifuged at
17000g for 1 minute to pellet the spores. The supernatant was removed without disturbing the
pellet and replaced with 1.35 ml 2.5% glutaraldehyde (v/v), 0.1 M sodium cacodylate buffer at pH
7.3, for 1 hour at ambient temperature to fix the samples. Following fixation, the spore samples
were centrifuged for 1 minute at 17000g. The supernatant was removed and replaced with 500 pl

0.1 M sodium cacodylate buffer. The C. difficile spore samples were stored at 4°C.

4.2.4 Transmission electron microscopy.

C. difficile spore samples of strains NCTC 11204 and 630 were prepared for TEM by members of the
Centre for Electron Microscopy, School of Metallurgy and Materials, University of Birmingham, as
described by Rabi et al. (2017). Sectioned C. difficile spore samples were poststained with 2% (w/v)
uranyl acetate and lead citrate to visualise internal structures. Imaging of samples was completed

with the Jeol 2100 200kV LaB6 transmission electron microscope at 80-kV.
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4.2.5 Scanning electron microscopy.

C. difficile NCTC 11204 spore samples were prepared and imaged by Dr Rachel Sammons, School of
Dentistry, College of Medical and Dental Sciences, University of Birmingham, as described by Rabi
et al. (2017). Following sample dehydration using serial ethanol gradient immersions the C. difficile
spore samples were gold sputter coated. Imaging of samples was completed with the Zeiss EVO

MA-10 scanning electron microscope at working distance of 6.5 mm at 20-kV.

4.2.6 Preparation of C. difficile spores for cryo-soft X-ray tomography.

Spore suspensions of unlabelled and Laurdan-labelled C. difficile NCTC 11204 and C. difficile 630
were prepared at an optical density of 5.0 at 570nm. Aliquots of 150 pl of the spore suspension were
transferred to labelled 1.5 ml microcentrifuge tubes containing 1350 pl BHIS media or BHIS media
supplemented with 6.9 mM sodium taurocholate under aerobic and anaerobic conditions. Spores
were exposed to BHIS media supplemented with 6.9 mM sodium taurocholate for 0.5, 1, 2, 3, 5, 10,
15, 20, 30, 45, 60, 90 and 120 minutes before centrifugation at 17000g for 1 minute to pellet the
spores. The supernatant was removed without disturbing the pellet and replaced with 1350 pul 2.5%
(v/v) glutaraldehyde, 0.1 M sodium cacodylate buffer at pH 7.3, for 1 hour at ambient temperature
to fix the samples. Following fixation, the spore samples were centrifuged for 1 minute at 17000g.
The supernatant was removed and replaced with 500 ul 0.1 M sodium cacodylate buffer. The C.

difficile spore samples were stored at 4°C.
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4.2.7 Cryo-soft X-ray tomography.

Samples of C. difficile NCTC 11204 and C. difficile 630 spores were prepared and imaged by
cryogenic soft X-ray tomography (cryo-SXT) by the members of the Beamline 24 team: Maria
Harkiolaki, lllias Kounatidis and Chindinma Okolo, Harwell Science and Innovation Campus,
Diamond Light Source. C. difficile spores were deposited on electron microscopy 3 mm flat grids
along with 250nm gold fiducials prior to vitrification by plunge freezing in liquid ethane and liquid
nitrogen. Cryo-structured illumination microscopy (cryoSIM) was utilised to map grids and identify
areas of interest for cryo-SXT. The UltraXRM-S/L220c X-ray microscope and Pixis 1024 B CCD
camera, Beamline 24, Diamond light source, was used to collect X-ray mosaic and tilt series images

with a 25 zone plate, X-rays of 500 eV with increments of 0.2-1.0°.
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4.3 Results.

4.3.1 Scanning electron microscopy.

SEM imaging was utilised to examine the external morphology of ungerminated C. difficile spores
and C. difficile spores exposed to BHIS supplement with bile salt germinant sodium taurocholate to
trigger germination. Ungerminated C. difficile NCTC 11204 spores were observed as ovoid in shape
with variable length and width (figure 4.1). The outermost structure of the spores visible in the SEM
images, the exposorium, encloses the spore and demonstrated a bumpy or ‘bubble-wrap’
appearance. Spores of C. difficile NCTC 11204 where germination had been initiated following 60
minutes exposure to BHIS supplement with 6.9 mM sodium taurocholate also demonstrated the
typical ovoid appearance with variation in the size of individual spores (figure 4.2). These spores
also demonstrated the ‘bubble-wrap’ morphology of the exosporium. There was no observable
difference in the size and shape or appearance of the exosporium of C. difficile spores exposed to
germinant and co-germinants present in BHIS supplement with 6.9 mM sodium taurocholate and

ungerminated spores of C. difficile NCTC 11204.

4.3.2 Transmission electron microscopy.

TEM imaging was used to investigate the internal structure C. difficile spores. C. difficile spore
samples of strains NCTC 11204 and 630 were prepared for TEM but due to the limited availability
of the facilities at Centre for Electron Microscopy, University of Birmingham, only C. difficile 630
spores were examined. Ungerminated and C. difficile 630 spores undergoing the initial phase of
germination following 5 and 20 minutes exposure to BHIS supplemented with 6.9 mM sodium
taurocholate were examined. Transverse sectioning of ungerminated C. difficile 630 spores
revealed the spore core in the centre of the spore but other internal structures including the cortex

were not clearly defined (figure 4.3). TEM imaging of C. difficile 630 spores following 5 minutes
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exposure to BHIS supplement with 6.9 mM sodium taurocholate to initiate germination
demonstrated the internal structures. TEM images show the spore core at the centre of the spore
surrounded by the spore cortex and other layers of the spore structure (figure 4.4). TEM images at
a higher magnification of C. difficile 630 spores at this initial phase of germination demonstrated
the internal structure in more detail (figure 4.5). The central darkly stained spore core is surrounded
by a lighter thin band thought to be the inner membrane, this is surrounded concentrically by an
outer band of the germ cell wall and a wider layer of the spore cortex. A darker band, likely to be
the outer membrane can be seen between the layers of the cortex and multiple layers of the spore
coat. The outermost of layer, the exosporium appears to be fragmented and detached from the
spore. The structure of the internal layers of C. difficile 630 spores are also clearly observable in the
TEM images of the spores exposed to BHIS supplemented with 6.9 mM sodium taurocholate for 20
minutes (figure 4.6). The spores imaged following the 20 minutes exposure to germinant and co-
germinants also demonstrated a darkly stained spore core surrounded by a multi-layered structure
presumed to be the inner membrane, germ cell wall, cortex and outer membrane. These are
surrounded by the multi-layered spore coat and exosporium which appear to have become
detached from the spores in images A and D of figure 4.6. The TEM images of C. difficile spores
following 20 minutes exposure to BHIS supplemented with 6.9 mM sodium taurocholate at higher
maghnification also reveal the internal layers of the spore structure (figure 4.7). The layers identified
in the TEM images as the spore cortex appear to be reduced in size for C. difficile 630 spores
exposed to BHIS supplemented with 6.9 mM sodium taurocholate for 20 minutes compared to that
of C. difficile 630 spores exposed to germinant and co-germinants for 5 minutes (figures 4.4 and
4.6). The reduction in size of the spore cortex can be seen more noticeably on the TEM images of

higher magnification (figures 4.5 and 4.7).
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Figure 4.1 SEM imaging of ungerminated C. difficile NCTC 11204 spores (A, B, C and D). C. difficile spore samples were suspended in BHIS in the absence

of bile salt germinant sodium taurocholate prior to fixing and preparation for imaging. Scale bars are provided for each image.
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Figure 4.2 SEM imaging of C. difficile NCTC 11204 spores following 60 minutes exposure to BHIS supplement with bile salt germinant sodium
taurocholate (A, B, C and D). C. difficile spore samples were suspended in BHIS with 6.9 mM sodium taurocholate prior to fixing and preparation for

imaging. Scale bars are provided for each image.
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Figure 4.3 TEM imaging of sectioned ungerminated C. difficile 630 spores (A, B, C and D). C. difficile spore samples were suspended in BHIS in the

absence of bile salt germinant sodium taurocholate prior to fixing and preparation for imaging. Scale bars are provided for each image.
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Figure 4.4 TEM imaging of sectioned C. difficile 630 spores following five minutes exposure to BHIS supplement with bile salt germinant sodium
taurocholate (A, B, C and D). C. difficile spore samples were suspended in BHIS with 6.9 mM sodium taurocholate prior to fixing and preparation for

imaging. Scale bars are provided for each image.
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Figure 4.5 TEM imaging of sectioned C. difficile 630 spores following five minutes exposure to
BHIS supplement with bile salt germinant sodium taurocholate (A and B). TEM of C. difficile
630 (A) with a magnified area of the image (B). C. difficile spore samples were suspended in
BHIS with 6.9 mM sodium taurocholate prior to fixing and preparation for imaging. Scale bars

are provided for each image.
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Figure 4.6 TEM imaging of sectioned C. difficile 630 spores following twenty minutes exposure to BHIS supplement with of bile salt germinant sodium
taurocholate (A, B, C and D). C. difficile spore samples were suspended in BHIS with 6.9 mM sodium taurocholate prior to fixing and preparation for

imaging. Scale bars are provided for each image.
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Figure 4.7 TEM imaging of sectioned C. difficile 630 spores following twenty minutes exposure
to BHIS supplement with of bile salt germinant sodium taurocholate (A and B). TEM of C.
difficile 630 (A) with a magnified area of the image (B). C. difficile spore samples were
suspended in BHIS with 6.9 mM sodium taurocholate prior to fixing and preparation for

imaging. Scale bars are provided for each image.
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4.3.3 Cryo-Soft X-ray Tomography.

The viability of C. difficile spores prepared in the presence of Laurdan was investigated to determine
if the fluorescent probe altered the ability of spores to germinate and proliferate. No difference in the
calculated CFU/ml of Laurdan-labelled and unlabelled C. difficile spores was observed indicating there
was no inhibitory effect on the germination response of spores or vegetative cell outgrowth. The
fluorescent signal of Laurdan-labelled of C. difficile spores, prior to glutaraldehyde fixing, was
confirmed with a fluorescent plate reader with excitation: 360 nm, emission: 440/490. Due to the
restricted availability of access to the facilities at Diamond Light Source, Beamline 24 and the
occurrence of a beamline malfunction during the allocated imaging period the cryo-SXT imaging the
number of samples examined was limited. Cryo-SXT imaging was completed with Laurdan-labelled,
ungerminated C. difficile 630 spores and C. difficile 630 spores following 5 minutes exposure to BHIS
supplement with 6.9 mM sodium taurocholate only. Spores labelled with the fluorescent probe
Laurdan were examined by fluorescent cryoSIM in preparation for cryo-SXT but were not found to be
fluorescent when excited at a wavelength of 360nm. The use of Laurdan to label C. difficile spores was
not found to be an appropriate methodology to identify the structures of the inner and outer
membranes of the spores. Cryo-SXT imaging of ungerminated C. difficile 630 spores demonstrated the
typical ovoid morphology with the central structure of the spore core surrounded by outer layers of
the spore structure (figure 4.8). Identification of distinct layers of the internal spore structure could
not be determined in the images. C. difficile 630 spores exposed to BHIS supplemented with 6.9 mM
sodium taurocholate for 5 minutes demonstrated a very similar morphology to ungerminated C.
difficile 630 spores in the cryo-SXT images (figure 4.9). Ovoid C. difficile 630 spores could be observed
with a central structure of the spore core visible in some of the spores. As previously, the identification
of distinct layers of the internal spore structure was not possible. Based on the available cryo-SXT
images there was no observable difference in the morphology of ungerminated C. difficile 630 spores
and C. difficile 630 spores exposed to germinant and co-germinants present in BHIS supplement with

6.9 mM sodium taurocholate.
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Figure 4.8 Cryo-SXT imaging of ungerminated C. difficile 630 spores (A and B). C.
difficile spore samples were suspended in BHIS in the absence of bile salt germinant
prior to fixing and preparation for imaging. Gold fiducials are visible in the images as

black spheres.
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Figure 4.9 Cryo-SXT imaging of C. difficile 630 spores following five minutes exposure
to BHIS supplement with of bile salt germinant sodium taurocholate (A and B). C.
difficile spore samples were suspended in BHIS with 6.9 mM sodium taurocholate

prior to fixing and preparation for imaging.

173
A.J. Lawler, PhD Thesis, Aston University 2022



4.4 Discussion.

Knowledge of C. difficile spore structure and any transformation of the spore structure upon the
initiation of germination may contribute to the understanding of the regulation of C. difficile spore
germination. The identification of spore membranes with the C. difficile spore, where germinant and
co-germinant receptors, along with other key germination regulators are thought to be located, may
help to explain how these proteins interact to transduce the germinant signal and control C. difficile
germination. A better understanding of the mechanism of germination would be applicable to
sporicidal decontamination approaches to prevent CDI and specifically to the development of C.

difficile pro-germination elimination strategies.

In this study utilisation of cryo-STX imaging of ungerminated C. difficile spore and spores exposed to
germinants and co-germinants was unsuccessful in contributing to the wider understanding of C.
difficile spore germination. SEM and TEM imaging of C. difficile spores revealed the internal and
outermost structures of C. difficile spores in detail, confirming the presence of the multi-layered
structures observed by other researchers. The SEM and TEM images presented of C. difficile spores
following exposure to germinants and co-germinants in this chapter did not reveal significant changes

to the external or internal structure upon the initial phase of germination.

The SEM images of C. difficile NCTC 11204 spores demonstrated spore morphology that were of a
consistent size and shape reported previously for C. difficile spores (Lawson et al., 2016; Snelling et
al., 2010). Clearly visible on the exterior of the majority of C. difficile spores in the SEM images was
the bumpy or bubbly phenotype of the exosporium. This bumpy morphology concurs with the findings
of Rabi et al. (2017) and that of Malyshev and Baillie (2020) who described the protruding ridges of
the exosporium as a pineapple-like morphology. There was no observable difference in the size, shape
or appearance of the exosporium of C. difficile exposed to germinant and co-germinants present in
BHIS supplement with 6.9 mM sodium taurocholate and ungerminated spores of C. difficile NCTC

11204. This suggests any transformation changes to the structure of the C. difficile spore during the
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initial phase of germination may occur internally only. This is in agreement with the recent findings of
Baloh et al. (2022) who identified no visible difference in the appearance of ungerminated C. difficile
spores and C. difficile spores where germination had been triggered following exposure to germinant

and co-germinants for 5 and 20 minutes.

The spores of C. difficile NCTC 11204 and C. difficile 630 were prepared for TEM but only images were
of C. difficile 630 were obtained. C. difficile 630 was included in this study as it has been more widely
characterised than C. difficile NCTC 11204 and provided the opportunity to examine the morphology
of another relevant C. difficile laboratory strain. TEM images of ungerminated C. difficile spores did
not demonstrate clearly defined internal structures, while the central spore core was visible it was not
possible to distinguish other features of the spore structure. The TEM imaging of spores following 5
or 20 minutes exposure to germinants and co-germinants revealed the internal structure of the C.
difficile spores allowing the identification of the central spore core, inner membrane, germ cell wall,
cortex, outer membrane, spore coat and exosporium. The TEM images obtained and examined in this
study did not reveal substantial observable changes to the spore structure following the initiation of

C. difficile spore germination.

While there are differences in the reported appearance of C. difficile spores imaged by TEM, the
presence of internal spore structures observed in this study was consistent with TEM images obtained
by others (Joshi et al., 2012; Paredes-Sabja et al., 2014; Rabi et al., 2017). The differentially contrasting
layers of the C. difficile spore in TEM images were identified as the key structural features of the C.
difficile spores in figures 4.5 and 4.7 were based on spore structural layers identified in previous
studies and existing knowledge of bacterial spore structure (Permpoonpattana et al., 2011; Paredes-
Sabja et al., 2014; Pizarro-Guajardo et al., 2016; Rabi et al., 2017; Kochan et al., 2018a; Baloh et al.,
2022; Setlow, 2003; 2007). Distinct components of the multilayer spore coat (inner and outer coat
layers) identified by other researchers in TEM images of C. difficile were not observed in this study,

therefore the differently contrasting structure internal to the laminations of the spore coat was
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identified as the probable C. difficile inner membrane. However, there is no direct evidence presented
here to determine the presence of the inner membrane or confirm the other key structural features

of the C. difficile spore (Baloh et al., 2022; Rabi et al., 2017; Barra-Carrasco et al., 2013)

Close examination of the internal structure of C. difficile spores exposed to BHIS supplemented with
6.9 mM sodium taurocholate for 5 and 20 minutes to initiate germination, at higher magnification,
was indicative of a narrowed spore cortex in the spores exposed to germinants and co-germinants for
the longer time period. Measurements of the relative width of the spore cortex of individual spores is
needed to quantify and determine any significant difference but this change would be consistent with
the initial rehydration of the spore core and subsequent degradation of the peptidoglycan of cortex
during the second stage of germination (Burns et al., 2010; Adams et al., 2013; Francis et al., 2015;
Francis and Sorg, 2016; Setlow, 2003). This strategy was recently utilised by Baloh et al. (2022) who
guantified the reduction of the thickness of the cortex of C. difficile spores after 5 minutes exposure
to BHIS supplement with sodium taurocholate and glycine. The cortex thickness of C. difficile spores
was reduced by 67% after 5 minutes exposure to germinants and co-germinants compared to

ungerminated spores (Baloh et al., 2022)

The bumpy morphology of the exosporium which was identifiable on both SEM and TEM images by
Rabi et al. (2017) was not clearly observed on the TEM images in this study. Indeed, a smooth
exosporium morphology, that was diffuse and detached (or even absent) was seen in the images of
ungerminated and C. difficile 630 spores exposed to germinants and co-germinants. The detached or
absent exosporium morphology observed was more apparent in images of spores exposed to
germinant and co-germinants but was not considered to be linked to spore germination but is mostly
likely a consequence of the purification of spore suspensions and preparation of spore samples for
TEM. Malyshev and Baillie (2020) and Permpoonpattana et al. (2011) have demonstrated the
significance of spore preparation methods on the resulting morphology of exosporium of C. difficile

spores, sonication and protease treatment in particular were found to remove the exosporium layer
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(Escobar-Cortés et al., 2013). The integrity of the exosporium has also been shown to be altered during
long-term storage of C. difficile spores and was seen to detach from some strains but this was variable

amongst strains studied (Pizarro-Guajardo et al., 2016).

The novel application of cryo-SXT with C. difficile 630 spores produced images that were not suitable
for the identification of the key internal features of C. difficile spores, as the distinct layers of the spore
internal structure were not evident. Furthermore, the quantity of cryo-SXT images obtained of
ungerminated and C. difficile spores exposed to germinants and co-germinants was insufficient to
observe or quantify any potential transformation as result of germination. Prior cryoSIM with C.
difficile spores labelled the fluorescent probe Laurdan as part of correlative imaging with cryo-SXT did
not demonstrate fluorescence when excited at the appropriate wavelength. It is likely that crosslinking
of proteins caused by the glutaraldehyde treatment altered the fluorescence signal of Laurdan-
labelled C. difficile spores. It was therefore not possible to identify the location of the inner and outer

membrane of C. difficile spores using these imaging techniques.

The observations of ungerminated and C. difficile spores exposed to germinants and co-germinants by
SEM and TEM imaging are limited to the two strains used in experiments presented in this chapter.
SEM was completed only with C. difficile NCTC 11204 spores while TEM was completed with C. difficile
630 spores preventing the comparison of morphology and internal spore structure across the two C.
difficile laboratory strains. The observations of an absence of significant transformation of the external
or internal spore structure upon the initial phase of germination is therefore restricted to only the
strains utilised. Further SEM and TEM imaging of ungerminated C. difficile spores and C. difficile spores
at additional time points post exposure to germinants and co-germinants, utilising multiple laboratory
strains is needed to draw more detailed conclusions on the potential structural changes that occurs
within C. difficile spores during the initial phase of germination. Relative quantification of the spore
cortex size in germinating C. difficile spores is needed to confirm the reduction in mass as per the

findings of Baloh et al. (2022).
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In this study, high resolution imaging techniques were utilised to investigate potential
transformational changes to the external and internal structures spore of C. difficile spores following
the initiation of germination. SEM and TEM imaging of C. difficile spores facilitated the identification
of the distinct morphology of the exosporium and the key internal spore structures. A substantial
transformation of C. difficile spore structures was not observed during the initial phase of germination.
cryo-STX imaging was not found to be a suitable methodology to examine the external and internal
spore structures of C. difficile. While the research presented in this chapter contributes to the existing
knowledge of the initial phase of C. difficile germination, there was limited insight provided on the
position of the spore membranes within the C. difficile spore structure and therefore potential location

of key regulators of C. difficile germination.
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Chapter 5

5.0 Investigation of novel compound C109 with dual germination and antimicrobial activity

for the elimination of Clostridioides difficile spores.

5.1 Introduction.

Utilising knowledge of the environmental signals that initiate germination of C. difficile spores,
Wheeldon et al. (2010) proposed the induction of germination as a mechanism to enhance the
inactivation of C. difficile spores with traditional biocides. The ‘germinate to exterminate’ strategy
comprises exposure of C. difficile spores to known bile salt germinants and amino acid co-germinants
to initiate germination in the environment (Wheeldon, 2008; Wheeldon et al., 2010). Upon
germination, the release of Ca-DPA and rehydration of the spore core causes a rapid loss in the spore’s
resistant characteristics, rendering the germinating spore susceptible to thermal and chemical

inactivation (Setlow, 2003; Pol et al., 2001; Hornstra et al., 2007; Omotade et al., 2014).

The induction of germination as a method to enhance the killing of bacterial spores was first
demonstrated by Stuy (1956) and was proposed for use in the food industry to enhance the
elimination of bacterial spores that cause food spoilage and food-borne disease (Gould et al., 1968).
Hornstra et al. (2007) demonstrated that exposure of spores to germinants prior to chemical
disinfection, significantly enhanced the elimination of Bacillus cereus spores that adhere to the surface
of food processing equipment. More recently, the inclusion of a germination pre-treatment step was
demonstrated to significantly improve the decontamination of Bacillus spores from a variety of
surfaces (Mott et al., 2017). The utilisation of an initial step to trigger germination is highly
advantageous to enhance the eradication of bacterial spores during food manufacturing process,
offering an improved mechanism to prevent contamination of foods, extending shelf life and the

safety of food products (Hornstra et al., 2007). A strategy to utilise an initial germinant treatment to
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potentiate the susceptibility of spores to sporicidal agents has also been employed to enhance the

elimination of Bacillus anthracis spores from contaminated soil (Celebi et al., 2016).

The presence of germinants and co-germinants is crucial for the triggering of C. difficile germination
but the extent and rate of germination is influenced by the temperature and pH of the environment,
with optimum germination occurring at 37°C and in neutral /alkaline conditions of pH 6.3 -7.5 (Sorg
and Sonenshein, 2008; Wheeldon et al., 2008a). Despite the necessity of an anaerobic atmosphere for
C. difficile outgrowth and replication, Wheeldon et al. (2008a) demonstrated that an anaerobic
atmosphere is not a requirement of C. difficile germination and that there was no significant difference
in the rate of germination of C. difficile spores in aerobic and anaerobic conditions. In fact, in the
duodenum, where C. difficile spores are first exposed to bile salt germinants and co-germinants is
aerobic, with the environment becoming increasingly anaerobic towards the cecum of the large
intestine (Ridlon et al., 2006; Friedman et al., 2018). C. difficile germination can therefore be triggered
by providing the specific germinant and co-germinant signals and does not require the direct
replication of the conditions of passage through the host environment (Wheeldon et al., 2008a). On
this basis, Wheeldon (2008) first developed a germinant medium of thioglycollate broth
supplemented with 1% (w/v) sodium taurocholate, thereby containing both germinant and co-
germinants, to trigger the germination of C. difficile spores as part of a two-stage disinfection
procedure to eliminate spores from hard surfaces. Preincubation of C. difficile spores with the
germinant medium for 10 minutes and subsequent exposure to 70% (v/v) ethanol resulted in a 0.36-
log reduction of C. difficile strain NCTC 11204 and 1.51-log reduction of ribotype 027 strain R20291
after 90 minutes. When preincubation of spores with the germinant medium was increased to 30
minutes, log reductions of 1.85 and 2.15 were achieved for the NCTC 11204 and 027 strains, within 30
minutes respectively. This significant reduction in spores was not observed when SDW was used in the
place of 70% (v/v) ethanol, demonstrating an antimicrobial was required for effective elimination of
C. difficile spores (Wheeldon, 2008). Utilising this two-stage disinfection procedure, Wheeldon (2008)

demonstrated that a contact time of 20-30 minutes with the germinant medium, followed by 70%
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(v/v) ethanol exposure was required for maximum elimination of C. difficile spores from a stainless-
steel surface. The germinant medium, as part of the two-stage disinfection procedure was further
utilised by Wheeldon et al. (2008c) in combination with the antimicrobial activity of copper. C. difficile
spores inoculated onto the surface of copper discs and exposed to germinant medium produced a
2.67 and 2.96-log reduction of germinating C. difficile NCTC 11204 and 027 spores respectively, after
3 hours. The viability of dormant C. difficile spores was not affected by the antimicrobial activity of
copper alone, in contrast to vegetative cells of C. difficile which were eliminated beyond the limits of
detection within 30 minutes (Wheeldon et al., 2008c). The germinant medium was further optimised
by replacing the complex nutrients supplied in the thioglycollate medium with a combination of
specific amino acids, which initiated maximum germination with taurocholate (Wheeldon et al., 2010;
2011). To remove the requirement for a secondary antimicrobial agent in the two stage disinfectant
procedure, the biocides benzyl alcohol and benzalkonium chloride were added to create a germinant
solution (Wheeldon et al., 2010). Application of this germinant solution achieved a 3-log reduction in
C. difficile spores in one hour (Wheeldon et al., 2010). Following the demonstration of the efficacy of
the germinant solution to eliminate C. difficile spores in a single step, a patent (W02011101661) for
its application as an antiseptic composition for the decontamination of surfaces was filed and granted

for use internationally (Worthington and Wheeldon, 2011).

The application of the ‘germinate to exterminate’ strategy to reduce the environmental contamination
of C. difficile spores was further explored with the proposal to use C. difficile spore germinants
incorporated into a smart surface to sensitise C. difficile spores to the bactericidal activity of traditional
biocides. This led to the concept of combining the germination and antimicrobial activity into a single
compound by molecularly coupling bile salt compounds with an antimicrobial agent for the
elimination of C. difficile spores (Hird, 2014; Rathbone et al., 2019). Research completed by Hird (2014)
at Aston University investigated the synthesis of bile acid amides and subsequent covalent linking of
the tertiary amine group of these bile acid amides with quaternary ammonium compounds to

introduce antimicrobial activity. The project aimed to generate novel compounds that function
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specifically as dual germinant and antimicrobial compounds that could be incorporated into a
polymeric biomaterial for the development of targeted C. difficile sporicidal smart surface.
Deoxycholic acid, lithocholic acid and cholic acid were chemically manipulated to synthesise bile
amides but the efficient, well-documented C. difficile spore germinant, sodium taurocholate was not
compatible with the synthesis techniques adopted (Hird, 2014; Sorg and Sonenshein, 2008). Chemical
modification of lithocholate was found to produce analogues with potential germination and
antimicrobial activity during preliminary testing, however the activity of the bile salt-derived novel
compounds to elicit germination and antimicrobial activity when incorporated into a polymeric

material as originally intended, was not assessed (Hird, 2014).

The germination and antimicrobial activity of the bile salt-derived novel compounds was assessed by
exposing spores of C. difficile NCTC 11204 and C. difficile ribotype 027 to a solution comprising double
strength thioglycollate media supplemented with 2% (w/v) of the novel compounds for 1 hour.
Samples were then exposed to a heat challenge of 75°C or incubated on ice for 20 minutes. C. difficile
CFU/ml was determined by serially diluting test samples and inoculating fastidious anaerobic agar
plates supplemented with 5% (v/v) defibrinated horse blood and 0.1% (w/v) sodium taurocholate,
which were incubated under anaerobic conditions for 48 hours. From these assays, compound C109,
a lithocholate derived bile amide molecularly tethered to a quaternary ammonium cation, was

identified as a novel bile salt-derived compound with promising dual germination and antimicrobial

" O\\\\“

Figure 5.1 Chemical structure of compound C109.
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activity. The exposure of C. difficile spores to C109 followed by the heat challenge generated a 2 and
1.5-log reduction of C. difficile NCTC 11204 and C. difficile ribotype 027 spores respectively and was
considered an indirect measurement of germination activity. A 1.32 and 1.27-log reduction of C.
difficile NCTC 11204 and C. difficile ribotype 027 achieved following exposure to C109 and incubation
on ice was interpreted as probable antimicrobial or direct sporicidal activity. Whilst promising data
were achieved in the research described, the methodology utilised and results obtained by Hird (2014)

did not fully determine the germination and antimicrobial activity of C109.

The aim of the research presented in this chapter was to investigate the germination and antimicrobial
activity of the lithocholate derived novel compound C109 using established methodology to measure
spore germination and antimicrobial activity. Knowledge gained from these studies will be used to
inform the development of sporicidal smart surfaces with the capacity to trigger germination of C.

difficile spores and eliminate susceptible germinating spores through inherent antimicrobial activity.
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5.2 Methods.

5.2.1 Bacterial strains and growth conditions.

C. difficile NCTC 11204 was sourced from Jon Brazier (HPA Anaerobic Reference Laboratory, Cardiff).
E. coli NCTC 10538, Pseudomonas aeruginosa NCTC 11954, Staphylococcus aureus NCTC 10788 were
obtained from the National Collection of Type Cultures, Public Health England. Frozen stocks of
bacterial strains were stored at -80°C on Microbank™ beads (Pro Lab Diagnostics, Canada). C. difficile
was resuscitated by inoculating a bead onto Wilkins-Chalgren agar (Oxoid, UK) supplemented with
0.1% (w/v) sodium taurocholate hydrate (Alfa Aesar, UK) and incubating anaerobically (MiniMACS
anaerobic cabinet, Don Whitley Scientific, Shipley, UK) at 37°C for 48 hours. Bacterial strains E. coli
NCTC 10538, P. aeruginosa NCTC 11954, S. aureus NCTC 10788 were resuscitated by inoculating a

bead onto Nutrient agar (Oxoid, UK) and incubating aerobically at 37°C for 18-24 hours.

5.2.2 Preparation of spore suspensions of C. difficile.

Spore suspensions of C. difficile to measure germination by loss of resistance to ethanol and
membrane integrity staining were prepared using a modified version of the method described by
Shetty et al. (1999) and Wheeldon et al. (2008a). Frozen stocks of C. difficile NCTC 11204 stored at -
80°C were used to inoculate Columbia blood agar (Oxoid, UK) supplemented with 5% defibrinated
horse blood (E&O Laboratories Ltd, UK). The inoculated plates were incubated at 37°C under
anaerobic conditions (MiniMACS Anaerobic Workstation, Don Whitley, UK) for 48-72 hours before
being incubated aerobically at room temperature for 72-120 hours. Spores were harvested by
removing the C. difficile colonies with sterile cotton swabs and suspending in 50% (v/v) sterile distilled
water 50% (v/v) absolute ethanol. Spore suspension were stained with 5% (w/v) malachite green
solution and counterstained with 0.5% (v/v) safranin to confirm the presence of spores as described

by Schaeffer and Fulton (1933) and stored at 4°C until required. Prior to experimental use the spore
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suspensions were diluted and/or re-suspended in 100% sterile distilled water and enumerated via
serial dilution to determine the CFU/ml of C. difficile spore suspension. Spore suspensions of C. difficile
NCTC 11204 used for the optical density germination assay were prepared using a modified version of

the methodology described by Heeg et al. (2012) as described in chapter 2, section 2.2.2 of this thesis.

5.2.3 Determination of germination activity of novel compound C109 by loss of spore

resistance to ethanol.

The methodology utilised to measure germination by loss of resistance to ethanol of C. difficile spores
in response to the novel compound C109 was based on that described by Wheeldon et al. (2008a).
Briefly, 250 ul of C. difficile spore suspension (10° CFU/ml) were mixed with 250 pl double strength
thioglycollate medium (Oxoid, UK), and double strength thioglycollate medium containing sodium
taurocholate or C109, resulting in a final concentration of 6.9 mM. After 30 and 60 minutes the
solution was mixed with 1.17 ml 100% ethanol. Following a one-hour incubation, each solution was
transferred into 8.33ml of Wilkins-Chalgren broth. Appropriate serial dilutions of ethanol challenged
spores were used to inoculate Wilkins Chalgren agar plates supplemented with 0.1% (w/v) sodium
taurocholate which were incubated under anaerobic conditions for 48 hours before the CFU/ml| were

determined.

5.2.4 Visualisation of germination of C. difficile spore by membrane integrity staining

The LIVE/DEAD® BacLight™ Bacterial Viability Kit (L7012) was used to visualise the germination of C.
difficile spores in response to C109. Aliquots of 100 pl of C. difficile spore suspensions (108 CFU/ml)
were mixed with 100 pul C109 to achieving a final concentration of 6.9 mM or 100 ul SDW and
incubated for 2 hours. After the appropriate time period a 20 ul aliquot was mixed and incubated for

15 minutes with 2 pl of the LIVE/DEAD® BacLight™ stains; SYTO 9 (3.34 mM) and propidium iodide (20
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mM). Aliquots of 5 ul of the stained spores were mounted on glass slides before being examination

using a Leica TCS SP5 Il microscope.

5.2.5 Determination of germination of C. difficile spores by measurement of optical density.

The methodology for the measurement of germination by the optical density assay was based on that
described by Sorg and Sonenshein (2008) and Heeg et al. (2012) and detailed in chapter 2, section
2.2.3 of this thesis. To investigate the germination activity of novel compound C109, BHIS broth or

Tris-HCI, pH 7.3-7.4 was supplemented with 6.9 mM of C109.

5.2.6 Determination of bactericidal activity by quantitative suspension test (BS EN: 1040:

2005)

The antimicrobial activity of novel compound C109 was assessed in line with the BSEN 1040: 2005
guidelines (BS EN). C. difficile NCTC 11204 was cultured by inoculating a single colony in BHI broth and
incubating anaerobically (MiniMACS anaerobic cabinet, Don Whitley Scientific, Shipley, UK) at 37°C for
18 hours and the viable count (CFU/mI) was subsequently determined. To investigate antimicrobial
activity 1 ml aliquots of the overnight culture were mixed with 9 ml 6.9mM C109 solution and
incubated for 30 and 60 minutes. A solution containing 5% ethanol 95% (v/v) SDW was used as the
control. After the appropriate incubation period, 1 ml aliquots were mixed with 9 ml Dey-Engley
neutralising broth (BD Biosciences, USA). Appropriate serial dilutions were prepared and used to
inoculate Wilkins Chalgren agar plates which were incubated under anaerobic conditions for 48 hours

before the CFU/ml was determined.
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5.2.7 Determination of the antimicrobial activity of C109 by standard agar diffusion assay

Wilkins Chalgren and nutrient agar plates were prepared according to manufacturer’s instructions
before a 7mm diameter well was bored in the centre of the agar plate. C. difficile NCTC 11204 was
cultured by inoculating a single colony in BHI broth and incubating anaerobically at 37°C for 18 hours.
Cultures of E. coli NCTC 10538, P. aeruginosa NCTC 11954, S. aureus NCTC 10788 were prepared by
inoculating a single colony of each strain in 5 ml nutrient broth (Oxoid, UK) and incubating aerobically
at 37°C for 18 hours. The agar plates were inoculated with overnight cultures of the test organisms
diluted to a 0.5 McFarland standard using a sterile cotton swab to achieve a confluent bacterial lawn.
A volume of 50 ul of a 6.9 mM solution of C109 was placed directly into the wells of the inoculated
agar plates. Similarly, controls were set up with 50 pl of the solvent used to dissolve C109 (50%
absolute ethanol 50% (v/v) SDW). Handling of C. difficile cultures was conducted inside the anaerobic
cabinet. The nutrient agar plates inoculated with E. coli, P. aeruginosa and S. aureus were incubated
aerobically at 37°C for 24 hours. Plates inoculated with C. difficile were incubated under anaerobic
conditions at 37°C for 24 hours. The zone of inhibition was determined by measuring the diameter of
the inhibition of growth across the centre of the well. Values for the zone of inhibition including the
diameter of the well (7mm) are presented as mean # standard deviation, each value is derived from 3

biological replicates and 2 technical replicates.

5.2.8 Statistical analysis.

A two-way analysis of variance (ANOVA) was used to determine germination activity by loss of
resistance to ethanol and bactericidal activity by quantitative suspension test of novel compound
C109. The post-hoc Bonferroni’s multiple comparisons post-hoc test was used to determine the
significance of any reduction in C. difficile CFU/ml compared to the control in various test conditions.

Both statistical tests were completed using the GraphPad Prism software (GraphPad, USA).

187
A.J. Lawler, PhD Thesis, Aston University 2022



5.3 Results.

5.3.1 The germination activity of novel compound C109 measured by loss of resistance to

ethanol

To investigate activity of C109 to initiate C. difficile spore germination the loss of resistance to ethanol
method was utilised. C. difficile spore were exposed to thioglycollate medium supplemented with 6.9
mM of sodium taurocholate or C109 and challenged with ethanol. This methodology quantifies
germination by exploiting the increased susceptibility of germinating spores to ethanol. C. difficile
spores that survive the ethanol challenge are enumerated by subsequent germination and outgrowth
on sodium taurocholate containing agar. The results are shown in figure 5.2. Exposure of C. difficile
spores to 6.9 mM sodium taurocholate caused a decrease in C. difficile CFU/ml after 0.5, 1 and 2 hours
demonstrating the germination of C. difficile spores. The respective log reductions in CFU/ml of 2.3,
2.9 and 1.7 were significant (P =0.0146, P=0.0025, P = 0.0032). Statistically significant 0.8 (P =0.0025)
and 1.2-log reductions (P =0.0032) in CFU/ml of C. difficile were achieved after 1 and 2 hours exposure
to thioglycollate medium supplemented with 6.9 mM C109. C109 used at 6.9 mM therefore caused a
decrease in C. difficile CFU/ml but this was to a lesser extent than when sodium taurocholate was

present and occurred only after 1 and 2 hours exposure.

5.3.2 The C. difficile spore germination response of novel compound C109 measured by

membrane integrity straining

Membrane integrity straining of C. difficile spores was investigated with the LIVE/DEAD" BacLight™
Bacterial Viability kit to determine the effect of C109. A control C. difficile spore suspension in the
absence of germinant and C. difficile spore suspension treated with 6.9 mM C109 for 2 hours were
strained with SYTO 9 and propidium iodide and imaged by fluorescence microscopy. The control
ungerminated spore suspension demonstrated visible spores and some remaining vegetative cells of
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Figure 5.2. The activity of novel compound C109 to induce C. difficile NCTC 11204 spore
germination measured by loss of resistance to ethanol. Germination of C. difficile spores exposed
to thioglycollate medium only (dashed line) or thioglycollate medium supplemented with 6.9
mM sodium taurocholate (orange line) or C109 (blue line) was measured after 0.5, 1 and 2 hours
by ethanol challenge. Error bars represent standard deviation. Statistically significant reductions

in C. difficile CFU/ml compared to the control are indicated by an asterisk (P < 0.01).

C. difficile that were sparsely distributed in the field of view and were predominately stained red by
propidium iodide, indicating loss of membrane integrity (figure 5.3 A). A very small number of spores
were visible as stained green by SYTO 9, indicating intact cell membranes. Exposure of the C. difficile
spore suspension to 6.9 mM C109 for 2 hours demonstrated spores and vegetative cells that were
stained green by SYTO 9, consistent with the maintenance of membrane integrity (figure 5.3 B). No
spores or vegetative cells stained red by propidium iodide were visible in the image. The visualisation
of SYTO 9 stained spores indicates that the C. difficile spores had germinated in response to exposure

to C109.

189
A.J. Lawler, PhD Thesis, Aston University 2022



Figure 5.3 LIVE/DEAD staining of C. difficile NCTC 11204 spores in the absence and presence of

novel compound C109. C. difficile NCTC 11204 spores were visualised via fluorescence
microscopy after 2 hours incubation with the control (A) or 6.9 mM C109 (B). Cells and spores
with intact membranes are stained with SYTO 9 (green), those with damaged membranes are

stained with propidium iodide (red).

5.3.3 The germination response of C. difficile spores to novel compound C109 by

measurement of optical density.

C109 demonstrated solubility incompatibility in both BHIS and Tris-HCl used in the optical density
assay germination. The poor solubility of the novel compound severely affected the optical density
measurement. C109 precipitated out of solution during the time course of the assay causing extremely
variable and unreliable optical density measurements. This method was therefore unsuccessful in

measuring the germination response of C. difficile spores to C109.
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5.3.4 The antimicrobial activity of novel compound C109 measured by quantitative

suspension test (European Standard EN: 1040: 2005).

The quantitative suspension test (European Standard EN: 1040: 2005) utilised for the evaluation of
chemical disinfectants and antiseptics was selected to investigate the bactericidal activity of C109
against vegetative cells of C. difficile NCTC 11204. Exposure of C. difficile spores to 6.9 mM C109
resulted in a decrease in C. difficile CFU/ml compared to that of the control of 5% ethanol. Statistically
significant 6 and 4-log reductions of C. difficile CFU/ml were achieved after 30 (<0.0001) and 60

minutes (<0.0001) exposure to 6.9 mM C109m, indicating bactericidal activity.
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Figure 5.4 The determination of C109 bactericidal activity by quantitative suspension test
(European Standard EN: 1040: 2005). The bactericidal activity of 6.9mM C109 was tested against
C. difficile NCTC 11204 after 30 and 60 minutes. Statistically significant reductions in C. difficile

CFU/ml compared to the control are indicated by an asterisk (P < 0.001).
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5.3.5 The antibacterial activity of novel compound C109 measured by agar diffusion.

The susceptibility C. difficile vegetative cells and other bacterial strains to C109 was evaluated by agar
diffusion. No inhibition of growth was recorded for E. coli NCTC 10538 or P. aeruginosa NCTC 11954
indicating C109 was not antimicrobial at the concentrations tested with these representative
laboratory strains. Minor zones of growth inhibition, averaging 13.7 mm and 12.5 mm were recorded
for C. difficile NCTC 11204 and S. aureus NCTC 10788 indicating antimicrobial activity. No zone of
inhibition was recorded for the control, composed of the solution used to dissolve C109 (50% absolute

ethanol 50% SDW).

Table 5.1. Agar diffusion assay to evaluate the antimicrobial activity of novel compound C109
against C. difficile and other bacterial strains. Zone of inhibition values including the diameter
of the well (7mm) are presented as mean * standard deviation. NA indicates no inhibition of

bacterial growth.

Test Organism Zone of inhibition (mm)
Clostridium difficile NCTC 11204 13.7+14
Escherichia coli NCTC 10538 NA
Pseudomonas aeruginosa NCTC 11954 NA
Staphylococcus aureus NCTC 10788 12.5+1.0
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5.4 Discussion.

As part of a pro-spore germination strategy to eliminate the spores of C. difficile, novel bile salt-derived
compounds were synthesized to have dual germination and antimicrobial activity against C. difficile
spores. Preliminary testing by Hird (2014) indicated promising germination activity of lithocholate
derived compound C109 but further analysis was necessary to determine if the activity of C109 to
trigger C. difficile spore germination and antimicrobial activity against C. difficile could be

demonstrated independently.

The successful initiation of germination of C. difficile spores by C109 was demonstrated by loss of
resistance to ethanol. A resumption of metabolic activity and apparent germination of C. difficile
spores was also seen by the staining of intact spore membranes in response to exposure to C109. The
antimicrobial activity of C109 was demonstrated using the quantitative suspension test, causing a 6-
log reduction of C. difficile vegetive cells after 30 minutes. The antimicrobial activity of C109 was also

demonstrated by agar diffusion.

Novel compound C109 successfully induced the germination of C. difficile NCTC 11204 spores,
demonstrating its activity as a C. difficile spore germinant. A 1.2-log reduction in CFU/ml of C. difficile
was observed after 2 hours exposure to 6.9 mM C109 determined by loss of resistance to ethanol.
While germination was successfully induced by C109, the extent of the germination response was
lower than that demonstrated by the potent C. difficile germinant, sodium taurocholate which caused
a 1.7-log reduction in CFU/ml of C. difficile after the same exposure period (Sorg and Sonenshein,
2008). A greater reduction in CFU/ml of C. difficile and therefore germination response to sodium
taurocholate was also observed after exposure times of 0.5 and 1 hours. The C. difficile spore
germination activity of C109 supports the results of the preliminary germination testing reported by

Hird (2014).
The reduced activity of C109 to trigger germination of C. difficile spores compared to that of sodium
taurocholate may be explained by a lower efficiency of C109 to induce C. difficile spore germination
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in a similar way to lower reported germination activity of other bile salts (Sorg and Sonenshein, 2008;
Bhattacharjee et al., 2016a). It is also possible that the poor solubility C109 may have limited the
potential germination response when using this methodology of measuring germination. Issues with
reliability of C109 remaining in solution prohibited the use of the germination optical density assay to
accurately measure the loss of the spore refractive index upon initiation of C. difficile spore

germination in response to C109.

Membrane integrity staining of spores exposed to C109 also provided possible indirect evidence of C.
difficile spore germination, although this methodology has not been widely used to assess the
germination of C. difficile spores before. Visible untreated ungerminated C. difficile spores and
vegetative cells were observed to be predominantly stained red indicating spore cell membranes that
were permeable to propidium iodide. C109 treated C. difficile spores were stained green,
demonstrating exclusion of propidium iodide (i.e. membrane integrity) following the induction of
spore germination. BacLight™ staining has been utilised previously to examine germination and
resistance of Bacillus species to sporicidal treatments (Laflamme et al., 2004; Setlow et al., 2016;
Ghosh et al., 2017). In agreement with this research, germinating spores were found to be strongly
stained green by SYTO 9 but intact untreated and ungerminated spores did not efficiently take up
either the SYTO 9 or propidium iodide BacLight™ stains (Setlow et al., 2016). In contrast BacLight™
staining of untreated ungerminated Bacillus cereus spores were observed to be green when imaged
by fluorescent microscopy (Laflamme et al., 2004). This may suggest differential staining between
bacterial species or issues with the experimental approach, where the penetration and staining with

BacLight™ stains was limited with C. difficile spores.

The antibacterial activity and sensitivity of vegetative cells of C. difficile to C109 was assessed by the
BSEN quantitative suspension test and agar diffusion. C109 was found to be highly bactericidal against
C. difficile vegetative cells, causing a 6-log reduction in C. difficile CFU/ml after 30 minutes and a 4-log

reduction at 1 hour. The antimicrobial activity of C109 was further demonstrated in the susceptibility
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of C. difficile vegetative cells by agar diffusion. C109 caused the inhibition of growth of C. difficile and
S. aureus NCTC 10788, although zones of inhibition were small. No inhibition of growth was observed
when C109 was tested against E. coli NCTC 10538 and P. aeruginosa NCTC, suggesting the
antimicrobial activity of C109 may be limited to Gram-positive bacteria. The results of the quantitative
suspension test and agar diffusion susceptibility confirm the antimicrobial activity of C109 in addition

to its germination activity.

As C109 has been established to have dual germination and antimicrobial activity, a mixed population
of spores stained both red by propidium iodide and green by SYTO 9 might have been predicted during
membrane integrity staining, as reported by other researchers (Ghosh et al., 2017). The triggering of
C. difficile spore germination by C109 is thought to cause the partial core rehydration and loss of spore
resistance properties (Setlow, 2003; 2014). Germinated C. difficile spores therefore have increased
susceptibility to the antimicrobial activity of C109, derived from its quaternary ammonium cation. The
antimicrobial activity of quaternary ammonium compounds is attributed to the damage caused to cell
membranes among other targets (Kwasniewska et al., 2020). The absence of observable propidium
iodide stained C. difficile spores may be due to issues with adequate spore staining methodology or
could suggest the antimicrobial activity of C109 against germinating C. difficile spores is derived from

another mechanism of action other than adversely affecting the integrity of the spore membranes.

The reported germination and antimicrobial activity of C109 in this study is limited by the use of the
single C. difficile laboratory strain 11204. Evaluation of the germination and antimicrobial activity of
C109 by measurement of loss of resistance to heat and the quantitative suspension test with multiple
laboratory and clinical strains of C. difficile would be beneficial to understand the spectrum activity of
C109 with C. difficile strains. Investigation of antimicrobial activity derived from the quaternary
ammonium cation should also be expanded to other clinically relevant microorganisms. This is
particularly relevant as the incorporation of C109 in a polymeric material to create a sporicidal smart

surface is intended for use in clinical settings where C. difficile spores and other pathogens, which are
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the cause of healthcare associated infections, contaminate the environment (Samore et al., 1996;

Sethi et al., 2010; Department of Health, 2007b).

As demonstrated by the inability to measure the germination of C. difficile spores in response to C109
using the optical density assay, the poor solubility of C109 should be consider when evaluating the
reliability of experimental results. While care was taken to ensure that C109 remained in solution
throughout experiments presented in this chapter, it was observed that C109 could precipitate from
solution when stored, particularly at lower temperatures. Experimental findings are therefore
considered in the knowledge that the final concentration of 6.9 mM used may be not have been
achieved due to precipitation of C109. While C109 was demonstrated to be effective at inducing the
germination of C. difficile spores and have antimicrobial activity against C. difficile and other bacteria
the extent of germination and antimicrobial activity may be underrepresented in liquid media due to
the poor solubility of C109. To adequately assess the potential activity of C109 to germinate and
consequently eliminate C. difficile spores, the novel compound should be tested in a polymeric

material to form a sporicidal smart surface.

In conclusion, the novel compound C109, a lithocholate derived bile acid amide molecularly tethered
to a quaternary ammonium cation was demonstrated to successfully trigger the germination of C.
difficile spores by measurement of loss of resistance to ethanol and membrane integrity staining.
Measurement of spore germination by the optical density assay was not compatible due to issues
associated with the solubility of C109 in aqueous media. The use of a standard agar diffusion assay
and the BSEN quantitative suspension test established the sensitivity of C. difficile vegetive cells to
C109 and confirmed its antimicrobial activity against C. difficile. This demonstrates C109 has dual
germination and antimicrobial activity against C. difficile. Antimicrobial activity of C109 against other
clinically relevant microorganism was also indicated however an extended panel of test

microorganisms is required to establish this in further work.
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Chapter 6

6.0 Development of a prototype sporicidal smart surface incorporating novel compounds
with dual germination and antimicrobial activity for the elimination of Clostridioides difficile

spores.

6.1 Introduction.

The spores of C. difficile are the vector of transmission of CDI and ensure survival and persistence in
the environment (Deakin et al., 2012; Paredes-Sabja et al., 2014). The spore structure is highly
resistant to adverse environmental conditions, including disinfectants and biocides permitting
dissemination in clinical environments (Driks, 2003; Fawley et al., 2007; Samore et al., 1996). Routine
detergent-based cleaning is ineffective at eliminating contaminating spores while sporicidal agents
intended to target spores of C. difficile have been found to deliver inadequate decontamination and
even enhance the rate of C. difficile sporulation (Wilcox et al., 2003; Speight et al., 2011; Fawley et al.,
2007). To prevent the transmission of CDI and exposure of vulnerable patients to C. difficile alternative

strategies to eliminate C. difficile spores in the clinical environment are necessary.

Exploiting the initiation of C. difficile germination as a mechanism to enhance the elimination of C.
difficile spores with traditional biocides was first proposed by Wheeldon et al. (2010). The exposure
of C. difficile spores to a germinant solution containing bile salt germinants and amino acid co-
germinants causes the activation of the initial phase of germination where the spore core releases Ca-
DPA and is partially rehydrated. This transformation results in the loss of spore resistant properties
and increased susceptibility to biocides (Wheeldon, 2008; Wheeldon et al., 2010; Setlow, 2014; 2003).
Wheeldon demonstrated 30 minutes preincubation of C. difficile spores with a germination solution
comprising thioglycollate broth supplement with 1% (w/v) sodium taurocholate and subsequent 70%
ethanol challenge resulted in 1.85 and 2.15 -Log reduction for C. difficile NCTC 11204 and 027 strains
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respectively (Wheeldon, 2008). The use of a germination solution to sensitise C. difficile spores was
further developed with the use of a specific combination of amino acid co-germinants with sodium
taurocholate and the biocides, benzyl alcohol and benzalkonium chloride, reducing the two-stage
germination and disinfection procedure to a single application. The use of germinant and antimicrobial

solution resulted in a 3-log reduction in C. difficile spores in one hour (Wheeldon et al., 2010).

Other researchers have also utilised the ‘germinate to exterminate’ principle as a strategy to increase
the susceptibility of C. difficile spores to chemical disinfection and adverse environmental conditions.
Nerandzic and Donskey (2010) combined a germinant formulation, consisting of the bile salt sodium
taurocholate, multiple amino acids and minerals with the secondary UV-C radiation or heat. The
triggering of germination following exposure to the germinant formulation enhanced the killing of C.
difficile spores by UV-C radiation, delivered by an automated room disinfection device or heat
treatment at 80°C for 5 minutes. C. difficile spores that were germinated in response to the germinant
formulation but not exposed to UV-C radiation or heat treatment also demonstrated reduced survival,
thought to be as a result of exposure to environmental stressors such as atmospheric oxygen
(Nerandzic and Donskey, 2010). The same authors utilised the germinant formulation with the
addition of nisin, a preparation suitable for application onto the skin to demonstrate its potential to
decontaminate hands (Nerandzic and Donskey, 2013). The germinant formulation was also combined
with a quaternary ammonium compound to produce a disinfectant targeting C. difficile spores,
emulating the approach taken by Wheeldon et al. (2010) (Nerandzic and Donskey, 2016). The dual
germinant and biocide formulation produced a 1.2-2.7-log reduction of spores of C. difficile strains
after 1 hours and a further 2-3.2 log reduction after 24 hours on the surface of stainless-steel carriers.
The elimination of dormant spores was also demonstrated when the formulation was utilised on
hospital surfaces inoculated with C. difficile spores. The use of the dual germinant and biocide
formulation was also found to enhance the susceptibility of C. difficile spores to killing by acidic
conditions, high intensity blue light and UV-C radiation (Nerandzic and Donskey, 2016). The application

and successful use of germinant solutions and formulations containing germinants, co-germinants and
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biocides to trigger germination and sensitise C. difficile spores to enhance elimination on a variety of
surfaces demonstrates a promising strategy to target contaminating spores in the clinical

environment.

Using the ‘germinate to exterminate’ concept as a basis for the elimination of C. difficile spores from
surfaces, a series of bile salt-derived novel compounds with dual function were developed at Aston
University (Hird, 2014). The novel compounds were proposed to function both as bile salt germinant
and as antimicrobial agent, in the form of a covalently linked quaternary ammonium compound. The
aim of the project was to synthesise a germinant and novel antimicrobial compound that could be
incorporated into a polymeric biomaterial in order to germinate and eliminate C. difficile spores in
situ. Initially several bile amides were produced from the chemical manipulation of deoxycholic acid,
cholic acid and lithocholic acid. These bile amides were screened for germinant activity, before the
tertiary amine group of promising candidates was quaternized to introduce antimicrobial functionality
via a quaternary ammonium cation. Several candidates were considered to demonstrate dual
germination and antimicrobial activity during initial testing in liquid media, indicating suitability for
inclusion in a polymeric biomaterial such as a smart surface, however the efficacy of the dual
germinant and antimicrobial novel compounds were not evaluated as part of a polymeric material as

proposed (Hird, 2014).

Antimicrobial polymers specifically targeting C. difficile have previously been developed, Liu et al.
(2014) demonstrated synthetic polymers incorporating compounds that mimic host-defence peptides
were inhibitory against C. difficile vegetative cells. The synthetic polymers were also found to prevent
the outgrowth of germinated C. difficile spores but did not have any germination inhibitory activity.
There was no change in the rate of germination following pre-incubation with the synthetic polymer
or antimicrobial peptides compare to the control (Liu et al., 2014). While these synthetic antimicrobial
peptides may have an in vivo application to prevent the outgrowth of ingested C. difficile spores, the

lack of germination inhibitory activity excludes functionality as polymeric smart surface to target
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contaminating C. difficile spores in the clinical environment. Antimicrobial smart surfaces however
have been demonstrated to be effective against a number of other clinically relevant microorganism,
including the antibiotic resistant and highly virulent ESKAPE (Enterococcus faecium, Staphylococcus
aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa, and Enterobacter
spp.) pathogens (Mufioz-Bonilla and Fernandez-Garcia, 2012; Kamaruzzaman et al., 2019). Providing
bactericidal or bacteriostatic activity upon contact, antimicrobial polymeric materials contain
antimicrobials covalently bonded to a polymer matrix, producing reusable, chemically stable materials
with long-term activity that offer an alternative to the use of antibiotics and biocides (Xue et al., 2015;

Kamaruzzaman et al., 2019).

The aim of this chapter was to evaluate a series of polymer formulations incorporating bile salt-derived
novel compounds developed at Aston University to deliver dual germination and antimicrobial
activity, employing the principle of ‘germinate to exterminate’ as a strategy to eliminate C. difficile
spores. A C. difficile targeting polymeric biomaterial has potential for use as a smart surface within
clinical settings, providing passive decontamination of spores to reduce and prevent the transmission
of CDI. The impact of polymer composition, processing conditions and post-processing purification of
the polymer formulations incorporating bile salt-derived novel compounds on C. difficile spore
germination activity of the polymer formulations was determined. Following the establishment of
effective germination activity of the polymer formulations, the antimicrobial activity against C. difficile

was investigated.
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6.2 Methods.

6.2.1 Synthesis of novel compounds with dual germination and antimicrobial activity.

The synthesis of novel compounds designated C109, C114 and C119 was kindly completed by Dr Selma
Riasat at the Polymer Processing and Performance Research Unit, Chemical Engineering and Applied
Chemistry, Aston University as described by Dr Matthew Hird (Hird, 2014; Riasat, 2016). Full details of

the synthetic routes are described in Appendix 1.

Table 6.1 Lithocholic acid derived novel compound chemical structures

Compound number Chemical structure

C109

H 0\\\‘“

C114

HO\“\\“I

|

(=]
Cl
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C119

u O\\\\“

6.2.2 Production, processing and purification of polymers incorporating novel compounds

with dual germination and antimicrobial activity.

Polymers incorporating novel compounds designated C109, C114 and C119 were kindly produced,
processed and purified by Dr Selma Riasat at the Polymer Processing and Performance Research Unit,

Chemical Engineering and Applied Chemistry, Aston University (Riasat, 2016).

6.2.3. Polymer production.

Unstabilised high density polyethylene (HDPE) powder with no stabiliser (Lupolen 5261ZQ456) and
stabilised HDPE pellets (BorPex HE1878E) containing 700 ppm Irganox 1076 were used throughout for
preparation of the polymer formulations. Monomeric units of unstabilised or stabilised high-density
polyethylene were polymerised by free radical polymerisation in the presence of novel compounds
C109, C114 and C119 (3% v/v) and/or other additives (benzalkonium chloride and copper

nanoparticles) and converted into thin films via compression moulding.
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Processing of high-density polyethylene in the presence and absence of additives.

HDPE and the peroxide initiator (2,5-dimethyl-2,5-bis(t-butylperoxy)hexane, (Trigonox 101) were
mixed using a small amount of hexane into a slurry to achieve good distribution, before being dried in
a fume hood to remove traces of solvent. The slurry was stirred every 15 minutes during the drying
process. After appropriate drying, the required amount of the chosen novel compound to achieve 3%
(w/v) was weighed and transferred to the polyethylene/peroxide mixture which was homogenised on

a roller for 48 hours in order to obtain an even distribution of the formulations.

Table 6.2 Commercial compounds used in the production of polymers

Compound Commercial N\ame  Chemical structure Supplier
Unstabilised high Basel! PO
densit Lupolen (Provided by
o et\llm ene 52612Q456 Uponor
polyethy Sweden)
Stabilised high Borealis
density BorPex HE1878E (Provided by
polyethylene Uponor
Sweden)
-di 25 CH
2,.5 dimethyl-2,5 Trigonox 101 aH
bis(t-butylperoxy) 5 Akzo Nobel
hexane (T101) CH, CH, H, 2CH CH,
Benzalkonium Benzalkonium N
chloride chloride CHQ(CHE )nCHy Sigma Aldrich
(BKC)
Copper S
f:tf)per nanopowder nanopowder {}Ha“'m"ﬂ\sw Cust Sigma Aldrich
(25 nm particle) éi‘ﬁ 5
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6.2.4 Thermal processing of polymers formulations.

Compression moulding.

The selected polymer formulation (in powder or pellet form) was placed between Teflon sheets,
inserted between two stainless steel sheets and placed between platens of a compression moulding
machine (Turton & Bradley) pre-heated to the appropriate temperature. The heated platens were
closed together for an initial 2 minutes at zero pressure, followed by a further 5 minutes under
maximum pressure of 22 kg/cm unless otherwise stated. The film samples were then cooled inside
the press platens immediately (by circulating cold water inside the platens) until the temperature
dropped down to 50°C after which the polymer films were removed and stored in the dark for

subsequent use.

Mini-Lab Haake extrusion.

The mixing chamber of a MiniLab (Haake) extruder was initially preheated and flushed with nitrogen
for more than 2 minutes to remove oxygen from the chamber (to minimise polymer oxidation) before
loading the dry formulation. The processing temperature and the concentration of the additives were
varied but the conical screw speed was fixed at 65 rpm for 5 minutes. The melt temperature and the
processing Torque were continuously monitored using dedicated software “PolyLab Monitor Version
4.16”. After completion of the compounding process, the processed polymer was removed from the
mixer and cooled down (in cold water) to avoid thermal oxidation. Polymer films were subsequently

prepared by compression moulding as described above.
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6.2.5 Purification of polymer films.

In order to establish if the novel compounds had been successfully integrated in the polymer matrix,

the polymer film samples were subjected to one of the 3 following purification processes:

Methanol accelerated solvent extraction.

Purification of film samples was carried out in a Dionex accelerated Solvent Extractor 200. Polymer
film pieces 4 x 2 cm were placed in stainless steel cells and extracted using the accelerated solvent
extractor equipment. Extraction with methanol was achieved at optimised oven temperature of 80°C
and pressure of 2000 psi for 5 cycles, each cycle being of 30 minutes duration. 100% methanol was

used to remove any unreacted and free additive from the samples.

Soxhlet extraction with methanol.

Polymer films were exhaustively Soxhlet extracted in methanol under nitrogen for 48 hours, in order
to remove any unbound homopolymerised additives and any low molecular mass material. The

extracted films were dried at room temperature in a vacuum oven overnight.

Methanol wipe.

The surface of polymer films were wiped with paper towel soaked in methanol to remove any surface-

loose additives.
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Table 6.3 Summary of polymer formulations, processing, and purification methods.

The composition of polymer formulations incorporating novel compounds and the processing and purification methods utilised prior to microbiological
testing. Unstabilised HDPE Lupolen (L), stabilised HDPE Borpex (B), trigonox 101 (T101), benzalkonium chloride (BKC), accelerated solvent extraction (ASE)

Composition Processing conditions
Polymer code Trigonox 101 Novel Antimicrobial Compression | .\ PL::;‘:;:Z’”
HDPE (% w/v) compound | compound (% | Temperature time Haake
(% w/v) w/v) (minutes)
HDPE (L) 160°C Unstabilised 0.005 160°C 5
(Lupolen
52617Q456)
HDPE (B) 160°C Stabilised (BorPex 0.005 160°C 5
HE1878E)
3% C109 (L) 160°C | Unstabilised 0.005 C109 (3%) 160°C 5
(Lupolen
52617Q456)
3% C109 (L) 180°C | Unstabilised 0.005 C109 (3%) 180°C 5
(Lupolen
5261ZQ456)
3% C114 (L) 160°C | Unstabilised 0.005 C114 (3%) 160°C 5
(Lupolen
52612Q456)
3% C119 (L) 160°C | Unstabilised 0.005 C119 (3%) 160°C 5
(Lupolen
52612Q456)
3% C109 (B) Stabilised (BorPex | 0.005 C109 (3%) 160°C 5
160°C HE1878E)
3% C109 (B) Stabilised (BorPex | 0.005 C109 (3%) 180°C 5
180°C HE1878E)
3% C119 (B) Stabilised (BorPex | 0.005 C119 (3%) 160°C 5
160°C HE1878E)
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Composition

Processing conditions

Polymer code Trigonox 101 Novel Antimicrobial Compression | /. . P‘:]:iilcr?(::n
HDPE (% w/v) compound | compound (% | Temperature time Haake
(% w/v) w/v) (minutes)
6% C109 (B) Stabilised (BorPex | 0.005 C109 (3%) 160°C 5
160°C HE1878E)
3% C109 (L) -T101 | Unstabilised 0 C109 (3%) 160°C 5
160°C (Lupolen
52617Q456)
3% C109 (L) 170°C | Unstabilised 0.005 C109 (3%) 170°C 5
(Lupolen
52617Q456)
3% C109 (L) 160°C | Unstabilised 0.005 C109 (3%) 160°C 10
(10 C™m) (Lupolen
52617Q456)
3% C109 (L) 160°C | Unstabilised 0.005 C109 (3%) | Copper 160°C 5
Cull (Lupolen nanoparticles
52617Q456) (15%)
3% C109 (L) -T101 | Unstabilised 0 C109 (3%) Copper 160°C 5
160°CCul ll (Lupolen nanoparticles
52617Q456) (15%)
3% C109 (L) 160°C | Unstabilised 0.005 C109 (3%) BKC (3%) 160°C 5
BKC (Lupolen
52617Q456)
3% C109 (L) -T101 | Unstabilised 0 C109 (3%) BKC (3%) 160°C 5
160°C BKC (Lupolen
52617Q456)
3% C109 (L) 160°C | Unstabilised 0.005 C109 (3%) BKC (3%) 160°C 5 5 minutes
BKC (5H) (Lupolen at 160°C
52617Q456)
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Table 6.3 continued. Summary of polymer formulations, processing, and purification methods

The composition of polymer formulations incorporating novel compounds and the processing and purification methods utilised prior to microbiological
testing. Unstabilised HDPE Lupolen (L), stabilised HDPE Borpex (B), trigonox 101 (T101), benzalkonium chloride (BKC), accelerated solvent extraction (ASE).

Composition Processing conditions
Polymer code Trigonox 101 Novel Antimicrobial Compression | o 0 PL::ﬁtcstZ’”
HDPE (% w/) compound | compound (% | Temperature time Haake etho
(% w/v) w/v) (minutes)
3% C109 (L) -T101 | Unstabilised 0 C109 (3%) BKC (3%) 160°C 5 5 minutes
160°C BKC (5H) (Lupolen at 160°C
52612Q456)
3% C109 (L) -T101 | Unstabilised 0 C109 (3%) 160°C 5 Soxhlet
160°C Soxhlet (Lupolen extraction
extraction 52617Q456)
3% C109 (L) -T101 | Unstabilised 0 C109 (3%) 160°C 5 Methanol
160°C Methanol (Lupolen ASE
ASE 52612Q456)
3% C109 (L) 160°C | Unstabilised 0.005 C109 (3%) 160°C 5 Methanol
Methanol ASE (Lupolen ASE
52612Q456)
3% C109 (B) Stabilised (BorPex 0.005 C109 (3%) 160°C 5 Methanol
160°C Methanol HE1878E) ASE
ASE
3% C109 (L) 160°C | Unstabilised 0.005 C109 (3%) 160°C 5 Soxhlet
Soxhlet extraction | (Lupolen extraction
5261ZQ456)
3% C109 (L) 160°C | Unstabilised 0.005 C109 (3%) 160°C 5 Methanol
methanol wipe (Lupolen wipe
5261ZQ456)
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6.2.6 Microbiological testing of polymers incorporating novel compounds with dual

germination and antimicrobial activity.

The microbiological testing of the various different polymers incorporating C109, C114 and C119,
BKC and copper nanoparticles was carried out by the author as part of the research study described

in this thesis.

6.2.6.1 Preparation of spore suspensions of C. difficile NCTC 11204.

Spore suspensions of C. difficile were prepared using a modified version of the method described
by Shetty et al. (1999) and (Wheeldon et al., 2008a). Frozen stocks of C. difficile NCTC 11204 stored
at -80°C were used to inoculate Columbia blood agar plates (Oxoid, UK) supplemented with 5% (v/v)
defibrinated horse blood (E&O Laboratories Ltd, UK). The inoculated plates were incubated at 37°C
under anaerobic conditions (MiniMACS Anaerobic Workstation, Don Whitley, UK) for 48-72 hours
before being incubated aerobically at room temperature for 72-120 hours. Spores were harvested
by removing the C. difficile colonies with sterile cotton swabs and suspending in 50% (v/v) sterile
distilled water 50% (v/v) absolute ethanol. The presence of a high concentration of spores was
confirmed by the Schaeffer-Fulton staining technique and stored at 4°C until required (Schaeffer
and Fulton, 1933). Prior to experimental use the spore suspensions were diluted and/or re-
suspended in 100% sterile distilled water and enumerated via serial dilution to determine the

CFU/ml of C. difficile spore suspension.
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6.2.6.2 Determination of C. difficile spore germination activity of polymer samples by

measurement of loss of resistance to ethanol.

The measurement of germination by loss of resistance to ethanol was based on the methods
described by Levinson and Hyatt (1966) and utilised by Wheeldon et al. (2008a). This method
exploits the loss of spore resistant properties upon initiation of germination. Germinating spores
are consequently sensitive to heat and chemical inactivation. Spores that do not initiate
germination during the experimental challenge are subsequently germinated under established
germination and cultivation conditions in order to be enumerated (Gould et al., 1968; Wheeldon et

al., 2008a).

Polymer samples were cut aseptically into 2 cm x 2 cm square coupons using sterile scissors and
stored in a sterile petri dish. In aerobic conditions, the polymer coupons were inoculated with a 10
ul aliquot of a C. difficile spore suspension (107 CFU/ml) thus providing 10° CFU per coupon directly
on the polymer surface. Inoculated polymers were stored at room temperature in sterile petri
dishes. Each polymer sample was tested in triplicate (3 coupons) at 0, 2, 24 and 96 hours post

inoculation.

At the appropriate time post inoculation, 0.3 ml of 100% ethanol was added directly to the surface
of each polymer coupon and incubated at room temperature for 15 minutes to eliminate
germinating C. difficile spores. Using sterile forceps, the polymer coupons were transferred to
individual sterile universal tubes containing 10 ml of sterile distilled water (SDW). The universal
tubes containing the polymer coupons were mixed vigorously by vortex for 30 seconds before a
serial dilution was completed using SDW to enumerate the bacteria. For each of the relevant
dilutions, an aliquot of 100 ul was spread over the surface of a Wilkins Chalgren agar plates,
supplemented with 0.1% (w/v) sodium taurocholate. Wilkins Chalgren agar plates were incubated
at 37°C under anaerobic conditions for 48 hours. Following incubation, the number of colonies on

each agar plate was counted to determine the CFU/ml of C. difficile.
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6.2.6.3 Determination of the antimicrobial activity of polymer samples against

germinated C. difficile spores.

The method used to determine the C. difficile spore germination activity of polymer samples by
measurement of loss of resistance to ethanol was modified to investigate the antimicrobial activity
of polymer samples against germinated C. difficile cells. C. difficile spores are not exposed to
ethanol, instead the intrinsic antimicrobial properties of the polymer formulations are responsible
for the elimination of germinating spores. As previously spores that do not initiate germination
during the experimental challenge are subsequently germinated by established germination

conditions in order to be enumerated (Gould et al., 1968; Wheeldon et al., 2008a).

At the appropriate time, post inoculation, sterile forceps were used to transfer the polymer
coupons directly to sterile universals containing 2 ml of Dey-Engley neutralising broth (BD
Biosciences, USA). The universal tubes containing the polymer coupons and DE neutralising broth
were mixed vigorously by vortex for 30 seconds and incubated for 5 minutes at room temperature.
To complete serial dilutions, 8 ml of SDW was added to each universal tube. The method was then
completed as described for the determination of C. difficile spore germination activity of polymer
samples by measurement of loss of resistance to ethanol. Each polymer sample was tested in

triplicate (3 coupons) at 0, 2, 24 and 96 hours post inoculation.

6.2.6.4 Statistical analysis.

A two-way analysis of variance (ANOVA) was used to determine the effect of polymer formulations
and time point on C. difficile CFU/ml, as a measure of germination and antimicrobial activity. Post
hoc Bonferroni’s multiple comparisons tests were used to statistically analyse the results. Both

statistical tests were completed using the GraphPad Prism software (GraphPad, USA).
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6.3 Results.

6.3.1 The germination activity of prototype polymer formulations incorporating novel

compounds.

Various prototype polymer formulations incorporating novel compounds C109, C114 and C119
were produced by altering the base HDPE, polymer additives and processing temperature in order
to investigate the ability to trigger spore germination as a strategy to eliminate C. difficile. The
germination activity of polymer formulations was determined by quantifying the loss of C. difficile
spore resistance to ethanol, whereby germinated spores regain sensitivity to adverse
environmental conditions (Levinson and Hyatt, 1966; Setlow, 2003). Germinating spores are
therefore susceptible to the antimicrobial activity of ethanol and the reduction in viable cells can
be determined. In order to first establish that polymer formulations incorporating the novel
compounds were able to reduce the number of recoverable C. difficile spores through the initiation
of germination, and that this reduction was substantially more effective than the reduction of
recoverable C. difficile spores from control polymers containing no known germinants, spores of C.
difficile NCTC 11204 were inoculated onto the surface of control and prototype polymer
formulations coupons incorporating novel compounds C109, C114 and C119 as described in the
methods. The results were analysed by comparing the C. difficile CFU/ml from polymer formulations

incorporating the novel compounds and control polymers at the equivalent time points.

Investigations revealed diverse germination activity across the polymer formulations incorporating
novel compounds at the different time points tested and a reduction of recoverable C. difficile
spores from the control polymers. Of the polymer formulation produced from unstabilised HDPE
(Lupolen 52612Q456), only the formulation of 3% C114 (L) 160°C produced a statistically significant
0.99 log reduction (P < 0.0001) in C. difficile CFU/ml after 24-hours compared to the control polymer
at the same time point (figure 6.1A). Log reductions of 1.29 and 1.2 were observed at 2- and 96-

hours but were not significant when compared with reductions of the control polymer with no
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additive. The other unstabilised polymer formulations tested; 3% C109 (L) 160°C, 3% C109 (L) 180°C
and 3% C119 (L) 160°C did not produce significant (P > 0.05) log reductions at 2-, 24- or 96-hours
when compared to the control polymer at the same time point but demonstrated promising results
for further investigation. Polymer formulation 3% C109 (L) 160°C and 3% C119 (L) 160°C produced

a non-significant 0.78 and 0.81 log reduction of C. difficile spores respectively, at 2 hours.

For the polymer formulation produced from stabilised HDPE (BorPex HE1878E), the formulation
containing 3% C109 (B) 160°C produced a significant (P = 0.0004) reduction in C. difficile CFU/ml
after 2 hours, demonstrating a 2.10 log reduction compared to the control (HDPE (B) 160°C) at the
same time point (figure 6.1B). The same formulation also demonstrated a non-significant (P > 0.05)
log reduction of 1.86 at 24 hours and 1.53 at 96 hours compared to the control at the same time
point. A significant reduction was not observed (P > 0.05) for any of the other stabilised polymer
formulations tested compared to the control polymer at the same time point. As for the
unstabilised polymer formulation, other stabilised polymer formulations while non-significant, also
demonstrated promising results. Formulation 3% C119 (B) 160°C produced a non-significant 0.83

log reduction of C. difficile spores at 2 hours.

A reduction in the recovery of C. difficile spores from the unstabilised and stabilised control polymer
formulations HDPE (L) 160°C and HDPE (B) 160°C was observed over the time points of the
experiment but this was not determined to be a statistically significant reduction from time point
zero. Polymer formulations incorporating novel compounds produced with stabilised and
unstabilised high density polyethylene both demonstrated germination activity as measured by the
reduction of recovered C. difficile spores. As a result of these findings, subsequent polymer
formulations were produced to establish the optimal composition and processing conditions for

the germination of C. difficile spores.
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Figure 6.1 Determination of C. difficile spore germination activity by prototype polymer

formulations containing novel compounds C109, C114, C119 produced from stabilized and

unstabilised high density polyethylene by measurement of loss of resistance to ethanol.

Germination activity was measured at 2, 24 and 96 hours post inoculation of polymer

formulations. A) Unstabilised HDPE (Lupolen 5261Z2Q456) polymer formulations. B) Stabilised

(BorPex HE1878E) polymer formulations. Statistical analysis was carried out via a two-way

ANOVA and Bonferroni multiple comparison post-hoc test. Statistically significant reductions of

survival compared to the control at the same time point are marked with asterisks (P < 0.05).
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6.3.2 The role of novel compound concentration on the germination activity of polymer

formulations incorporating novel compound C109.

The initial experiments established that polymer formulations incorporating the novel compounds
were effective at reducing the recoverable C. difficile spores compared to control polymers at the
equivalent time point. Subsequent investigations of the polymer formulations incorporating the
novel compounds quantified and analysed the reduction of recovered C. difficile (CFU/ml) at the
specified time points compared to the recovered C. difficile (CFU/ml) at time zero. Unstabilised
HDPE (Lupolen 5261ZQ456) was chosen as the base material for the production of polymer
formulation used to investigate the role of novel compound concentration and peroxide initiator

on the germination activity.

In order to investigate the dose dependant effect of novel compound C109 on germination activity,
a polymer formulation with an increased concentration (6%) was produced. Increasing the
concentration of C109 incorporated into the polymer formulation was not found to enhance
germination activity. The unstabilised polymer formulation 6% C109 (L) 160°C produced a
significant reduction (P < 0.0001) of C. difficile CFU/ml following 2, 24 and 96 hours exposure,
demonstrating a 0.69, 0.49 and 0.52 log reduction respectively (figure 6.2). However, the polymer
formation incorporating a lower concentration of the novel compound, 3% C109 (L) 160°C was
found to induce a greater log reduction at the same time points, demonstrating significant 2.11 (P

0.0104), 1.52 (P < 0.0001) and 1.10 log reduction (P < 0.0001) at 2, 24 and 96 hours respectively.
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Figure 6.2 Determination of C. difficile spore germination by polymer
formulations containing novel compound C109 by measurement of loss of
resistance to ethanol. Germination activity was measured at 2, 24 and 96 hours
post inoculation of polymer formulations. Statistical analysis was carried out via
a two-way ANOVA and Bonferroni multiple comparison post-hoc test.
Statistically significant reductions of survival compared to the control are

marked with asterisks (P < 0.05).
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6.3.3 The role of peroxide initiator T101, on the germination activity of polymer

formulations incorporating novel compound C109.

Polymer formulations produced without the peroxide initiator trigonox, demonstrated significant
germination activity, but this was to a lesser extent compared to the polymer formations produced
with trigonox. Unstabilised polymer formulation 3% C109 (L) -T101 160°C produced a significant
reduction in C. difficile CFU/ml after 2 and 96 hours exposure, demonstrating 0.79 (P < 0.0001) and
0.72 log reductions respectively (figure 6.3A). A non-significant (P > 0.05) 0.70 log reduction was
achieved after 24 hours. The equivalent polymer formulation produced with trigonox, 3% C109 (L)
160°C demonstrated a significant reduction (P < 0.001) of C. difficile CFU/ml of 2.11, 1.54 and 1.10
log at 2, 24 and 96 hours respectively. The completion of post processing purification via Soxhlet
methanol extraction and methanol ASE reduced the germination activity of polymer formulations
but the reduction of C. difficile spores remained statistically significant with the exception of one
time point. Polymer formulation 3% C109 (L) -T101 160°C Soxhlet extraction produced a significant
reduction of C. difficile CFU/ml at 2 and 24 hours exposure, demonstrating a 0.58 (P = 0.0023) and
0.67 log reduction (P =0.0147) respectively (figure 6.3B). The 0.60 log reduction achieved at the 96-
hour time point was not significant (P > 0.05). Polymer 3% C109 (L) -T101 160°C methanol ASE
produced a significant reduction (P < 0.0001) of C. difficile CFU/ml at 2, 24 and 96 hours exposure,

demonstrating a 0.30, 0.11 and 0.15 log reduction respectively (figure 6.3B).
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Figure 6.3 Determination of C. difficile spore germination by polymer formulations containing novel compound C109 produced with and without the
peroxide initiator Trigonox 101 (T101) by measurement of loss of resistance to ethanol. Germination activity was measured at 2, 24 and 96 hours
post inoculation of polymer formulations. A) Unstabilised polymer formulations. B) Post processing purified unstabilised polymer formulations
produced without the peroxide initiator T101. Statistical analysis was carried out via a two-way ANOVA and Bonferroni multiple comparison post-

hoc test. Statistically significant reductions of survival compared to the control are marked with asterisks (P < 0.05).
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6.3.4 The role of stabilised and unstabilised HDPE on the germination activity of polymer

formulations incorporating novel compound C109.

The impact of the base material of the polymer formulation was re-examined by incorporating
novel compound C109 into polymers comprised of unstabilised (Lupolen 5261ZQ456) and stabilised
(BorPex HE1878E) high density polyethylene. Unstabilised and stabilised polymer formulation
incorporating 3% C109 produced at 160°C both demonstrated statistically significant reductions in
C. difficile CFU/ml during testing. The unstabilised (Lupolen 5261Z2Q456) polymer formulation 3%
C109 (L) 160°C produced a significant reduction of C. difficile CFU/ml at 2, 24 and 96 hours exposure,
demonstratinga 1.88 (P <0.0001), 1.52 (P =0.0021) and 1.34 log reduction (P = 0.0013) respectively
(figure 6.4A). The stabilised (BorPex HE1878E) polymer formulation 3% C109 (B) 160°C produced a
significant (P < 0.0001) reduction in C. difficile CFU/ml of 1.83 and 1.63 log at 24 and 96 hours
respectively (figure 6.4B). A 0.53 log reduction was achieved after 2 hours but was not statistically

significant (P > 0.05).

The addition of post processing purification via methanol-accelerated solvent extraction reduced
the germination activity of unstabilised and stabilised polymer formulations. Unstabilised (Lupolen
5261ZQ456) polymer formulation 3% C109 (L) 160°C methanol ASE produced a significant reduction
in C. difficile CFU/ml of 0.29 (P < 0.0001) and 0.36 log reduction (P < 0.0019) at 2 and 24 hours
respectively (figure 6.4A). Stabilised (BorPex HE1878E) polymer formulation 3% C109 (B) 160°C
methanol ASE produced a significant (P < 0.001) reduction in C. difficile CFU/ml of 0.50 and 0.65 log

reduction at 24 and 96 hours respectively (figure 6.4B)
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Figure 6.4 Determination of C. difficile spore germination by polymer formulations containing novel compound C109 produced with unstabilised
(Lupolen 52612Q456) and stabilised (BorPex HE1878E) HDPE by measurement of loss of resistance to ethanol. Germination activity was measured at
2, 24 and 96 hours post inoculation of polymer formulations. A) Unstabilised polymer formulations. B) Stabilised polymer formulations. Statistical
analysis was carried out via a two-way ANOVA and Bonferroni multiple comparison post-hoc test. Statistically significant reductions of survival

compared to the control are marked with asterisks (P < 0.05).
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6.3.5 The role of thermal processing of polymer formulations on the germination activity

of polymer formulations incorporating novel compound C109.

Unstabilised polymer formulation 3% C109 (L) 170°C demonstrated a significant reduction in C.
difficile CFU/ml of 0.91 (P =0.0004) and 0.74-log (P < 0.0001) at 24 and 96 hours respectively (figure
6.5A). A 2.11 log reduction was achieved at 2 hours, comparable to that achieved by 3% C109 (L)
160°C but was not statistically significant (P > 0.05). A significant reduction (P > 0.05) was not
observed at any time point tested for the polymer formulation 3% C109 (L) 180°C compared to the
control at time point zero. The unstabilised polymer formulation 3% C109 (L) 160°C (10 CM), which
was compression moulded at maximum pressure for an additional 5 minutes demonstrated
reductions of 1.67, 1.78, 1.25 log at 2, 24 and 96 hours, but were not found to be statistically

significant (P > 0.05).

Post processing purification by Soxhlet extraction and methanol accelerated solvent extraction of
polymer formulation 3% C109 (L) 160°C resulted in a reduction of germination activity compared to
previously presented results (figure 6.4A). The unstabilised polymer formulation 3% C109 (L) 160°C
purified via methanol ASE produced a significant reduction in C. difficile CFU/ml of 0.36 (P = 0.0098)
and 0.73 log reduction (P < 0.0001) at 24 and 96 hours respectively (figure 6.5B). A significant
reduction (P > 0.05) however was not observed at any time point tested for the polymer
formulation 3% C109 (L) 160°C purified via Soxhlet extraction compared to the control at time point
zero. Unstabilised polymer formulation 3% C109 (L) 160°C (10 min) post methanol ASE produced a
0.97, 0.48 and 0.86 log reduction at 2, 24 and 96 hours respectively but was not determined to be

statistically significant (P > 0.05).
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Figure 6.5 Determination of C. difficile spore germination by polymer formulations containing novel compound C109 produced under different thermal
processing conditions by measurement of loss of resistance to ethanol. Germination activity was measured at 2, 24 and 96 hours post inoculation of
polymer formulations. A) Unstabilised polymer formulations. B) Post processing purified unstabilised polymer formulations. Statistical analysis was
carried out via a two-way ANOVA and Bonferroni multiple comparison post-hoc test. Statistically significant reductions of survival compared to the

control are marked with asterisks (P < 0.05).
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6.3.6 The germination activity of polymer formulations incorporating novel compound

C109 and copper nanoparticles.

Polymer formulations produced with copper nanoparticles did not demonstrate germination
activity. A significant reduction (P > 0.05) of C. difficile CFU/ml was not observed at any time point
tested for the polymer formulations 3% C109 (L) 160°C Cu Il and 3% C109 (L) T101 160°C Cu |l

compared to the control at time point zero.
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Figure 6.6 Determination of C. difficile spore germination by polymer formulations containing
novel compound C109 produced with copper nanoparticles by measurement of loss of
resistance to ethanol. Germination activity was measured at 2, 24 and 96 hours post
inoculation of polymer formulations. Statistical analysis was carried out via a two-way ANOVA
and Bonferroni multiple comparison post-hoc test. Statistically significant reductions of

survival compared to the control are marked with asterisks (P < 0.05).
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6.3.7 The germination activity of polymer formulations incorporating novel compound

C109 and benzalkonium chloride.

Polymer formulation containing novel compound C109 and benzalkonium chloride were found to
cause germination of C. difficile spores, but this was dependent upon the presence of peroxide
initiator T101 and the processing temperature utilised to produce the polymer formulations.
Polymer formulation 3% C109 (L) 160°C BKC demonstrated a significant reduction in C. difficile
CFU/ml of 1.48 (P = 0.0007), 1.48 (P = 0.0016) and 1.14 log (P = 0.0026) at 2, 24 and 96 hours
respectively (figure 6.5A). In the absence of peroxide initiator T101 germination activity was
eliminated, a significant reduction (P > 0.05) of C. difficile CFU/ml was not observed at any time
point tested for the polymer formulation 3% C109 (L) -T101 160°C BKC compared to the control at
time point zero. The introduction of Mini-Lab Haake processing of polymer formulations also
eliminated the germination activity. Polymer formulations 3% C109 (L) 160°C BKC (5H) and 3% C109
(L) -T101 160°C BKC (5H) did not produce a significant reduction (P > 0.05) of C. difficile CFU/ml

compared to the control at any time point tested.
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Figure 6.7 Determination of C. difficile spore germination by polymer formulations containing novel compound C109 produced with benzalkonium

chloride by measurement of loss of resistance to ethanol. Germination activity was measured at 2, 24 and 96 hours post inoculation of polymer

formulations. Statistical analysis was carried out via a two-way ANOVA and Bonferroni multiple comparison post-hoc test. Statistically significant

reductions of survival compared to the control are marked with asterisks (P < 0.05).
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6.3.8 The antimicrobial activity of polymers incorporating novel compound C109.

The antimicrobial activity of polymer formulations was investigated by modifying the method
utilised to determine the C. difficile spore germination activity of polymer formulations. The
elimination of germinating C. difficile spores sensitive to chemical inactivation is derived from the
antimicrobial properties of the quaternary ammonium cation of novel compound C109
incorporated into polymer formulations, which also initiate germination. Polymer formulations
demonstrated antimicrobial activity against germinating C. difficile spores but the reduction in
CFU/ml was to a lesser extent than that of germinating spores exposed to ethanol. Unstabilised
polymer formulation 3% C109 (L) 160°C produced a 1.51, 0.88 and 0.66 log reduction of C. difficile
CFU/ml after 2, 24 and 96 hours exposure respectively but these were not determined to be
statistically significant (P > 0.05) (figure 6.8A). A significant reduction (P > 0.05) of C. difficile was
not observed at any time point tested for the polymer formulation 3% C109 (L) 170°C compared to

the control.

Post processing purification via methanol ASE and Soxhlet extraction of the polymer formulations
reduced the antimicrobial activity of the polymer formulations although some statistically
significant results were obtained. Unstabilised (Lupolen 52612Q456) polymer formulations 3% C109
(L) 160°C Soxhlet extraction did not produce a significant reduction (P > 0.05) of C. difficile at any of
the time points tested. Polymer formulation 3% C109 (L) 160°C methanol wipe produced a
significant reduction of C. difficile CFU/ml after 2 and 96 hours exposure, demonstrating 0.33 (P =

0.0094) and 0.65-log reductions (P = 0.0003) respectively (figure 6.8B).
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Figure 6.8 Determination of antimicrobial activity of polymer formulations incorporating novel compound C109 against germinating C. difficile spores.
Antimicrobial activity was measured at 2, 24 and 96 hours post inoculation of polymer formulations. A) Unstabilised polymer formulations. B) Post
processing purified unstabilised polymer formulations. Statistical analysis was carried out via a two-way ANOVA and Bonferroni multiple comparison

post-hoc test. Statistically significant reductions of survival compared to the control are marked with asterisks (P < 0.05).
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6.3.9 The antimicrobial activity of polymers incorporating novel compound C109 and

benzalkonium chloride.

Polymer formulations incorporating novel compound C109 and benzalkonium chloride
demonstrated statistically significant antimicrobial activity against germinating C. difficile spores.
Unstabilised polymer formulation 3% C109 (L) 160°C BKC produced a 0.43 (P = 0.001), 0.36 (P =
0.0026) and 0.32-log reduction (P = 0.0049) of C. difficile CFU/ml after 2, 24 and 96 hours exposure

respectively (figure 6.9).
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Figure 6.9 Determination of antimicrobial activity of polymer formulations
incorporating novel compound C109 against germinating C. difficile spores.
Antimicrobial activity was measured at 2, 24 and 96 hours post inoculation of polymer
formulations. Statistical analysis was carried out via a two-way ANOVA and
Bonferroni multiple comparison post-hoc test. Statistically significant reductions of

survival compared to the control are marked with asterisks (P < 0.05).
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6.4 Discussion.

Existing strategies to eliminate C. difficile spores from clinical surfaces utilise sporicidal biocides
which are reliant effective application have been demonstrated to deliver inadequate
decontamination (McDonald et al., 2018; Speight et al., 2011). The use of advanced UV and
hydrogen peroxide vapour no touch room decontamination methods are time consuming and
require patient rooms to be empty (Boyce et al., 2008; Levin et al., 2013). Employing the pro-
germination elimination strategy of ‘germinate to exterminate’ a prototype sporicidal polymeric
smart surface was designed and developed to specifically target C. difficile spores, providing
reusable, passive decontamination to complement and enhance the routine use of disinfectants
and sporicidal biocides in clinical environments (Wheeldon et al., 2010). Bile salt-derived novel
compounds incorporated in the polymeric biomaterial function as C. difficile spore germinants and
antimicrobial agent, initiating germination and causing the loss of spore resistant properties
(Setlow, 2003). The germinating spores become susceptible to the antimicrobial agents
incorporated in the smart surface and are subsequently eliminated. This work characterises
polymer formulations incorporating novel bile salt-derived compounds possessing both
germination and antimicrobial properties, demonstrating the prototype polymeric biomaterial
caused significant elimination of C. difficile spores from the surface of the smart surface.
Germination activity of the polymer formulations was determined by the loss of resistance of
germinating spores to ethanol while antimicrobial activity was measured by determining the
sensitivity of the germinating spores to the antimicrobial compounds incorporated into the polymer
formulations. The data presented provides evidence of the efficacy of a prototype sporicidal
polymeric biomaterial targeting C. difficile spores and demonstrates the potential for the use of a
pro-germination decontaminating smart surface for high-touch clinical surfaces to reduce the

transmission of CDI.
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Initial testing of prototype polymer formulations provided proof of concept that a pro-germination
smart surface targeting C. difficile spores was successful, demonstrating significant germination
activity compared to the control at the same time point. However the polymer formulations
produced for the initial experiments did not provide comprehensive variation of the novel
compounds incorporated, base HDPE and processing temperature, in order for independent
variables to be evaluated individually. Only polymer formulations incorporating novel compound
C109 were produced with both stabilized and unstabilised HDPE and at both initial testing
temperatures. These polymer formulations demonstrated significant germination activity at 2
hours and non-significant results at 24 and 96 hours but failed to provide specific information on
the appropriate formulation and processing conditions for optimal germination activity. Of the
series of novel compounds developed and synthesised by Hird (2014) only a limited number were
evaluated for germination activity. Candidate C109 was determined to have suspected sporicidal
activity, with the initiation of germination and antimicrobial activity of the quaternary ammonium
compound determined as the mechanism of action. The assessment of the germination and
antimicrobial activity of these novel compounds was completed by attempting to dissolve the
candidate novel compounds in liquid media, despite poor solubility in agqueous solutions and
limiting the validity of conclusions. In the Hird (2014) preliminary tests, C109 achieved a 2 log
reduction of C. difficile 11204 spores following 1 hour exposure, measured via loss of resistance to
heat, suggesting promising germination activity. Considering this data and the characterisation of
the germination and antimicrobial activity of C109 presented in chapter 5 of this thesis and the
results of initial testing of prototype polymer formulations, C109 was chosen as the novel
compound for inclusion in polymer formulations to investigate the optimisation of polymeric smart
surface targeting C. difficile. A 3% (w/w) concentration of novel compound was selected to reflect
the concentration of bile salt germinant used in culture media to maximise the recovery of C.
difficile from patient samples and the efficient initiation of germination (0.1%) (Wilson, 1983; Sorg

and Sonenshein, 2008; Wheeldon et al., 2011). While this concentration exceeds the maximum
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level of taurocholate achieved in a healthy adult duodenum, a high concentration was considered
necessary as only novel compound on the surface of the polymer material would be available to
interact with C. difficile spores and initiate germination (Leverrier et al., 2003; Mallory et al., 1973).
Further polymer formulations incorporating C109 were produced to evaluate the effects of polymer
formulation composition, processing conditions and post-processing purification on C. difficile
spore germination activity. Increasing the concentration of C109 in polymer formulations to 6% was
found to negatively influence germination activity, Greater log reductions of C. difficile CFU/m| were
achieved by the polymer formulation containing 3% C109 at all time points tested. The higher
concentration of C109 is far beyond the typical industry standard of biocide additives of 0.001-1%
(w/w) and may have an adverse effect on the structural order of the polymer, inhibiting the process

of crosslinking of the novel compound to the base HDPE (Hahladakis et al., 2018; Canevarol, 2020).

Polymer formulations incorporating C109 produced with stabilised or unstabilised HDPE both
demonstrated C. difficile germination activity that was statistically significant. Incorporation of C109
in the unstabilised HDPE polymer formulation demonstrated significant germination at all 3 time
points tested while the equivalent stabilised HDPE polymer formulation produced significant log
reductions at only 24 and 96 hours. The use of unstabilised HDPE also provides an economical
benefit of lower manufacturing cost. The inclusion of the peroxide initiator T101 in polymer
formulations was found to be beneficial for the germination activity against C. difficile. This finding
was as expected, as peroxide initiators are utilised to generate free radicals under thermal
decomposition, promoting polymerisation through the initiation of crosslinking of monomeric
units, including the copolymerisation of the base HDPE and the bile salt-derived novel compounds

(Guerrero-Santos et al., 2013).

The processing conditions of the polymer formulation proved to be highly influential on C. difficile
germination activity. Compression moulding at temperatures over 170°C was determined to be

detrimental to the germination activity of polymer formulations. This reduction in germination
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activity was also observed when the duration of the polymer processing was increased during
extended compression moulding to promote crosslinking or as a result of Mini-Lab Haake
processing, utilised to improve the uniformity of additives throughout the polymer matrix. HDPE is
known to be stable at high temperatures, indicating the likely degradation of the novel compound
C109 at high temperature and during prolonged exposure to the optimal temperature used during

compression moulding (Giles et al., 2005; Sustaita-Rodriguez et al., 2019).

Post processing purification of multiple polymer formulations incorporating C109 was examined to
determine if the novel compound providing germination and antimicrobial activity could be
extracted or removed from the surface of the polymer formulations. In every case examined, post
processing purification via methanol-accelerated solvent extraction, Soxhlet extraction or methanol
wipe, resulted in a reduction of the germination or antimicrobial activity of the polymer
formulations but some activity was retained, producing statistically significant reductions of C.
difficile spores. As germination or antimicrobial activity was not completely eliminated from the
polymer formulations this demonstrates a proportion of C109 was successfully and permanently
integrated into the base HDPE via non-covalent trapping within the polymer matrix while some
remained unbound and was deposited on the surface or within the matrix of the polymer
formulation. This inefficient grafting of the novel compound signifies the desired 3% concentration
of incorporated C109 was not achieved and that the free novel compound could be lost into the
environment. This limits the usefulness of the polymeric smart surface as a reusable method for
passive decontamination to target C. difficile spores. It also has implication for migration and
unintended exposure of humans to the bile derived novel compounds and the risk of the
development of cross-resistance between quaternary ammonium compounds and therapeutic

antibiotics by clinically important pathogens (Hahladakis et al., 2018; Hegstad et al., 2010).

The inclusion of antimicrobial agents had a varied effect on the germination activity of polymer

formulations incorporating C109. Incorporation of copper nanoparticles eliminated the C109
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derived germination activity while polymer formulations incorporating C109 and BKC demonstrated
significant germination activity similar to that of the polymer formulation with C109 alone. Further
investigation of the antimicrobial activity of polymer formulations incorporating C109 established
C. difficile spores germinated and were eliminated from the surface of the polymer but the resultant
reduction in viable spores showed considerable variation and was not statistically significant.
Polymer formulations incorporating C109 and BKC however demonstrated statistically significant
reductions in C. difficile at all time points tested. This finding validates the sporicidal polymeric
smart surface, utilising the ‘germinate to exterminate’ strategy, to successfully eliminate C. difficile
spores (Wheeldon et al., 2010). While the current polymer formulations incorporating novel
compounds provide modest but significant elimination of C. difficile spores, the capacity to trigger
germination offers an opportunity to substantially enhance the efficacy of current routine
decontamination of clinical surfaces with chlorine-based cleaning agents and terminal cleaning with

hydrogen peroxide vapour (Department of Health and Health Protection Agency, 2008).

The exhibited germination and antimicrobial activity of the bile salt-derived novel compound
synthesised at Aston University expands the knowledge of known C. difficile spore germinants and
agents with antimicrobial activity against C. difficile (Hird, 2014). Incorporation of these compounds
in a polymeric smart surface, to our knowledge, is the first description of a passive decontamination
strategy to target C. difficile spores that contaminate the environment. The results achieved with
the current polymer formulation incorporating novel bile salt-derived compounds and biocides
demonstrate the capability of a pro-germination polymeric biomaterial to eliminate C. difficile
spores and warrants further research to optimise the germination and antimicrobial activity against
C. difficile. The application of a C. difficile targeting smart surface provides an opportunity to
prevent the transmission and dissemination of C. difficile spores to reduce CDI in vulnerable
patients. The use of the polymer formulation and incorporated novel bile salt-derived compound
do not provide the environmental conditions to support C. difficile replication and consequently do

not pose a risk of spore outgrowth or sporulation (Wheeldon et al., 2008a; Kohler et al., 2018). By
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initiating the irreversible process of germination upon contact, the ‘chain of infection’ is broken
(Setlow, 2003). Utilising a pro-germination smart surface in a clinical setting could reduce the
currently required frequent environmental cleaning and the need for harsh chemical disinfectants
which pose a risk of harmful respiratory exposure and can cause damage to surfaces (Department

of Health and Health Protection Agency, 2008; Wilcox and Fawley, 2000; Speight et al., 2011).

It was anticipated that increased exposure time of C. difficile spores with the polymer formulation
incorporating the bile salt-derived novel compounds would lead to greater reduction in viable C.
difficile spores, but this was not the case. In multiple circumstance we observed the opposite: a
lower log reduction of C. difficile CFU/ml at 96 and 24 hours compared to that at 2 hours exposure.
This observation may be a consequence of the heterogenous germination response of the spore
population, particularly a ‘superdormant’ subpopulation which do not rapidly respond to the
presence of germinants and co-germinants (Gould, 1970; Gould et al., 1968). These superdormant
spores are thought to require a higher level of germinant stimulus to triggering germination which
is linked to the availability of germinant receptors (Ghosh and Setlow, 2009). Superdormant Bacillus
sp. spores have been demonstrated to germinate in response to alternative germinants and have
elevated heat resistance properties (Ghosh et al., 2009; Ghosh and Setlow, 2009). An investigation
of the stability of superdormant Bacillus spores by Ghosh and Setlow (2010) demonstrated isolated
superdormant Bacillus species spores stored under a number of conditions became increasingly
responsive to germinants over a 2 month period, suggesting that the ‘germinability’ of
superdormant spores may be influenced by the environmental or storage conditions (Gould 1968).
There are however distinct differences in the process and kinetics of germination in C. difficile and
Bacillus species spores and superdormant spores of C. difficile have yet to be isolated and
characterised (Wang et al.,, 2015; Zhang and Mathys, 2019). Freeman and Wilcox (2003)
demonstrated aerobic storage of C. difficile spores in faecal samples at 4°C or -20°C had no
significant impact on the recovery of C. difficile spores, via germinant supplement media, up to 56

days. This finding was in disagreement with earlier research which reported the inability to recover
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C. difficile from faecal samples by 10 days when stored aerobically at 5°C or by 4 days at 25°C
(Bowman and Riley, 1986). Weese et al. (2000) also reported a decline in the recovery of C. difficile
from inoculated equine faecal samples stored aerobically at 4°C over 11 days. Most recently and
further adding to the conflicting evidence, Deng et al. (2015) demonstrated the divergent
germination response of spores of 2 C. difficile strains to storage at room temperature. Spores of C.
difficile strain M120 demonstrated a significant decrease in viability and germination capacity over
the 4 months of the study period, while for spores of R20291 this significantly increased (Deng et
al., 2015). Very little data is available on the impact of storage at room temperature on viability and
germination response and specifically the desiccated conditions of the C. difficile spores used during
the assessment of the germination activity of the polymer formulation. The data presented by Deng
et al. (2015), indicates spores are able to transition from a superdormant state to become
responsive to germinants and possibly vice versa. The experimental conditions utilised to determine
the germination activity of the polymer formulation may influence the germination response and

viability of the C. difficile spores, leading to a reduction in germinability over time.

The heterogeneity of the germination response in this study over time could also be linked to the
method used to prepare the C. difficile spores. The spore suspension was not purified and so the
crude spore preparation contained cell debris, non-viable vegetative cells and spores at various
stages of sporulation. To reflect the authentic conditions where patients shed C. difficile spores into
the clinical environment the spore suspension was not subjected to sub-lethal heat activation, a
method frequently used to stimulate a consistent germination response (Sethi et al., 2010; Ghosh
and Setlow, 2009; Ghosh et al., 2009). A disparity in the germination response of spores has been
linked with the methodology used to prepare C. difficile spores for experimental investigations
(Malyshev and Baillie, 2020; Sorg and Sonenshein, 2010; Heeg et al., 2012). The laboratory
techniques used to produce standardised spore preparations ensure a reliable germination
response but might not reflect the germination capacity characteristic of C. difficile spores shed by

patients (Shen, 2020). The discrepancy of the germination response and subsequent elimination of

236
A.J. Lawler, PhD Thesis, Aston University 2022



C. difficile spores during the evaluation of the polymer formulations incorporating novel bile salt-
derived novel compounds may be related to spore maturity and the variety of morphotypes found
in the crude spore preparation used in this study. A better understanding of the mechanisms and
characteristics of spore super dormancy and germination capcity is essential to identify the required
conditions to germinate the population of C. difficile spores in order to eliminate them via the

germinate to exterminate strategy.

The observations of germination and antimicrobial activity in this study are limited by the use of
the single C. difficile strain NCTC 11204. The variation in germination response by clinical and
laboratory strains of C. difficile described by other researchers clearly demonstrates the need to
utilise multiple C. difficile strains to evaluate the efficacy of polymeric smart surface incorporating
bile salt-derived compounds to germinate and eliminate C. difficile spores (Heeg et al., 2012; Francis
et al., 2013; Thanissery et al., 2017; Rohlfing et al., 2019). Experimental conditions, such as the use
of the crude C. difficile spore suspension and the ambient testing temperature were selected to
replicate the conditions in which the targeted smart surface is intended to be used. Further
investigations should also address the efficacy of the polymer formulations incorporating bile salt-
derived novel compounds in the presence of organic debris that frequently contaminates clinical
environments and can inhibit the antimicrobial activity of quaternary ammonium compounds, with
multiple representative strains of C. difficile, including those that are clinically relevant (Vohra and

Poxton, 2011).

It is probable that insufficient novel compounds germinants were incorporated into the current
polymer formulations to trigger efficient germination. The reduced activity of polymer formulations
post purification suggests this is the case. The successful incorporation of a higher concentration of
bile salt-derived novel compound could impact germination activity significantly, delivering a
reliable and reusable smart surface for the elimination of C. difficile spores, appropriate for use in

a clinical environment. Since clinical isolates C. difficile spores have demonstrated differential
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germination responses to bile salt germinants and inhibitors, it could be advantageous to
incorporate multiple bile salt-derived novel compounds, not fully evaluated in this study, to target
strains which have altered sensitivity to bile salt germinants (Heeg et al., 2012; Thanissery et al.,
2017; Rohlfing et al., 2019). For this purpose, the germination and antimicrobial activity of other
bile salt-derived novel compounds designed by Hird (2014) should also be investigated in a
polymeric formulation, including compounds C114 and C119 which demonstrated germination

activity in initial experiments.

To further enhance germination activity of the polymeric smart surface, co-germinants, including
amino acids and calcium could be incorporated into the polymer formulations (Sorg and
Sonenshein, 2008; Wheeldon et al., 2011; Kochan et al., 2017). Calcium in particular has an
additional advantage as it is able to synergise with amino acid co-germinants, compensating for
sub-optimal concentrations, to trigger germination in combination with bile salt germinants
(Kochan et al., 2018b). Further study of the novel bile salt-derived compounds, polymer
composition and processing conditions is needed to determine optimal methods to maximise

grafting of the novel compounds and enhance germination activity.
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Chapter 7

7.0 Final discussion.

The research presented in this thesis aimed to investigate C. difficile spore germination and to
utilise this knowledge to develop a pro-spore germination strategy to eliminate C. difficile spores in
the environment. C. difficile is a major healthcare associated pathogen and a significant cause of
morbidity and mortality (Balsells et al., 2019). Key to the transmission of CDI is the formation of
highly resistant C. difficile spores (Driks, 2003; Setlow, 2014; McFarland et al., 1989; Samore et al.,
1996). Disruption of the intestinal microbiota, typically by broad spectrum antibiotics is the most
common risk factor for the colonisation of patients with C. difficile (Poutanen and Simor, 2004;
Vedantam et al., 2012). The ingested spores of C. difficile germinate in response to specific
environmental signals within the small intestine, transforming the metabolically dormant spore to
an outgrowing vegetative cell (Shen, 2020; Viswanathan et al., 2010). The clinical presentation of
CDI, which ranges from mild diarrhoea to life-threatening pseudomembranous colitis and fulminant
colitis, is a consequence of the production of the highly potent proteinaceous exocellular toxins
TcdA and TcdB which cause intestinal damage, acute activation of innate immune response and
fluid accumulation (Leffler and Lamont, 2015; Chandrasekaran and Lacy, 2017; Voth and Ballard,
2005). Despite antibiotic therapy to treat CDI, recurrence of CDI occurs in approximately 25% of

cases, often due to the continued disruption to the gut microbiota (Kelly, 2012; Debast et al., 2014).

The spores of C. difficile are highly resistant to the adverse environmental conditions facilitating
their dissemination and persistence in clinical environments (Paredes-Sabja et al., 2014; McFarland
et al., 1989; Samore et al., 1996). Dormancy and durability of the spore is maintained by the low
water content of the spore core and the protective spore structures which prevent damage from
desiccation, UV radiation, high temperatures, enzymatic attack and chemicals or biocides
(Nicholson et al., 2000; Popham, 2002; Paredes-Sabja et al., 2008; Setlow, 2014). Symptomatic and

asymptotic CDI patients shed spores which contaminate the clinical environmental and acts as a
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major reservoir for the transmission of CDI (Sethi et al., 2010; Riggs et al., 2007; McFarland et al.,

1989; Samore et al., 1996).

The elimination of spores through adequate decontamination of surfaces is essential to prevent CDI
in vulnerable patients but the use of detergents and some hospital cleaning and disinfection agents
have been demonstrated as ineffective against the resistant C. difficile spore structure (Wilcox et
al., 2003; Fawley et al., 2007). In addition, the presence of organic material deposited on the
surfaces of clinical environment along with C. difficile spores, can inhibit or decrease the activity of
some disinfectants and biocides (Vohra and Poxton, 2011). Sporicidal agents that specifically target
C. difficile are needed to eliminate the source of transmission, but the exposure time required to
effectively eradicate contaminating C. difficile spores is often beyond what can be achieved in a
dynamic hospital environment (Speight et al., 2011). Chlorine-releasing disinfectants and biocides
are currently recommended to decrease the contamination of C. difficile due to their demonstrated
effectiveness but are susceptible to inactivation by organic matter (Department of Health and

Health Protection Agency, 2008; Perez et al., 2005; Ungurs et al., 2011).

Germination of C. difficile spores occurs in response to the presence of bile salt germinants and
amino acids or calcium as co-germinants, ensuring that germination occurs in the small intestine of
the host (Sorg and Sonenshein, 2008; Kochan et al., 2017; Koenigsknecht et al., 2015). The
elimination of selective intestinal microbiota species by broad spectrum antibiotics inhibits the
conversion of primary bile salts to secondary bile acids, thus increasing the concentration of C.
difficile germinants and promoting spore germination (Ridlon et al., 2006; Theriot et al., 2016).
While the bile salts cholate, taurocholate and glycocholate are C. difficile spore germinants, the
presence of amino acids, principally glycine and/or calcium, as co-germinants is necessary to initiate
C. difficile spore germination (Sorg and Sonenshein, 2008; Kochan et al., 2017). Based on current
models of the regulation of C. difficile germination, the activation of the proposed bile salt

germinant and co-germinant receptors, CspC and CspA, transduce the germination signal to CspB
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which causes the degradation of the cortex peptidoglygan via the activation of SleC, triggering the
rehydration of the spore core and partial loss of the spore resistant characteristics (Francis et al.,
2013; Bhattacharjee et al., 2016a; Shrestha et al., 2019; Adams et al., 2013; Francis et al., 2015;

Donnelly et al., 2017; Francis and Sorg, 2016; Burns et al., 2010).

Study of the factors that influence the initiation of C. difficile germination revealed an anaerobic
atmosphere is not essential, permitting the initiation of germination of C. difficile spores in the
environment (Wheeldon et al., 2008a). As part of ‘germinate to exterminate strategy’ to target C.
difficile spores, the specific germinant and co-germinant signals are provided to trigger germination,
resulting in the loss of spore resistant properties and the increased susceptibility of germinating
spores to traditional biocides. The preincubation of C. difficile spores with a germinant solution
followed by exposure to 70% ethanol, or combining the germination solution with a biocide,
significantly improved the killing of C. difficile spores (Wheeldon, 2008; Wheeldon et al., 2010). The
application of this alternative decontamination strategy offers a targeted and effective method to
enhance the elimination C. difficile spores from the surfaces of clinical environments, with the

potential to reduce the transmission of CDI.

To provide a greater understanding as to how C. difficile spore germination may be exploited to
eliminate contaminating C. difficile spores in the environment, the research presented in this thesis
sought to investigate germinant activity of bile salts and co-germinant activity of amino acids and
calcium to initiate the germination of C. difficile spores. The optical density germination assay was
successfully utilised to study the germination response of C. difficile NCTC 11204 spores to the bile
salts cholate, taurocholate, glycocholate and deoxycholate. This method of measuring germination
allowed the rate and extent of the germination response to be examined, identifying C. difficile
NCTC 11204 spore germinants and inhibitors of germination. The efficacy of taurocholate as a
potent inducer of C. difficile germination was demonstrated, which concurred with the findings of

other researchers (Sorg and Sonenshein, 2008; Wheeldon et al., 2008a). Bile salts cholate,
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glycocholate and deoxycholate failed to exhibit germination activity in the optical density assay
with C. difficile NCTC 11204 spores. These findings were also in agreement with published research
where cholate and glycocholate did not demonstrate germination activity over a short time frame
but were able to induce germination when incorporated into solid culture media (Sorg and
Sonenshein, 2008; Bhattacharjee et al.,, 2016a). No germination activity was observed for
deoxycholate in this study, which is reported to induce C. difficile spore germination but inhibit the
proliferation of outgrowing vegetative cells (Sorg and Sonenshein, 2008). Chenodeoxycholate did
not induce C. difficile NCTC 11204 spore germination and was demonstrated to act as an inhibitor
of taurocholate-induced spore germination, confirming the findings of other researchers (Sorg and
Sonenshein, 2008; Heeg et al., 2012). The germination activity of cholate, taurocholate,
glycocholate and deoxycholate was also investigated with C. difficile reference strains representing
ribotypes 001, 002 and 015. Taurocholate was demonstrated to trigger the germination of spores
of C. difficile ribotypes 001, 002 and to a limited extent ribotype 015. Interestingly the bile salts
cholate and deoxycholate initiated the germination of C. difficile ribotype 002 spores but not of
ribotypes 002 and 015, while glycocholate failed to initiate the germination of spores of any of the
C. difficile strains tested. The influence of butyrate and pH of germination media on taurocholate-
induced C. difficile NCTC 11204 spore germination was also investigated. Butyrate was shown to
have a limited impact on C. difficile spore germination, only higher concentrations tested generated
a small reduction in the extent of the germination response, but this was not determined to be
significant. The pH of the germination media had a significant impact on the germination of C.
difficile spores. Taurocholate-induced germination occurred only at pH 6 and at pH 6.6 of
unmodified BHIS. The pH of germination media has previously been demonstrated to be an
important environmental factor that inhibits the germination of C. difficile spores. In this study
germination occurred in a comparable but narrower pH range than observed by other researchers

but indicates the pH of the environment may act as another signal that ensures C. difficile spores
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germinate in the small intestine (Paredes-Sabja et al., 2008; Wheeldon et al., 2008a; Kochan et al.,

2017).

The optical density assay was also utilised to study the co-germinat activity of amino acids and
calcium with C. difficile NCTC 11204 spores. Glycine was demonstrated to be an effective co-
germinant as previously reported, however it was the only amino acid to act as an independent co-
germinant in this study (Sorg and Sonenshein, 2008; Howerton et al., 2011; Kochan et al., 2018b;
Shrestha and Sorg, 2017). This is in contrast to the co-germinat activity of amino acids observed by
other researchers but is in agreement with the findings of Wheeldon et al. (2011) who also studied
the germination response of C. difficile NCTC 11204 spores. The successful application of a
germinant solution containing 5 specific amino acid co-germinants to induce C. difficile spore
germination suggests that the combination of amino acids with glycine may augment co-germinant
activity (Wheeldon 2010, 2011). In this study, no combination of additional amino acids with glycine
was found to enhance the co-germinant activity to initiate C. difficile spore germination. In fact, the
combination of glycine and arginine or valine was shown to suppress the germination response
while aspartic acid with glycine inhibited spore germination completely. Only the combination of
glycine with histidine was demonstrated to induce a germination response comparable to glycine
as the exclusive C. difficile spore co-germinant, suggesting some amino acids are weak co-
germinants that may act to inhibit the strong co-germinant activity exhibited by selected amino

acids, principally glycine, as proposed by Howerton et al. (2011).

Calcium was demonstrated to be an effective co-germinant of C. difficile NCTC 11204 spore
germination, confirming the important role of calcium in C. difficile germination identified by
Kochan et al. (2017). Combining calcium with other amino acids was not found to enhance the co-
germinant activity. The combination of either glycine, valine, arginine or histidine with calcium
produced a germination response that was comparable to that observed with calcium as the

exclusive co-germinant. It is unclear from these data if calcium is able to interact synergistically with
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specific amino acids to enhance germination or if the germination response observed was due to
the efficient co-germinant activity of calcium independently (Kochan et al., 2017; Kochan et al.,
2018b). The addition of alanine, methionine or serine reduced the extent of the germination
response of C. difficile spores compared to that of calcium as the exclusive co-germinant.
Furthermore, calcium with aspartic acid failed to initiate C. difficile spore germination. These
findings suggest, similar to the interaction with glycine, a weak or poor amino acid co-germinant is
able to inhibit the strong co-germinant activity calcium. This happens in a competitive manner as
both amino acids and calcium are believed to induce germination through the activation of the co-

germinant receptor, CspA (Shrestha et al., 2019).

Characterisation of the germinants and co-germinant of C. difficile spores, as presented in this
thesis, demonstrates the varied germination response of C. difficile strains to bile salts germinants
and amino acid co-germinants, thus adding to the existing literature of reported compounds with
the capacity to initiate C. difficile spore germination (Sorg and Sonenshein, 2008; Paredes-Sabja et
al., 2008; Wheeldon et al., 2011; Howerton et al., 2011; Heeg et al., 2012; Kochan et al., 2017).
Taurocholate has been identified consistently as an effective bile salt germinant while glycine and
calcium function as potent co-germinants of C. difficile spores (Sorg and Sonenshein, 2008; Kochan
et al., 2017; Kochan et al., 2018b). The germination response of C. difficile spores to reported
germinants and co-germinants is reliant upon the C. difficile strain examined and the experimental
approach taken, including the methodology to prepare and purify C. difficile spores. This knowledge
has implications for the development and application of a pro-germination strategy to eliminate C.
difficile spores. Inclusion of specific germinants and co-germinants may fail to trigger the
germination of spores of clinical C. difficile strains or competitively inhibit the germination activity
of strong germinant or co-germinant. Environmental factors are also important for spore
germination, the activity of some amino acids as co-germinants is apparent only at 37°C while

ensuring the pH of the germination media replicates the host environment, is also essential for

244
A.J. Lawler, PhD Thesis, Aston University 2022



efficient C. difficile germination (Shrestha and Sorg, 2017; Paredes-Sabja et al., 2008; Kochan et al.,

2018b).

In this research the use of high-resolution imaging to examine germinating C. difficile spores
demonstrated the spore structure but did not allow the definitive identification of the C. difficile
spore inner and outer membrane or provide an indication of the location of key regulators of C.
difficile germination. SEM imaging of C. difficile NCTC 11204 spores demonstrated the ‘bubble wrap’
morphology of the C. difficile exosporium, previously reported by other researchers and which
remained unaltered after the initiation of spore germination (Rabi et al., 2017; Malyshev and Baillie,
2020; Baloh et al., 2022). TEM imaging of ungerminated C. difficile 630 spores was unsuccessful in
demonstrating the defined internal structures of the spore. However, examination of TEM images
of C. difficile 630 spores 5 and 20 minutes post exposure to germinants and co-germinants to trigger
germination, permitted the identification of the key structural features of the central spore core,
inner membrane, germ cell wall, cortex, outer membrane, spore coat and exosporium of C. difficile
spores. Spore structures were distinguished based on existing knowledge of bacterial spore
structures and previous TEM imaging of C. difficile spores (Setlow, 2003; 2007; Permpoonpattana
et al., 2011; Pizarro-Guajardo et al., 2016; Rabi et al., 2017; Baloh et al., 2022). The width of the C.
difficile spore cortex was observed to decrease as a result of the initiation of germination. Spores
exposed to germinants and co-germinants for 20 minutes demonstrated a visibly thinner spore
cortex compared to those where germination had been initiated in a shorter time period of 5
minutes. This is consistent with the degradation of the spore cortex peptidoglycan during the initial
phase of germination and was also identified by Baloh et al. (2022) who recorded the thickness of
the cortex of C. difficile spores was reduced by 67% 5 minutes post the initiation of germination

(Burns et al., 2010; Adams et al., 2013; Francis et al., 2015).

As part of the advancement of the ‘germinate to exterminate’ disinfection strategy to enhance the

elimination of C. difficile spores, a series of bile salt-derived novel compounds designed to function
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as dual germinant and antimicrobial compounds were developed for the incorporation in a
polymeric material to create a C. difficile sporicidal smart surface (Hird, 2014). Initial screening and
testing identified the potential C. difficile germination and antimicrobial activity of the compound
C109. In this study, the germination activity of C109 was successfully confirmed by loss of spore
resistance to ethanol with a 1.2-log reduction in CFU/ml of C. difficile after 2 hours exposure to
6.9mM C109. Germination activity was also indirectly shown through membrane integrity staining
of C. difficile spores. Ungerminated C. difficile spores demonstrated limited staining with propidium
iodide while C109 treated spores were stained by STYO 9 and excluded propidium iodide, indicating
membrane integrity. The efficient antimicrobial activity of C109 against vegetative cells of C. difficile
was demonstrated independently utilising the quantitative suspension test. C109 demonstrated
antimicrobial activity, producing a 6-log reduction in C. difficile CFU/ml after 30 minutes exposure.
The susceptibility of vegetative cells of C. difficile to C109 was also demonstrated by small zones of

inhibition in an agar diffusion assay.

The design of the chemical composition of C109 for its incorporation in a polymeric material
presented limitations for its solubility in aqueous media. As a consequence, C109, was not
compatible for use in the optical density germination assay and was observed to precipitate from
solution under certain conditions. The extent of the germination and antimicrobial of C109
therefore may have been underrepresented where the experimental approach required its

solubilisation in liquid media.

Accordingly, a series of polymeric formulations incorporating novel bile salt-derived compounds
with dual germinant and antimicrobial activity, including C109, were evaluated with the aim of
developing a C. difficile sporicidal smart surface. Initial polymeric formulations were varied in their
constituents and processing conditions to identify factors that influenced the germination activity
of C. difficile spores. Polymer formulation incorporating bile salt-derived compounds, C109, C114

and C119 demonstrated germination activity but this was variable based on the base polymer
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material and processing temperature. During preliminary testing of the prototype polymer
formulations, a formulation incorporating C109 demonstrated the greatest germination activity,
producing a 2.10-log reduction in C. difficile CFU/ml after 2 hours and providing proof of concept

that a pro-germination smart surface could successfully germinate C. difficile spores.

Further testing of the germination activity of polymer formulations incorporating C109 revealed the
inclusion of peroxide initiator was advantageous while efforts to increase the concentration of C109
incorporated into the formulations beyond 3% (w/v) was detrimental to germination activity.
Extended thermal processing or at a temperature above 160°C reduced the activity of the polymer
formulations to induce C. difficile germination. In an effort to enhance the antimicrobial capacity of
the polymer formulations, copper nanoparticles and benzalkonium chloride were incorporated in
addition to compound C109. Copper nanoparticles had a negative impact on germination activity
while polymer formulations incorporating C109 and benzalkonium chloride were found to
successfully induce C. difficile spore germination, demonstrating a significant 1.48 log-reduction of
C. difficile CFU/ml at 2 hours. Evaluation of the antimicrobial activity of polymer formulations
incorporating C109 established C. difficile spores were first germinated and then eliminated,
although the achieved reduction of viable spores was not significant. Polymer formulations
incorporating C109 and benzalkonium chloride demonstrated statistically significant reductions in
the recovery of C. difficile spores at all time points tested. This is the first description of the
development a pro-germination sporicidal smart surface to target and successfully eliminate C.
difficile spores. The experimental results obtained demonstrate the successful dual germination
and antimicrobial activity of the polymer formulation incorporating C109, although the extent of
antimicrobial activity against germinating C. difficile spores was limited. This dual activity may
extend to other clinically relevant nosocomial pathogens. These research findings add to the
existing evidence for the effective application of the ‘germinate to exterminate’ strategy to
eradicate C. difficile spores through the inappropriate triggering of germination, rendering

germinating spore susceptible to biocides. Further development of the existing polymer
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formulations to improve the capacity to germinate and eliminate C. difficile spores offers a
promising opportunity to generate targeted decontamination of C. difficile spores that may provide
a novel adjunct to the current chlorine-based disinfectants and terminal cleaning approaches. A
functional C. difficile sporicidal smart surface deployed on high-touch surfaces in clinical
environments would provide passive disinfection of C. difficile spores that could reduce

transmission of CDI.

The demonstrated germination and antimicrobial activity of C109 with spores of C. difficile NCTC
11204, particularly when incorporated into a polymeric material warrants further investigation as
a smart surface for the eradication of C. difficile spores in the environment. Additional analysis of
polymer formulation and processing conditions may improve grafting and stability of a reusable
product to maximise germination and antimicrobial activity of polymers incorporating C109,
improving the efficacy of C. difficile spore elimination. The germination and antimicrobial activity
of other novel compounds C114 and C119, in addition to C109 should also be explored in a
polymeric smart surface. This should include evaluation with spores of multiple laboratory strains
and clinical isolates of C. difficile to understand possible variability of the germination and
antimicrobial efficacy with C. difficile strains. Further testing of the polymeric smart surface should
also determine the impact of biological debris on the capacity to germinate and eliminate spores
by incorporating a soil load to the testing parameters, reflecting the conditions when patients shed
spores of C. difficile into the environment. The antimicrobial activity of C109 and novel compounds
C114 and C119 with nosocomial microorganisms should also be explored to determine if the smart

surface may be effective against other clinically relevant pathogens.

Further work to explore combining the C. difficile targeting smart surface and the direct application
of a germination solution may increase the capacity to eliminate C. difficile spores and overcome

some of the limitations of the existing polymer formulations incorporating novel compound C109.

248
A.J. Lawler, PhD Thesis, Aston University 2022



References

Abou Chakra, C. N., Pepin, J., Sirard, S. & Valiquette, L. (2014). Risk factors for recurrence,
complications and mortality in Clostridium difficile infection: a systematic review. PLOS
ONE, 9, (6). e98400.

Adams, C. M., Eckenroth, B. E., Putnam, E. E., Doublié, S. & Shen, A. (2013). Structural and functional
analysis of the CspB protease required for Clostridium spore germination. PLOS Pathogens,
9, (2). e1003165.

Adler, A., Miller-Roll, T., Bradenstein, R., Block, C., Mendelson, B., Parizade, M., Paitan, Y., Schwartz,
D., Peled, N., Carmeli, Y. & Schwaber, M. J. (2015). A national survey of the molecular
epidemiology of Clostridium difficile in Israel: the dissemination of the ribotype 027 strain
with reduced susceptibility to vancomycin and metronidazole. Diagnostic Microbiology and
Infectious Disease, 83, (1). 21-24.

Al-Hinai, M. A,, Jones, S. W. & Papoutsakis, E. T. (2015). The Clostridium sporulation programs:
diversity and preservation of endospore differentiation. Microbiology and Molecular
Biology Reviews, 79, (1). 19-37.

Al-Nassir, W. N., Sethi, A. K., Nerandzic, M. M., Bobulsky, G.S., Jump, R. L. P. & Donskey, C. J. (2008).
Comparison of clinical and microbiological response to treatment of Clostridium difficile—
associated disease with metronidazole and vancomycin. Clinical Infectious Diseases, 47, (1).
56-62.

Al Saif, N. & Brazier, J. S. (1996). The distribution of Clostridium difficile in the environment of South
Wales. Journal of Medical Microbiology, 45, (2). 133-137.

Alam, M. J,, Anu, A., Walk, S. T. & Garey, K. W. (2014). Investigation of potentially pathogenic
Clostridium difficile contamination in household environs. Anaerobe, 27, 31-3.

Alves Feliciano, C., Douché, T., Giai Gianetto, Q., Matondo, M., Martin-Verstraete, |. & Dupuy, B.
(2019). CotL, a new morphogenetic spore coat protein of Clostridium difficile.
Environmental Microbiology, 21, (3). 984-1003.

Amir, 1., Konikoff, F. M., Oppenheim, M., Gophna, U. & Half, E. E. (2014). Gastric microbiota is
altered in oesophagitis and Barrett's oesophagus and further modified by proton pump
inhibitors. Environmental Microbiology 16, (9). 2905-2914.

Anand, A. & Glatt, A. E. (1993). Clostridium difficile infection associated with antineoplastic
chemotherapy: A review. Clinical Infectious Diseases, 17, (1). 109-113.

Anderson, D. J., Chen, L. F., Weber, D. J., Moehring, R. W., Lewis, S. S., Triplett, P. F., Blocker, M.,
Becherer, P., Schwab, J. C., Knelson, L. P., Lokhnygina, Y., Rutala, W. A., Kanamori, H.,
Gergen, M. F., Sexton, D. J. & Program, C. D. C. P. E. (2017). Enhanced terminal room
disinfection and acquisition and infection caused by multidrug-resistant organisms and
Clostridium difficile (the Benefits of Enhanced Terminal Room Disinfection study): a cluster-
randomised, multicentre, crossover study. The Lancet 389, (10071). 805-814.

Antharam, V. C,, Li, E. C., Ishmael, A., Sharma, A., Mai, V., Rand, K. H. & Wang, G. P. (2013). Intestinal
dysbiosis and depletion of butyrogenic bacteria in Clostridium difficile infection and
nosocomial diarrhea. Journal of Clinical Microbiology, 51, (9). 2884-2892.

Apisarnthanarak, A., Razavi, B. & Mundy, L. M. (2002). Adjunctive intracolonic vancomycin for
severe Clostridium difficile colitis: Case series and review of the literature. Clinical Infectious
Diseases, 35, (6). 690-696.

Appaneal, H. J.,, Caffrey, A. R. & Laplante, K. L. (2019). What is the role for metronidazole in the
treatment of Clostridium difficile infection? Results from a national cohort study of veterans
with initial mild disease. Clinical Infectious Diseases, 69, (8). 1288-1295.

Arato, V., Gasperini, G., Giusti, F., Ferlenghi, 1., Scarselli, M. & Leuzzi, R. (2019). Dual role of the
colonization factor CD2831 in Clostridium difficile pathogenesis. Scientific Reports, 9, (1).
5554,

249
A.J. Lawler, PhD Thesis, Aston University 2022



Arvand, M., Moser, V., Schwehn, C., Bettge-Weller, G., Hensgens, M. P. & Kuijper, E. J. (2012). High
prevalence of Clostridium difficile colonization among nursing home residents in Hesse,
Germany. PLOS ONE, 7, (1). e30183.

Asha, N. J., Tompkins, D. & Wilcox, M. H. (2006). Comparative analysis of prevalence, risk factors,
and molecular epidemiology of antibiotic-associated diarrhea due to Clostridium difficile,
Clostridium perfringens, and Staphylococcus aureus. Journal of Clinical Microbiology, 44,
(8). 2785-91.

Aubry, A., Hussack, G., Chen, W., Kuolee, R., Twine, S. M., Fulton, K. M., Foote, S., Carrillo, C. D.,
Tanha, J. & Logan, S. M. (2012). Modulation of toxin production by the flagellar regulon in
Clostridium difficile. Infection and Immunity, 80, (10). 3521-3532.

Awad, M. M., Johanesen, P. A,, Carter, G. P., Rose, E. & Lyras, D. (2014). Clostridium difficile
virulence factors: Insights into an anaerobic spore-forming pathogen. Gut Microbes, 5, (5).
579-593.

Baban, S. T., Kuehne, S. A., Barketi-Klai, A., Cartman, S. T., Kelly, M. L., Hardie, K. R., Kansau, I.,
Collignon, A. & Minton, N. P. (2013). The role of flagella in Clostridium difficile pathogenesis:
comparison between a non-epidemic and an epidemic strain. PLOS ONE, 8, (9). e73026.

Bahl, H. & Dirre, P. (2001). Clostridia: Biotechnology and medical applications, Chichester,
Weinheim.

Baines, S. D., O’connor, R., Freeman, J., Fawley, W. N., Harmanus, C., Mastrantonio, P., Kuijper, E.
J. & Wilcox, M. H. (2008). Emergence of reduced susceptibility to metronidazole in
Clostridium difficile. Journal of Antimicrobial Chemotherapy, 62, (5). 1046-1052.

Bakken, J. S., Polgreen, P. M., Beekmann, S. E., Riedo, F. X. & Streit, J. A. (2013). Treatment
approaches including fecal microbiota transplantation for recurrent Clostridium difficile
infection (RCDI) among infectious disease physicians. Anaerobe, 24, 20-24.

Baloh, M., Nerber, H. & Sorg, J. A. (2022). Imaging Clostridioides difficile spore germination and
germination proteins. bioRxiv, doi: 2022.05.31.494260.

Balsells, E., Shi, T., Leese, C., Lyell, I., Burrows, J., Wiuff, C., Campbell, H., Kyaw, M. H. & Nair, H.
(2019). Global burden of Clostridium difficile infections: a systematic review and meta-
analysis. Journal of Global Health, 9, (1). 010407.

Barbut, F., Richard, A., Hamadi, K., Chomette, V., Burghoffer, B. & Petit, J. C. (2000). Epidemiology
of recurrences or reinfections of Clostridium difficile-associated diarrhea. Journal of Clinical
Microbiology, 38, (6). 2386-2388.

Barbut, F. & Petit, J. C. (2001). Epidemiology of Clostridium difficile-associated infections. Clinical
Microbiology and Infection, 7, (8). 405-10.

Barbut, F., Menuet, D., Verachten, M. & Girou, E. (2009). Comparison of the efficacy of a hydrogen
peroxide dry-mist disinfection system and sodium hypochlorite solution for eradication of
Clostridium difficile spores. Infection Control and Hospital Epidemiology, 30, (6). 507-514.

Barketi-Klai, A., Hoys, S., Lambert-Bordes, S., Collignon, A. & Kansau, I. (2011). Role of fibronectin-
binding protein A in Clostridium difficile intestinal colonization. Journal of Medical
Microbiology, 60, (8). 1155-1161.

Barra-Carrasco, J., Olguin-Araneda, V., Plaza-Garrido, A., Miranda-Céardenas, C., Cofré-Araneda, G.,
Pizarro-Guajardo, M., Sarker, M. R. & Paredes-Sabja, D. (2013). The Clostridium difficile
exosporium cysteine (CdeC)-rich protein is required for exosporium morphogenesis and
coat assembly. Journal of Bacteriology, 195, (17). 3863-3875.

Barth, H., Aktories, K., Popoff, M. R. & Stiles, B. G. (2004). Binary bacterial toxins: Biochemistry,
biology, and applications of common Clostridium and Bacillus proteins. Microbiology and
Molecular Biology Reviews, 68, (3). 373-402.

Bartlett, J. G., Chang, T. W., Gurwith, M., Gorbach, S. L. & Onderdonk, A. B. (1978). Antibiotic-
associated pseudomembranous colitis due to toxin-producing clostridia. New England

Journal of Medicine, 298, (10). 531-4.

250
A.J. Lawler, PhD Thesis, Aston University 2022



Bartlett, J. G. (1994). Clostridium difficile: History of its role as an enteric pathogen and the current
state of knowledge about the organism. Clinical Infectious Diseases, 18, (Supplement_4).
$265-S272.

Bartlett, J. G. & Gerding, D. N. (2008). Clinical recognition and diagnosis of Clostridium difficile
infection. Clinical Infectious Diseases, 46, (Supplement_1). S12-518.

Basseres, E., Endres, B. T., Khaleduzzaman, M., Miraftabi, F., Alam, M. J., Vickers, R. J. & Garey, K.
W. (2016). Impact on toxin production and cell morphology in Clostridium difficile by
ridinilazole (SMT19969), a novel treatment for C. difficile infection. Journal of Antimicrobial
Chemotherapy, 71, (5). 1245-1251.

Batah, J., Deneve-Larrazet, C., Jolivot, P.-A., Kuehne, S., Collignon, A., Marvaud, J.-C. & Kansau, I.
(2016). Clostridium difficile flagella predominantly activate TLR5-linked NF-kB pathway in
epithelial cells. Anaerobe, 38, 116-124.

Batah, J., Kobeissy, H., Bui Pham, P. T., Deneve-Larrazet, C., Kuehne, S., Collignon, A., Janoir-
Jouveshomme, C., Marvaud, J.-C. & Kansau, |. (2017). Clostridium difficile flagella induce a
pro-inflammatory response in intestinal epithelium of mice in cooperation with toxins.
Scientific Reports, 7, (1). 3256.

Bauer, M. P., Notermans, D. W., Van Benthem, B. H. B., Brazier, J. S., Wilcox, M. H., Rupnik, M.,
Monnet, D. L., Van Dissel, J. T. & Kuijper, E. J. (2011). Clostridium difficile infection in Europe:
a hospital-based survey. The Lancet, 377, 63-73.

Bauer, M. P. & Kuijper, E. J. (2015). Potential sources of Clostridium difficile in human infection.
Infectious Disease Clinics of North America, 29, (1). 29-35.

Baur, D., Gladstone, B. P., Burkert, F., Carrara, E., Foschi, F., Dobele, S. & Tacconelli, E. (2017). Effect
of antibiotic stewardship on the incidence of infection and colonisation with antibiotic-
resistant bacteria and Clostridium difficile infection: a systematic review and meta-analysis.
The Lancet Infectious Diseases, 17, (9). 990-1001.

Baverud, V., Gustafsson, A., Franklin, A., Aspan, A. & Gunnarsson, A. (2003). Clostridium difficile:
prevalence in horses and environment, and antimicrobial susceptibility. Equine Veterinary
Journal, 35, (5). 465-71.

Bessa, L. J., Ferreira, M. & Gameiro, P. (2018). Evaluation of membrane fluidity of multidrug-
resistant isolates of Escherichia coli and Staphylococcus aureus in presence and absence of
antibiotics. Journal of Photochemistry and Photobiology B: Biology, 181, 150-156.

Bhattacharjee, D., Francis, M. B., Ding, X., Mcallister, K. N., Shrestha, R. & Sorg, J. A. (2016a).
Reexamining the germination phenotypes of several Clostridium difficile strains suggests
another role for the CspC germinant receptor. Journal of Bacteriology, 198, (5). 777-786.

Bhattacharjee, D., Mcallister, K. N. & Sorg, J. A. (2016b). Germinants and their receptors in
Clostridia. Journal of Bacteriology, 198, (20). 2767-2775.

Bignardi, G. E. (1998). Risk factors for Clostridium difficile infection. Journal of Hospital Infection,
40, (1). 1-15.

Binyamin, D., Nitzan, O., Azrad, M., Hamo, Z., Koren, O. & Peretz, A. (2018). In vitro activity of
Tedizolid, Dalbavancin, and Ceftobiprole against Clostridium difficile. Frontiers in
Microbiology, 9, 1256.

Block, C. (2004). The effect of Perasafe® and sodium dichloroisocyanurate (NaDCC) against spores
of Clostridium difficile and Bacillus atrophaeus on stainless steel and polyvinyl chloride
surfaces. Journal of Hospital Infection, 57, (2). 144-148.

Bobulsky, G.S., Al-Nassir, W. N., Riggs, M. M., Sethi, A. K. & Donskey, C. J. (2008). Clostridium difficile
skin contamination in patients with C. difficile—associated disease. Clinical Infectious
Diseases, 46, (3). 447-450.

Boekhoud, I. M., Hornung, B. V. H., Sevilla, E., Harmanus, C., Bos-Sanders, |. M. J. G., Terveer, E. M.,
Bolea, R., Corver, J., Kuijper, E. J. & Smits, W. K. (2020). Plasmid-mediated metronidazole
resistance in Clostridioides difficile. Nature Communications, 11, (1). 598.

251
A.J. Lawler, PhD Thesis, Aston University 2022



Bolton, R. P,, Tait, S. K., Dear, P. R. & Losowsky, M. S. (1984). Asymptomatic neonatal colonisation
by Clostridium difficile. Archives of Disease in Childhood, 59, (5). 466-472.

Bongaerts, G. P. A. & Lyerly, D. M. (1994). Role of toxins A and B in the pathogenesis of Clostridium
difficile disease. Microbial Pathogenesis, 17, (1). 1-12.

Borriello, S. P., Davies, H. A. & Barclay, F. E. (1988). Detection of fimbriae amongst strains of
Clostridium difficile. FEMS Microbiology Letters, 49, (1). 65-67.

Bowman, R. A. & Riley, T. V. (1986). Isolation of Clostridium difficile from stored specimens and
comparative susceptibility of various tissue culture cell lines to cytotoxin. FEMS
Microbiology Letters, 34, (1). 31-35.

Boyce, J. M., Havill, N. L., Otter, J. A., Mcdonald, L. C., Adams, N. M., Cooper, T., Thompson, A,,
Wiggs, L., Killgore, G., Tauman, A. & Noble-Wang, J. (2008). Impact of hydrogen peroxide
vapor room decontamination on Clostridium difficile environmental contamination and
transmission in a healthcare setting. Infection Control and Hospital Epidemiology, 29, (8).
723-9.

Boyce, J. M., Havill, N. L. & Moore, B. A. (2011). Terminal decontamination of patient rooms using
an automated mobile UV light unit. Infection Control and Hospital Epidemiology 32, (8).
737-42.

Brouwer, M. S. M., Roberts, A. P., Hussain, H., Williams, R. J., Allan, E. & Mullany, P. (2013).
Horizontal gene transfer converts non-toxigenic Clostridium difficile strains into toxin
producers. Nature Communications, 4, (1). 2601.

Brown, K. A., Khanafer, N., Daneman, N. & Fisman, D. N. (2013). Meta-analysis of antibiotics and
the risk of community-associated Clostridium difficile infection. Antimicrobial Agents and
Chemotherapy 57, (5). 2326-32.

Burdet, C., Sayah-Jeanne, S., Nguyen, T. T., Miossec, C., Saint-Lu, N., Pulse, M., Weiss, W.,
Andremont, A., Mentré, F. & De Gunzburg, J. (2017). Protection of hamsters from mortality
by reducing fecal moxifloxacin concentration with DAV131A in a model of moxifloxacin-
induced Clostridium difficile colitis. Antimicrobial Agents and Chemotherapy 61, (10).
e00543-17.

Burns, D. A., Heap, J. T. & Minton, N. P. (2010). SleC Is essential for germination of Clostridium
difficile spores in nutrient-rich medium supplemented with the bile salt taurocholate.
Journal of Bacteriology, 192, (3). 657-664.

Cabrera-Martinez, R. M., Tovar-Rojo, F., Vepachedu, V. R. & Setlow, P. (2003). Effects of
overexpression of nutrient receptors on germination of spores of Bacillus subtilis. Journal
of Bacteriology, 185, (8). 2457-64.

Cadnum, J. L., Jencson, A. L., O’donnell, M. C,, Flannery, E. R., Nerandzic, M. M. & Donskey, C. J.
(2017). An increase in healthcare-associated Clostridium difficile infection associated with
use of a defective peracetic acid—based surface disinfectant. Infection Control and Hospital
Epidemiology, 38, (3). 300-305.

Calabi, E., Ward, S., Wren, B., Paxton, T., Panico, M., Morris, H., Dell, A., Dougan, G. & Fairweather,
N. (2001). Molecular characterization of the surface layer proteins from Clostridium
difficile. Molecular Microbiology, 40, (5). 1187-1199.

Calabi, E., Calabi, F., Phillips, A. D. & Fairweather, N. F. (2002). Binding of Clostridium difficile surface
layer proteins to gastrointestinal tissues. Infection and Immunity, 70, (10). 5770-5778.

Calderén-Romero, P., Castro-Cordova, P., Reyes-Ramirez, R., Milano-Céspedes, M., Guerrero-Araya,
E., Pizarro-Guajardo, M., Olguin-Araneda, V., Gil, F. & Paredes-Sabja, D. (2018). Clostridium
difficile exosporium cysteine-rich proteins are essential for the morphogenesis of the
exosporium layer, spore resistance, and affect C. difficile pathogenesis. PLOS Pathogens,
14, (8). e1007199.

Canevarol, S. V. (2020). Polymer science a textbbok for engineers and technologist, Cincinnati, Ohio,
Hanser Publications.

252
A.J. Lawler, PhD Thesis, Aston University 2022



Carr, K. A., Lybarger, S. R., Anderson, E. C,, Janes, B. K. & Hanna, P. C. (2010). The role of Bacillus
anthracis germinant receptors in germination and virulence. Molecular Microbiology, 75,
(2). 365-375.

Carter, G. P,, Lyras, D., Allen, D. L., Mackin, K. E., Howarth, P. M., O'connor, J. R. & Rood, J. |. (2007).
Binary toxin production in Clostridium difficile is regulated by CdtR, a LytTR family response
regulator. Journal of Bacteriology, 189, (20). 7290-7301.

Carter, G. P., Rood, J. I. & Lyras, D. (2012). The role of toxin A and toxin B in the virulence of
Clostridium difficile. Trends in Microbiology, 20, (1). 21-29.

Celebi, O., Buyuk, F., Pottage, T., Crook, A., Hawkey, S., Cooper, C., Bennett, A., Sahin, M. & Baillie,
L. (2016). The use of germinants to potentiate the sensitivity of Bacillus anthracis spores to
peracetic acid. Frontiers in Microbiology, 7, 18.

Centers for Disease Control and Prevention (2013). Antibiotic resistance threats in the United States,
2013. US DEPARTMENT FOR HEALTH AND HUMAN SERVICES.

Centers for Disease Control and Prevention (2019). Antibiotic resistance threats in the United States,
2019. U.S. DEPARTMENT OF HEALTH AND HUMAN SERVICES. Atlanta, GA.

Chandrasekaran, R. & Lacy, D. B. (2017). The role of toxins in Clostridium difficile infection. FEMS
Microbiology Reviews, 41, (6). 723-750.

Chang, J. Y., Antonopoulos, D. A., Kalra, A,, Tonelli, A., Khalife, W. T., Schmidt, T. M. & Young, V. B.
(2008). Decreased diversity of the fecal microbiome in recurrent Clostridium difficile—
associated diarrhea. The Journal of Infectious Diseases, 197, (3). 435-438.

Chang, T. W., Gorbach, S. L. & Bartlett, J. B. (1978). Neutralization of Clostridium difficile toxin by
Clostridium sordellii antitoxins. Infection and Immunity, 22, (2). 418-422.

Chen, N. & Shih, S.-L. (2011). Pseudomembranous colitis. New England Journal of Medicine, 364,
(5). 8.

Cho, J. C., Crotty, M. P. & Pardo, J. (2019). Ridinilazole: a novel antimicrobial for Clostridium difficile
infection. Annals of Gastroenterology, 32, (2). 134-140.

Clabots, C. R., Johnson, S., Olson, M. M., Peterson, L. R. & Gerding, D. N. (1992). Acquisition of
Clostridium difficile by hospitalized patients: Evidence for colonized new admissions as a
Source of Infection. The Journal of Infectious Diseases, 166, (3). 561-567.

Clear, K. J., Stroud, S. & Smith, B. D. (2013). Dual colorimetric and luminescent assay for dipicolinate,
a biomarker of bacterial spores. The Analyst 138, (23). 7079-7082.

Clinicaltrials.Gov. (2013). Study of a candidate Clostridium difficile toxoid vaccine in subjects at risk
for C. difficile infection [Online]. Sanofi Pasteur. Available:
https://clinicaltrials.gov/ct2/show/record/NCT01887912 [Accessed 22/04/2021].

Clinicaltrials.Gov. (2014). Dose-confirmation, immunogenicity and safety study of the Clostridium
difficile vaccine candidate VLA84 in healthy adults aged 50 years and older. Phase Il study
[Online]. Valneva Austria GmbH. Available:
https://clinicaltrials.gov/ct2/show/study/NCT02316470 [Accessed 22/04/2021].

Clinicaltrials.Gov. (2015). A study to investigate two 3-dose schedules of a Clostridium difficile
vaccine in healthy adults aged 65 to 85 years [Online]. Pfizer. Available:
https://clinicaltrials.gov/ct2/show/record/NCT02561195 [Accessed 22/04/2021].

Clinicaltrials.Gov. (2017). Clostridium difficile vaccine efficacy trial (Clover) [Online]. Pfizer.
Available: https://www.clinicaltrials.gov/ct2/show/record/NCT03090191 [Accessed
22/04/2021].

Clinicaltrials.Gov. (2018a). Comparison of ridinilazole versus vancomycin treatment for Clostridium
Difficile  infection (Ri-CoDIFy 1) [Online]. Summit Therapeutics. Available:
https://www.clinicaltrials.gov/ct2/show/NCT03595553 [Accessed 16/04/2021].

Clinicaltrials.Gov. (2018b). Safety and efficacy of DAV132 in patients at high-risk for Clostridium
difficile infection [Onlinel]. Da Volterra. Available:
https://clinicaltrials.gov/ct2/show/record/NCT03710694 [Accessed 15/04/2021].

253
A.J. Lawler, PhD Thesis, Aston University 2022


https://clinicaltrials.gov/ct2/show/record/NCT01887912
https://clinicaltrials.gov/ct2/show/study/NCT02316470
https://clinicaltrials.gov/ct2/show/record/NCT02561195
https://www.clinicaltrials.gov/ct2/show/record/NCT03090191
https://www.clinicaltrials.gov/ct2/show/NCT03595553
https://clinicaltrials.gov/ct2/show/record/NCT03710694

Clinicaltrials.Gov. (2018c). To compare ridinilazole versus vancomycin treatment for Clostridium
difficile  infection  (Ri-CoDIFy 2) [Online]. Summit Therapeutics. Available:
https://www.clinicaltrials.gov/ct2/show/NCT03595566 [Accessed 16/04/2021].

Clooten, J., Kruth, S., Arroyo, L. & Weese, J. S. (2008). Prevalence and risk factors for Clostridium
difficile colonization in dogs and cats hospitalized in an intensive care unit. Veterinary
Microbiology, 129, (1). 209-214.

Collins, M. D., Lawson, P. A., Willems, A., Cordoba, J. J., Fernandez-Garayzabal, J., Garcia, P., Cai, J.,
Hippe, H. & Farrow, J. a. E. (1994). The phylogeny of the genus Clostridium: Proposal of five
new genera and eleven new species combinations. International Journal of Systematic and
Evolutionary Microbiology, 44, (4). 812-826.

Cone, J. B. & Wetzel, W. (1982). Toxic megacolon secondary to pseudomembranous colitis. Diseases
of the Colon and Rectum, 25, (5). 478-82.

Cook & Sellin (1998). Review article: short chain fatty acids in health and disease. Alimentary
Pharmacology & Therapeutics 12, (6). 499-507.

Cookson, B. (2007). Hypervirulent strains of Clostridium difficile. Postgraduate Medical Journal, 83,
(979). 291-295.

Cowan, R. E., Manning, A. P., Ayliffe, G. A., Axon, A. T., Causton, J. S., Cripps, N. F., Hall, R., Hanson,
P. J., Harrison, J., Leicester, R. J. & Et Al. (1993). Aldehyde disinfectants and health in
endoscopy units. Gut, 34, (11). 1641-1645.

Crobach, M. J. T., Dekkers, O. M., Wilcox, M. H. & Kuijper, E. J. (2009). European Society of Clinical
Microbiology and Infectious Diseases (ESCMID): Data review and recommendations for
diagnosing Clostridium difficile-infection (CDI). Clinical Microbiology and Infection, 15, (12).
1053-1066.

Crobach, M. ). T.,Vernon, J.J., Loo, V. G., Kong, L. Y., Péchiné, S., Wilcox, M. H. & Kuijper, E. J. (2018).
Understanding Clostridium difficile colonization. Clinical Microbiology Reviews, 31, (2).
e00021-17.

Crogan, N. L. & Evans, B. C. (2007). Clostridium difficile: An emerging epidemic in nursing homes.
Geriatric Nursing, 28, (3). 161-164.

Crook, D. W., Walker, A. S., Kean, Y., Weiss, K., Cornely, O. A., Miller, M. A., Esposito, R., Louie, T. .,
Stoesser, N. E., Young, B. C., Angus, B. J., Gorbach, S. L., Peto, T. E. A. & Study, T. (2012).
Fidaxomicin versus vancomycin for Clostridium difficile infection: meta-analysis of pivotal
randomized controlled trials. Clinical Infectious Diseases 55 Suppl 2, (Suppl 2). $93-S103.

Curry, S. (2010). Clostridium difficile. Clinics in Laboratory Medicine, 30, (1). 329-342.

Papa, T., Leuzzi, R., Ng, Y. K., Baban, S. T., Adamo, R., Kuehne, S. A., Scarselli, M., Minton, N. P,
Serruto, D. & Unnikrishnan, M. (2013). Multiple factors modulate biofilm formation by the
anaerobic pathogen Clostridium difficile. Journal of Bacteriology, 195, (3). 545-55.

Davies, Abigail h., Roberts, April k., Shone, Clifford c. & Acharya, K. R. (2011). Super toxins from a
super bug: structure and function of Clostridium difficile toxins. Biochemical Journal, 436,
(3). 517-526.

Davies, K., Ashwin, H., Longshaw, C., Burns, D., Davis, G. & Wilcox Mh on Behalf of the Euclid Study
Group (2016). Diversity of Clostridium difficile PCR ribotypes in Europe: Results from the
European, multicentre, prospective, biannual, point-prevalence study of Clostridium
difficile infection in hospitalised patients with diarrhoea (EUCLID), 2012 and 2013.
Eurosurveillance 21, (29). 30294.

De Bruyn, G., Gordon, D. L., Steiner, T., Tambyah, P., Cosgrove, C., Martens, M., Bassily, E., Chan,
E.-S., Patel, D., Chen, J., Torre-Cisneros, J., Fernando De Magalhaes Francesconi, C., Gesser,
R., Jeanfreau, R., Launay, O., Laot, T., Morfin-Otero, R., Oviedo-Orta, E., Park, Y. S., Piazza,
F. M., Rehm, C,, Rivas, E., Self, S. & Gurunathan, S. (2021). Safety, immunogenicity, and
efficacy of a Clostridioides difficile toxoid vaccine candidate: a phase 3 multicentre,
observer-blind, randomised, controlled trial. The Lancet Infectious Diseases, 21, (2). 252-
262.

254
A.J. Lawler, PhD Thesis, Aston University 2022


https://www.clinicaltrials.gov/ct2/show/NCT03595566

De Jong, E., De Jong, A. S., Bartels, C. J. M., Van Der Rijt-Van Den Biggelaar, C., Melchers, W. J. G. &
Sturm, P. D. J. (2012). Clinical and laboratory evaluation of a real-time PCR for Clostridium
difficile toxin A and B genes. European Journal of Clinical Microbiology & Infectious Diseases
31, (9). 2219-2225.

Deakin, L. J., Clare, S., Fagan, R. P., Dawson, L. F., Pickard, D. J., West, M. R., Wren, B. W,,
Fairweather, N. F., Dougan, G. & Lawley, T. D. (2012). The Clostridium difficile spoOA gene
is a persistence and transmission factor. Infection and Immunity, 80, (8). 2704-2711.

Debast, S. B., Bauer, M. P. & Kuijper, E. J. (2014). European Society of Clinical Microbiology and
Infectious Diseases: Update of the treatment guidance document for Clostridium difficile
infection. Clinical Microbiology and Infection, 20, 1-26.

Dellit, T. H., Owens, R. C., Mcgowan, J. E., Gerding, D. N., Weinstein, R. A., Burke, J. P., Huskins, W.
C., Paterson, D. L., Fishman, N. O., Carpenter, C. F., Brennan, P. J., Billeter, M. & Hooton, T.
M. (2007). Infectious diseases society of america and the society for healthcare
epidemiology of america guidelines for developing an institutional program to enhance
antimicrobial stewardship. Clinical Infectious Diseases, 44, (2). 159-177.

Deng, K., Plaza-Garrido, A., Torres, J. A. & Paredes-Sabja, D. (2015). Survival of Clostridium difficile
spores at low temperatures. Food Microbiology, 46, 218-221.

Department of Health (2007a). Saving Lives: Reducing infection, delivering clean and safe care. High
Impact Intervention No 7. Care bundle to reduce the risk from Clostridium difficile.
DEPARTMENT OF HEALTH. London, UK.

Department of Health (2007b). Clean, safe care: Reducing infections and saving lives. DEPARTMENT
OF HEALTH. London, UK.

Department of Health (2011). Clinical guidelines for immunoglobulin use: Update to second edition.
DEPARTMENT OF HEALTH. London, UK.

Department of Health (2012). Update guidance on the diagnosis and report of Clostridium difficile.
DEPARTMENT OF HEALTH. London, UK.

Department of Health and Health Protection Agency (2008). Clostridium difficile infection: How to
deal with the problem DEPARTMENT OF HEALTH. London, UK.

Depestel, D. D. & Aronoff, D. M. (2013). Epidemiology of Clostridium difficile infection. Journal of
Pharmacy Practice, 26, (5). 464-75.

Descombe, J. J., Dubourg, D., Picard, M. & Palazzini, E. (1994). Pharmacokinetic study of rifaximin
after oral administration in healthy volunteers. International Journal of Clinical
Pharmacology Research 14, (2). 51-6.

Deshpande, A., Pasupuleti, V., Thota, P., Pant, C., Rolston, D. D., Sferra, T. J., Hernandez, A. V. &
Donskey, C. J. (2013). Community-associated Clostridium difficile infection and antibiotics:
a meta-analysis. Journal of Antimicrobial Chemotherapy, 68, (9). 1951-61.

Destiny Pharma Plc. (2022). Positive update from European Medicine Agency (EMA) on NTCD-M3
Phase 3 development plans [Online]. Available:
https://www.destinypharma.com/2022/09/07/07-september-2022-positive-update-from-
european-medicine-agency-ema-on-ntcd-m3-phase-3-development-plans/?cookie-state-
change=1673106533659 [Accessed 07.01.2022].

Diaz, O. R,, Sayer, C. V., Popham, D. L. & Shen, A. (2018). Clostridium difficile lipoprotein GersS is
required for cortex modification and thus spore germination. mSphere, 3, (3). 205-218.

Dobson, G., Hickey, C. & Trinder, J. (2003). Clostridium difficile colitis causing toxic megacolon,
severe sepsis and multiple organ dysfunction syndrome. Intensive Care Medicine, 29, (6).
1030.

Donelli, G., Vuotto, C., Cardines, R. & Mastrantonio, P. (2012). Biofilm-growing intestinal anaerobic
bacteria. FEMS Immunology & Medical Microbiology, 65, (2). 318-325.

Donnelly, M. L., Li, W., Li, Y.-Q., Hinkel, L., Setlow, P. & Shen, A. (2017). A Clostridium difficile-
specific, gel-forming protein required for optimal spore germination. mBio, 8, (1).

255
A.J. Lawler, PhD Thesis, Aston University 2022


https://www.destinypharma.com/2022/09/07/07-september-2022-positive-update-from-european-medicine-agency-ema-on-ntcd-m3-phase-3-development-plans/?cookie-state-change=1673106533659
https://www.destinypharma.com/2022/09/07/07-september-2022-positive-update-from-european-medicine-agency-ema-on-ntcd-m3-phase-3-development-plans/?cookie-state-change=1673106533659
https://www.destinypharma.com/2022/09/07/07-september-2022-positive-update-from-european-medicine-agency-ema-on-ntcd-m3-phase-3-development-plans/?cookie-state-change=1673106533659

Donnelly, M. L., Forster, E. R., Rohlfing, A. E. & Shen, A. (2020). Differential effects of 'resurrecting'
Csp pseudoproteases during Clostridioides difficile spore germination. Biochemical Journal,
477, (8). 1459-1478.

Driks, A. (2003). The dynamic spore. Proceedings of the National Academy of Sciences of the United
States of America, 100, (6). 3007-30009.

Dubberke, E. R., Reske, K. A., Noble-Wang, J., Thompson, A,, Killgore, G., Mayfield, J., Camins, B.,
Woeltje, K., Mcdonald, J. R., Mcdonald, L. C. & Fraser, V. J. (2007). Prevalence of Clostridium
difficile environmental contamination and strain variability in multiple health care facilities.
American Journal of Infection Control, 35, (5). 315-318.

Dubois, T., Tremblay, Y. D. N., Hamiot, A., Martin-Verstraete, |., Deschamps, J., Monot, M., Briandet,
R. & Dupuy, B. (2019). A microbiota-generated bile salt induces biofilm formation in
Clostridium difficile. NPJ Biofilms and Microbiomes, 5, (1). 14.

Dubreuil, L., Houcke, I., Mouton, Y. & Rossignol, J. F. (1996). In vitro evaluation of activities of
nitazoxanide and tizoxanide against anaerobes and aerobic organisms. Antimicrobial
Agents and Chemotherapy, 40, (10). 2266-2270.

Edwards, A. N. & Mcbride, S. M. (2014). Initiation of sporulation in Clostridium difficile: a twist on
the classic model. FEMS Microbiology Letters, 358, (2). 110-118.

Edwards, A. N., Karim, S. T., Pascual, R. A., Jowhar, L. M., Anderson, S. E. & Mcbride, S. M. (2016).
Chemical and stress resistances of Clostridium difficile spores and vegetative cells. Frontiers
in Microbiology, 7, 1698.

Edwards, D. I. (1993). Nitroimidazole drugs-action and resistance mechanisms |. Mechanism of
action. Journal of Antimicrobial Chemotherapy, 31, (1). 9-20.

Eglow, R., Pothoulakis, C., Itzkowitz, S., Israel, E. J., O'keane, C. J., Gong, D., Gao, N., Xu, Y. L., Walker,
W. A. & Lamont, J. T. (1992). Diminished Clostridium difficile toxin A sensitivity in newborn
rabbit ileum is associated with decreased toxin A receptor. The Journal of Clinical
Investigation, 90, (3). 822-829.

Eitel, Z., Terhes, G., Soki, J., Nagy, E. & Urban, E. (2015). Investigation of the MICs of fidaxomicin
and other antibiotics against Hungarian Clostridium difficile isolates. Anaerobe, 31, 47-49.

Ellis Mulligan, M., Rolfe, R. D., Finegold, S. M. & George, W. L. (1979). Contamination of a hospital
environment by Clostridium difficile. Current Microbiology, 3, (3). 173-175.

Enoch, D. A,, Santos, R., Phillips, C. J., Micallef, C., Murphy, M. E., Aliyu, S. H., Massey, D. & Brown,
N. M. (2018). Real-world use of fidaxomicin in a large UK tertiary hospital: how effective is
it for treating recurrent disease? Journal of Hospital Infection, 100, (2). 142-146.

Escobar-Cortés, K., Barra-Carrasco, J. & Paredes-Sabja, D. (2013). Proteases and sonication
specifically remove the exosporium layer of spores of Clostridium difficile strain 630. Journal
of Microbiological Methods, 93, (1). 25-31.

Eyre, D. W., Cule, M. L., Wilson, D. J., Griffiths, D., Vaughan, A., O'connor, L., Ip, C. L. C., Golubchik,
T., Batty, E. M., Finney, J. M., Wyllie, D. H., Didelot, X., Piazza, P., Bowden, R., Dingle, K. E.,
Harding, R. M., Crook, D. W., Wilcox, M. H., Peto, T. E. A. & Walker, A. S. (2013a). Diverse
sources of C. difficile infection identified on whole-genome sequencing. New England
Journal of Medicine, 369, (13). 1195-1205.

Eyre, D. W., Griffiths, D., Vaughan, A., Golubchik, T., Acharya, M., O’connor, L., Crook, D. W., Walker,
A.S. & Peto, T. E. A. (2013b). Asymptomatic Clostridium difficile colonisation and onward
transmission. PLOS ONE, 8, (11). e78445.

Eze, P., Balsells, E., Kyaw, M. H. & Nair, H. (2017). Risk factors for Clostridium difficile infections - an
overview of the evidence base and challenges in data synthesis. Journal of Global Health,
7, (1). 010417.

Fagan, R. P., Albesa-Jové, D., Qazi, O., Svergun, D. I., Brown, K. A. & Fairweather, N. F. (2009).
Structural insights into the molecular organization of the S-layer from Clostridium difficile.
Molecular Microbiology, 71, (5). 1308-1322.

256
A.J. Lawler, PhD Thesis, Aston University 2022



Fatima, R. & Aziz, M. (2019). The hypervirulent strain of Clostridium Difficile: NAP1/B1/027 - A brief
overview. Cureus, 11, (1). e3977.

Fawley, W. N., Parnell, P., Verity, P., Freeman, J. & Wilcox, M. H. (2005). Molecular epidemiology of
endemic Clostridium difficile infection and the significance of subtypes of the United
Kingdom epidemic strain (PCR Ribotype 1). Journal of Clinical Microbiology, 43, (6). 2685-
2696.

Fawley, W. N., Underwood, S., Freeman, J., Baines, S. D., Saxton, K., Stephenson, K., Owens, R. C,,
Jr. & Wilcox, M. H. (2007). Efficacy of hospital cleaning agents and germicides against
epidemic Clostridium difficile strains. Infection Control and Hospital Epidemiology 28, (8).
920-5.

Fawley, W. N., Knetsch, C. W., Maccannell, D. R., Harmanus, C., Du, T., Mulvey, M. R., Paulick, A.,
Anderson, L., Kuijper, E. J. & Wilcox, M. H. (2015). Development and validation of an
internationally-standardized, high-resolution capillary gel-based electrophoresis PCR-
ribotyping protocol for Clostridium difficile. PLOS ONE, 10, (2). e0118150.

Fehér, C., Soriano, A. & Mensa, J. (2017). A Review of Experimental and Off-Label Therapies for
Clostridium difficile Infection. Infectious Diseases and Therapy, 6, (1). 1-35.

Ferrada, P., Callcut, R., Zielinski, M. D., Bruns, B., Yeh, D. D., Zakrison, T. L., Meizoso, J. P., Sarani, B.,
Catalano, R. D., Kim, P., Plant, V., Pasley, A., Dultz, L. A., Choudhry, A. J., Haut, E. R. &
Committee, E. M.-l. T. (2017). Loop ileostomy versus total colectomy as surgical treatment
for Clostridium difficile-associated disease: An eastern association for the surgery of trauma
multicenter trial. The Journal of Trauma and Acute Care Surgery, 83, (1). 36-40.

Fimlaid, K. A., Bond, J. P., Schutz, K. C., Putnam, E. E., Leung, J. M., Lawley, T. D. & Shen, A. (2013).
Global analysis of the sporulation pathway of Clostridium difficile. PLOS Genetics, 9, (8).
€1003660.

Fimlaid, K. A., Jensen, O., Donnelly, M. L., Francis, M. B., Sorg, J. A. & Shen, A. (2015). Identification
of a novel lipoprotein regulator of Clostridium difficile spore germination. PLOS Pathogens,
11, (10). e1005239.

Fletcher, J. R., Pike, C. M., Parsons, R. J., Rivera, A. J., Foley, M. H., Mclaren, M. R., Montgomery, S.
A. & Theriot, C. M. (2021). Clostridioides difficile exploits toxin-mediated inflammation to
alter the host nutritional landscape and exclude competitors from the gut microbiota.
Nature Communications, 12, (1). 462.

Francis, M. B., Allen, C. A, Shrestha, R. & Sorg, J. A. (2013). Bile acid recognition by the Clostridium
difficile germinant receptor, CspC, is important for establishing infection. PLOS Pathogens,
9, (5).

Francis, M. B., Allen, C. A. & Sorg, J. A. (2015). Spore cortex hydrolysis precedes dipicolinic acid
release during Clostridium difficile spore germination. Journal of Bacteriology, 197, (14).
2276-2283.

Francis, M. B. & Sorg, J. A. (2016). Dipicolinic acid release by germinating Clostridium difficile spores
occurs through a mechanosensing mechanism. mSphere, 1, (6). 306-316.

Freeman, J. & Wilcox, M. H. (1999). Antibiotics and Clostridium difficile. Microbes and Infection, 1,
(5). 377-384.

Freeman, J. & Wilcox, M. H. (2003). The effects of storage conditions on viability of Clostridium
difficile vegetative cells and spores and toxin activity in human faeces. Journal of Clinical
Pathology, 56, (2). 126-128.

Freeman, J., Bauer, M. P., Baines, S. D., Corver, J., Fawley, W. N., Goorhuis, B., Kuijper, E. J. & Wilcox,
M. H. (2010). The changing epidemiology of Clostridium difficile infections. Clinical
Microbiology Reviews, 23, (3). 529-49.

Freeman, J., Vernon, J., Morris, K., Nicholson, S., Todhunter, S., Longshaw, C. & Wilcox, M. H. (2015).
Pan-European longitudinal surveillance of antibiotic resistance among prevalent
Clostridium difficile ribotypes. Clinical Microbiology and Infection, 21, (3). 248.e9-248.e16.

257
A.J. Lawler, PhD Thesis, Aston University 2022



Friedman, E. S., Bittinger, K., Esipova, T. V., Hou, L., Chau, L., Jiang, J., Mesaros, C., Lund, P. J., Liang,
X., Fitzgerald, G. A,, Goulian, M., Lee, D., Garcia, B. A., Blair, I. A., Vinogradov, S. A. & Wu,
G. D. (2018). Microbes vs. chemistry in the origin of the anaerobic gut lumen. Proceedings
of the National Academy of Sciences, 115, (16). 4170-4175.

Furuya-Kanamori, L., Stone, J. C., Clark, J., Mckenzie, S. J., Yakob, L., Paterson, D. L., Riley, T. V., Doi,
S. A. & Clements, A. C. (2015). Comorbidities, Exposure to medications, and the risk of
community-acquired Clostridium difficile infection: A systematic review and meta-analysis.
Infection Control and Hospital Epidemiology, 36, (2). 132-41.

Garey, K. W., Jiang, Z.-D., Ghantoji, S., Tam, V. H., Arora, V. & Dupont, H. L. (2010). A common
polymorphism in the interleukin-8 gene promoter is associated with an increased risk for
recurrent Clostridium difficile infection. Clinical Infectious Diseases, 51, (12). 1406-1410.

Gerding, D. N., Muto, C. A. & Owens, R. C., Jr. (2008). Measures to control and prevent Clostridium
difficile infection. Clinical Infectious Diseases, 46, (Supplement_1). S43-549.

Gerding, D. N., Johnson, S., Rupnik, M. & Aktories, K. (2014). Clostridium difficile binary toxin CDT:
Mechanism, epidemiology, and potential clinical importance. Gut Microbes, 5, (1). 15-27.

Gerding, D. N., Meyer, T., Lee, C., Cohen, S. H., Murthy, U. K., Pairier, A., Van Schooneveld, T. C.,
Pardi, D. S., Ramos, A., Barron, M. A,, Chen, H. & Villano, S. (2015). Administration of spores
of nontoxigenic Clostridium difficile strain M3 for prevention of recurrent C. difficile
infection: a randomized clinical trial. Journal of the American Medical Association, 313, (17).
1719-27.

Gerding, D. N., File, T. M., Jr. & Mcdonald, L. C. (2016). Diagnosis and treatment of Clostridium
difficile infection (CDI). Infectious Diseases in Clinical Practice, 24, (1). 3-10.

Gerhardt, P. & Marquis, R. E. (1989). Spore thermoresistance mechanisms. In: SMITH, |., SLEPECKY,
R.A. AND SETLOW, P (ed.) Regulation of Prokaryotic Development Washington, DC:
American Society for Microbiology.

Ghosh, S. & Setlow, P. (2009). Isolation and characterization of superdormant spores of Bacillus
species. Journal of Bacteriology, 191, (6). 1787-1797.

Ghosh, S., Zhang, P., Li, Y.-Q. & Setlow, P. (2009). Superdormant spores of Bacillus species have
elevated wet-heat resistance and temperature requirements for heat activation. Journal of
Bacteriology, 191, (18). 5584-5591.

Ghosh, S. & Setlow, P. (2010). The preparation, germination properties and stability of
superdormant spores of Bacillus cereus. Journal of Applied Microbiology, 108, (2). 582-590.

Ghosh, S., Niu, S., Yankova, M., Mecklenburg, M., King, S. M., Ravichandran, J., Kalia, R. K., Nakano,
A., Vashishta, P. & Setlow, P. (2017). Analysis of killing of growing cells and dormant and
germinated spores of Bacillus species by black silicon nanopillars. Scientific Reports, 7, (1).
17768.

Gil, F., Lagos-Moraga, S., Calderén-Romero, P., Pizarro-Guajardo, M. & Paredes-Sabja, D. (2017).
Updates on Clostridium difficile spore biology. Anaerobe, 45, 3-9.

Giles, H. F., Jr., Wagner, J. R, Jr. & Mount, E. M., lii (2005). 4.4 Mixing. In: NORWICH, N. (ed.)
Extrusion - The Definitive Processing Guide and Handbook. William Andrew Publishing.

Goff, D. A. (2011). Antimicrobial stewardship: bridging the gap between quality care and cost.
Current Opinion in Infectious Diseases, 24, S11-S20.

Gongalves, C., Decré, D., Barbut, F., Burghoffer, B. & Petit, J.-C. (2004). Prevalence and
characterization of a binary toxin (actin-specific ADP-ribosyltransferase) from Clostridium
difficile. Journal of Clinical Microbiology, 42, (5). 1933-1939.

Gould, G. W., And, A. J. & Wrighton, C. (1968). Limitations of the initiation of germination of
bacterial spores as a spore control procedure. Journal of Applied Bacteriology, 31, (3). 357-
366.

Gould, G. W. (1970). (Symposium on bacterial spores : Paper IV). Germination and the problem of
dormancy. Journal of Applied Bacteriology, 33, (1). 34-49.

258
A.J. Lawler, PhD Thesis, Aston University 2022



Govind, R. & Dupuy, B. (2012). Secretion of Clostridium difficile toxins A and B requires the holin-
like protein TcdE. PLOS Pathogens, 8, (6). €1002727.

Gregory, A. L., Pensinger, D. A. & Hryckowian, A. J. (2021). A short chain fatty acid-centric view of
Clostridioides difficile pathogenesis. PLOS Pathogens, 17, (10). e1009959.

Griffiths, K. K., Zhang, J., Cowan, A. E., Yu, J. & Setlow, P. (2011). Germination proteins in the inner
membrane of dormant Bacillus subtilis spores colocalize in a discrete cluster. Molecular
Microbiology, 81, (4). 1061-1077.

Guerrero-Santos, R., Saldivar-Guerra, E. & Bonilla-Cruz, J. (2013). Free radical polymerization In:
SALDIVAR-GUERRA, E. & VIVALDO-LIMA, E. (eds.) Handbook of polymer synthesis,
characterization, and processing. Hoboken, New Jersey: John Wiley & Sons, Inc.

Gupta, A. & Khanna, S. (2014). Community-acquired Clostridium difficile infection: an increasing
public health threat. Infection and Drug Resistance, 7, 63-72.

Hahladakis, J. N., Velis, C. A., Weber, R., lacovidou, E. & Purnell, P. (2018). An overview of chemical
additives present in plastics: Migration, release, fate and environmental impact during their
use, disposal and recycling. Journal of Hazardous Materials, 344, 179-199.

Hall-Stoodley, L., Costerton, J. W. & Stoodley, P. (2004). Bacterial biofilms: from the natural
environment to infectious diseases. Nature Reviews Microbiology, 2, (2). 95-108.

Hall, I. C. & O'toole, E. (1935). Intestinal Flora in New-born Infants: with a Description of a New
Pathogenic Anaerobe Bacillus difficilis American Journal of Diseases of Children, 49, (2). 390-
402.

Hammond, G. A. & Johnson, J. L. (1995). The toxigenic element of Clostridium difficile strain VPI
10463. Microbial Pathogenesis, 19, (4). 203-213.

He, M., Miyajima, F., Roberts, P., Ellison, L., Pickard, D. J., Martin, M. J., Connor, T. R., Harris, S. R.,
Fairley, D., Bamford, K. B., D'arc, S., Brazier, J., Brown, D., Coia, J. E., Douce, G., Gerding, D.,
Kim, H.J.,, Koh, T. H., Kato, H., Senoh, M., Louie, T., Michell, S., Butt, E., Peacock, S. J., Brown,
N. M., Riley, T., Songer, G., Wilcox, M., Pirmohamed, M., Kuijper, E., Hawkey, P., Wren, B.
W., Dougan, G., Parkhill, J. & Lawley, T. D. (2013). Emergence and global spread of epidemic
healthcare-associated Clostridium difficile. Nature genetics, 45, (1). 109-113.

Heeg, D., Burns, D. A., Cartman, S. T. & Minton, N. P. (2012). Spores of Clostridium difficile clinical
isolates display a diverse germination response to bile salts. PLOS ONE, 7, (2). e32381.

Hegstad, K., Langsrud, S., Tore Lunestad, B., Aamdal Scheie, A., Sunde, M. & Yazdankhah, S. P.
(2010). Does the wide use of quaternary ammonium compounds enhance the selection and
spread of antimicrobial resistance and thus threaten our health? Microbial Drug Resistance,
16, (2). 91-104.

Hennequin, C., Porcheray, F., Waligora-Dupriet, A.-J., Collignon, A., Barc, M.-C., Bourlioux, P. &
Karjalainen, T. (2001). GroEL (Hsp60) of Clostridium difficile is involved in cell adherence.
Microbiology, 147, (1). 87-96.

Hensgens, M. P., Goorhuis, A., Dekkers, O. M. & Kuijper, E. J. (2012a). Time interval of increased risk
for Clostridium difficile infection after exposure to antibiotics. Journal of Antimicrobial
Chemotherapy, 67, (3). 742-8.

Hensgens, M. P. M., Keessen, E. C., Squire, M. M., Riley, T. V., Koene, M. G. J., De Boer, E., Lipman,
L. J. A. & Kuijper, E. J. (2012b). Clostridium difficile infection in the community: a zoonotic
disease? Clinical Microbiology and Infection, 18, (7). 635-645.

Herbert, R., Hatcher, J., Jauneikaite, E., Gharbi, M., D'arc, S., Obaray, N., Rickards, T., Rebec, M.,
Blandy, O., Hope, R., Thomas, A., Bamford, K., Jepson, A. & Sriskandan, S. (2019). Two-year
analysis of Clostridium difficile ribotypes associated with increased severity. Journal of
Hospital Infection, 103, (4). 388-394.

Higgins, D. & Dworkin, J. (2012). Recent progress in Bacillus subtilis sporulation. FEMS Microbiology
Reviews, 36, (1). 131-148.

Hindle, A. A. & Hall, E. A. (1999). Dipicolinic acid (DPA) assay revisited and appraised for spore
detection. The Analyst, 124, (11). 1599-1604.

259
A.J. Lawler, PhD Thesis, Aston University 2022



Hink, T., Burnham, C. A. & Dubberke, E. R. (2013). A systematic evaluation of methods to optimize
culture-based recovery of Clostridium difficile from stool specimens. Anaerobe, 19, 39-43.

Hinkson, P. L., Dinardo, C., Deciero, D., Klinger, J. D. & Barker, R. H., Jr. (2008). Tolevamer, an anionic
polymer, neutralizes toxins produced by the BI/027 strains of Clostridium difficile.
Antimicrobial Agents and Chemotherapy, 52, (6). 2190-2195.

Hird, M., J,. (2014). Synthesis of a molecularly tethered dual function germinant and antimicrobial
agent. Doctor of Philosophy, Aston University.

Ho, T. D., Williams, K. B., Chen, Y., Helm, R. F., Popham, D. L. & Ellermeier, C. D. (2014). Clostridium
difficile extracytoplasmic function ¢ factor oV regulates lysozyme resistance and is
necessary for pathogenesis in the hamster model of infection. Infection and Immunity, 82,
(6). 2345-2355.

Hofstetter, S., Denter, C., Winter, R., Mcmullen, L. M. & Ganzle, M. G. (2012). Use of the fluorescent
probe LAURDAN to label and measure inner membrane fluidity of endospores of
Clostridium spp. Journal of Microbiological Methods, 91, (1). 93-100.

Hornstra, L. M., De Leeuw, P. L. A., Moezelaar, R., Wolbert, E. J., De Vries, Y. P., De Vos, W. M. &
Abee, T. (2007). Germination of Bacillus cereus spores adhered to stainless steel.
International Journal of Food Microbiology, 116, (3). 367-371.

Howerton, A., Ramirez, N. & Abel-Santos, E. (2011). Mapping Interactions between germinants and
Clostridium difficile spores. Journal of Bacteriology, 193, (1). 274-282.

Howerton, A., Patra, M. & Abel-Santos, E. (2013). A new strategy for the prevention of Clostridium
difficile infection. The Journal of Infectious Diseases, 207, (10). 1498-1504.

Howerton, A., Seymour, C. O., Murugapiran, S. K., Liao, Z., Phan, J. R., Estrada, A., Wagner, A. J,,
Mefferd, C. C., Hedlund, B. P. & Abel-Santos, E. (2018). Effect of the synthetic bile salt
analog CamSA on the hamster model of Clostridium difficile infection. Antimicrobial Agents
and Chemotherapy, 62, (10). e02251-17.

Hundsberger, T., Braun, V., Weidmann, M., Leukel, P., Sauerborn, M. & Von Eichel-Streiber, C.
(1997). Transcription analysis of the genes tcdA-E of the pathogenicity locus of Clostridium
difficile. European Journal of Biochemistry, 244, (3). 735-742.

laniro, G., Maida, M., Burisch, J., Simonelli, C., Hold, G., Ventimiglia, M., Gasbarrini, A. &
Cammarota, G. (2018). Efficacy of different faecal microbiota transplantation protocols for
Clostridium difficile infection: A systematic review and meta-analysis. United European
Gastroenterology Journal, 6, (8). 1232-1244.

Imwattana, K., Kiratisin, P., Riley, T. V. & Knight, D. R. (2020). Genomic basis of antimicrobial
resistance in non-toxigenic Clostridium difficile in Southeast Asia. Anaerobe, 66, 102290.

Jabbar, U., Leischner, J., Kasper, D., Gerber, R., Sambol, S. P., Parada, J. P., Johnson, S. & Gerding,
D. N. (2010). Effectiveness of alcohol-based hand rubs for removal of Clostridium difficile
spores from hands. Infection Control and Hospital Epidemiology, 31, (6). 565-570.

Jangi, S. & Lamont, J. T. (2010). Asymptomatic colonization by Clostridium difficile in Infants:
Implications for Disease in later life. Journal of Pediatric Gastroenterology and Nutrition,
51, (1). 2-7.

Jank, T., Giesemann, T. & Aktories, K. (2007). Rho-glucosylating Clostridium difficile toxins A and B:
new insights into structure and function. Glycobiology, 17, (4). 15R-22R.

Janoir, C., Péchiné, S., Grosdidier, C. & Collignon, A. (2007). Cwp84, a surface-associated protein of
Clostridium difficile, is a cysteine protease with degrading activity on extracellular matrix
proteins. Journal of Bacteriology, 189, (20). 7174-7180.

Janoir, C. (2016). Virulence factors of Clostridium difficile and their role during infection. Anaerobe,
37,13-24.

Jay, A. G. & Hamilton, J. A. (2017). Disorder amidst membrane order: Standardizing Laurdan
generalized polarization and membrane fluidity terms. Journal of Fluorescence, 27, (1). 243-
249,

260
A.J. Lawler, PhD Thesis, Aston University 2022



Johnson, A. P. & Wilcox, M. H. (2012). Fidaxomicin: a new option for the treatment of Clostridium
difficile infection. Journal of Antimicrobial Chemotherapy, 67, (12). 2788-2792.

Johnson, S., Adelmann, A,, Clabots, C. R., Peterson, L. R. & Gerding, D. N. (1989). Recurrences of
Clostridium difficile diarrhea not caused by the original infecting organism. The Journal of
Infectious Diseases, 159, (2). 340-343.

Johnson, S., Clabots, C. R,, Linn, F. V., Olson, M. M., Peterson, L. R., Gerding, D. N., Johnson, S., Linn,
F. V., Peterson, L. R. & Gerding, D. N. (1990). Nosocomial Clostridium difficile colonisation
and disease. The Lancet, 336, (8707). 97-100.

Johnson, S. (2009a). Recurrent Clostridium difficile infection: A review of risk factors, treatments,
and outcomes. Journal of Infection, 58, (6). 403-410.

Johnson, S. (2009b). Recurrent Clostridium difficile infection: causality and therapeutic approaches.
International Journal of Antimicrobial Agents, 33, S33-S36.

Johnson, S., Maziade, P.-J., Mcfarland, L. V., Trick, W., Donskey, C., Currie, B., Low, D. E. & Goldstein,
E. J. C. (2012). Is primary prevention of Clostridium difficile infection possible with specific
probiotics? International Journal of Infectious Diseases, 16, (11). e786-e792.

Johnson, S., Louie, T. J., Gerding, D. N., Cornely, O. A., Chasan-Taber, S., Fitts, D., Gelone, S. P.,
Broom, C., Davidson, D. M. & Investigators, F. T. P. a. F. C. T. (2014). Vancomycin,
Metronidazole, or Tolevamer for Clostridium difficile infection: Results from two
multinational, randomized, controlled trials. Clinical Infectious Diseases, 59, (3). 345-354.

Joshi, L. T., Phillips, D. S., Williams, C. F., Alyousef, A. & Baillie, L. (2012). Contribution of spores to
the ability of Clostridium difficile to adhere to surfaces. Applied and Environmental
Microbiology, 78, (21). 7671-7679.

Joshi, L. T., Welsch, A., Hawkins, J. & Baillie, L. (2017). The effect of hospital biocide sodium
dichloroisocyanurate on the viability and properties of Clostridium difficile spores. Letters
in Applied Microbiology, 65, (3). 199-205.

Jullian-Desayes, 1., Landelle, C., Mallaret, M.-R., Brun-Buisson, C. & Barbut, F. (2017). Clostridium
difficile contamination of health care workers' hands and its potential contribution to the
spread of infection: Review of the literature. American Journal of Infection Control, 45, (1).
51-58.

Jump, R. L. P., Pultz, M. J. & Donskey, C. J. (2007). Vegetative Clostridium difficile Survives in Room
Air on Moist Surfaces and in Gastric Contents with Reduced Acidity: a Potential Mechanism
To Explain the Association between Proton Pump Inhibitors and C. difficile-Associated
Diarrhea? Antimicrobial Agents and Chemotherapy, 51, (8). 2883-2887.

Kaatz, G. W., Gitlin, S. D., Schaberg, D. R., Wilson, K. H., Kauffman, C. A,, Seo, S. M. & Fekety, R.
(1988). Acquisition of Clostridium difficile from the hospital environment. American Journal
of Epidemiology, 127, (6). 1289-94.

Kachrimanidou, M., Tzika, E. & Filioussis, G. (2019). Clostridioides (Clostridium) difficile in food-
producing animals, horses and household pets: A comprehensive review. Microorganismes,
7, (12).

Kamaruzzaman, N. F., Tan, L. P., Hamdan, R. H., Choong, S. S., Wong, W. K., Gibson, A. J., Chivu, A.
& Pina, M. D. F. (2019). Antimicrobial polymers: The potential replacement of existing
antibiotics? International Journal of Molecular Sciences, 20, (11). 2747.

Kelly, C. P., Pothoulakis , C. & Lamont, J. T. (1994). Clostridium difficile colitis. New England Journal
of Medicine, 330, (4). 257-262.

Kelly, C. P. & Lamont, J. T. (1998). Clostridium difficile infection. Annual Review of Medicine, 49, 375-
90.

Kelly, C. P. & Lamont, J. T. (2008). Clostridium difficile — More difficult than ever. New England
Journal of Medicine, 359, (18). 1932-1940.

Kelly, C. P. & Kyne, L. (2011). The host immune response to Clostridium difficile. Journal of Medical
Microbiology, 60, (8). 1070-1079.

261
A.J. Lawler, PhD Thesis, Aston University 2022



Kelly, C. P. (2012). Can we identify patients at high risk of recurrent Clostridium difficile infection?
Clinical Microbiology and Infection, 18, 21-27.

Kenters, N., Huijskens, E. G. W., De Wit, S. C. J,, Sanders, |. G. J. M., Van Rosmalen, J., Kuijper, E. J.
& Voss, A. (2017). Effectiveness of various cleaning and disinfectant products on Clostridium
difficile spores of PCR ribotypes 010, 014 and 027. Antimicrobial Resistance & Infection
Control, 6, (1). 54.

Kevorkian, Y., Shirley, D. J. & Shen, A. (2016). Regulation of Clostridium difficile spore germination
by the CspA pseudoprotease domain. Biochimie, 122, 243-254.

Khanna, S., Pardi, D. S., Aronson, S. L., Kammer, P. P., Orenstein, R., St Sauver, J. L., Harmsen, W. S.
& Zinsmeister, A. R. (2012). The epidemiology of community-acquired Clostridium difficile
infection: a population-based study. The American Journal of Gastroenterology 107, (1). 89-
95.

Kiefer, J., Beyer-Sehimeyer, G. & Pool-Zobel, B. L. (2006). Mixtures of SCFA, composed according to
physiologically available concentrations in the gut lumen, modulate histone acetylation in
human HT29 colon cancer cells. British Journal of Nutrition, 96, (5). 803-810.

Kim, K.-H., Fekety, R., Batts, D. H., Brown, D., Cudmore, M., Silva, J., Jr. & Waters, D. (1981). Isolation
of Clostridium difficile from the Environment and Contacts of Patients with Antibiotic-
Associated Colitis. The Journal of Infectious Diseases, 143, (1). 42-50.

Kitchin, N., Remich, S. A, Peterson, J., Peng, Y., Gruber, W. C., Jansen, K. U., Pride, M. W., Anderson,
A. S., Knirsch, C. & Webber, C. (2020). A phase 2 study evaluating the safety, tolerability,
and immunogenicity of two 3-dose regimens of a Clostridium difficile vaccine in healthy US
adults aged 65 to 85 years. Clinical Infectious Diseases 70, (1). 1-10.

Klymchenko, Andreys. & Kreder, R. (2014). Fluorescent probes for lipid rafts: From model
membranes to living cells. Chemistry & Biology, 21, (1). 97-113.

Knetsch, C. W., Connor, T. R., Mutreja, A., Van Dorp, S. M., Sanders, |. M., Browne, H. P., Harris, D.,
Lipman, L., Keessen, E. C., Corver, J., Kuijper, E. J. & Lawley, T. D. (2014). Whole genome
sequencing reveals potential spread of Clostridium difficile between humans and farm
animals in the Netherlands, 2002 to 2011. Eurosurveillance 19, (45). 20954.

Kochan, T.J., Somers, M. J., Kaiser, A. M., Shoshiev, M. S., Hagan, A. K., Hastie, J. L., Giordano, N. P.,
Smith, A. D., Schubert, A. M., Carlson, P. E., Jr. & Hanna, P. C. (2017). Intestinal calcium and
bile salts facilitate germination of Clostridium difficile spores. PLOS Pathogens, 13, (7).
€1006443.

Kochan, T. J.,, Foley, M. H., Shoshiev, M. S., Somers, M. J., Carlson, P. E. & Hanna, P. C. (2018a).
Updates to Clostridium difficile Spore germination. Journal of Bacteriology, 200, (16).
e00218-18.

Kochan, T. J., Shoshiev, M. S., Hastie, J. L., Somers, M. J., Plotnick, Y. M., Gutierrez-Munoz, D. F.,
Foss, E. D., Schubert, A. M., Smith, A. D., Zimmerman, S. K., Carlson, P. E., Jr. & Hanna, P. C.
(2018b). Germinant synergy facilitates Clostridium difficile spore germination under
physiological conditions. mSphere, 3, (5). e00335-18.

Koenigsknecht, M. J., Theriot, C. M., Bergin, I. L., Schumacher, C. A., Schloss, P. D. & Young, V. B.
(2015). Dynamics and establishment of Clostridium difficile infection in the murine
gastrointestinal tract. Infection and Immunity, 83, (3). 934-941.

Kohler, L. J., Quirk, A. V., Welkos, S. L. & Cote, C. K. (2018). Incorporating germination-induction into
decontamination strategies for bacterial spores. Journal of Applied Microbiology, 124, (1).
2-14.

Kovacs-Simon, A., Leuzzi, R., Kasendra, M., Minton, N., Titball, R. W. & Michell, S. L. (2014).
Lipoprotein CD0873 is a novel adhesin of Clostridium difficile. The Journal of Infectious
Diseases, 210, (2). 274-284.

Kuehne, S. A,, Cartman, S. T., Heap, J. T., Kelly, M. L., Cockayne, A. & Minton, N. P. (2010). The role
of toxin A and toxin B in Clostridium difficile infection. Nature, 467, (7316). 711-713.

262
A.J. Lawler, PhD Thesis, Aston University 2022



Kuehne, S. A., Collery, M. M., Kelly, M. L., Cartman, S. T., Cockayne, A. & Minton, N. P. (2014).
Importance of toxin A, toxin B, and CDT in virulence of an epidemic Clostridium difficile
strain. The Journal of Infectious Diseases, 209, (1). 83-86.

Kuijper, E. J., Coignard, B. & Till, P. (2006). Emergence of Clostridium difficile-associated disease in
North America and Europe. Clinical Microbiology and Infection, 12, 2-18.

Kump, P., Wurm, P., Grochenig, H. P., Wenzl, H., Petritsch, W., Halwachs, B., Wagner, M.,
Stadlbauer, V., Eherer, A., Hoffmann, K. M., Deutschmann, A., Reicht, G., Reiter, L.,
Slawitsch, P., Gorkiewicz, G. & Hogenauer, C. (2018). The taxonomic composition of the
donor intestinal microbiota is a major factor influencing the efficacy of faecal microbiota
transplantation in therapy refractory ulcerative colitis. Alimentary Pharmacology &
Therapeutics, 47, (1). 67-77.

Kwasniewska, D., Chen, Y.-L. & Wieczorek, D. (2020). Biological activity of quaternary ammonium
salts and their derivatives. Pathogens 9, (6). 459.

Kyne, L., Warny, M., Qamar, A. & Kelly, C. P. (2001). Association between antibody response to toxin
A and protection against recurrent Clostridium difficile diarrhoea. The Lancet, 357, (9251).
189-193.

Laflamme, C., Lavigne, S., Ho, J. & Duchaine, C. (2004). Assessment of bacterial endospore viability
with fluorescent dyes. Journal of Applied Microbiology, 96, (4). 684-92.

Lall, S., Nataraj, G. & Mehta, P. (2017). Use of culture- and ELISA-based toxin assay for detecting
Clostridium difficile, a neglected pathogen: A single-center study from a tertiary care
setting. Journal of Laboratory Physicians, 9, (4). 254-259.

Lamontagne, F., Labbé, A.-C., Haeck, O., Lesur, O., Lalancette, M., Patino, C., Leblanc, M.,
Laverdiere, M. & Pépin, J. (2007). Impact of emergency colectomy on survival of patients
with fulminant Clostridium difficile colitis during an epidemic caused by a hypervirulent
strain. Annals of Surgery, 245, (2). 267-272.

Lance George, W., Goldstein, E. C., Sutter, V., Ludwig, S. & Finegold, S. (1978). Ztiology of
antimicrobial-agent-associated colitis. The Lancet, 311, (8068). 802-803.

Lawler, A. )., Lambert, P. A. & Worthington, T. (2020). A revised understanding of Clostridioides
difficile spore germination. Trends in Microbiology, 28, (9). 744-752.

Lawley, T. D., Clare, S., Deakin, L. J., Goulding, D., Yen, J. L., Raisen, C., Brandt, C., Lovell, J., Cooke,
F., Clark, T. G. & Dougan, G. (2010). Use of purified Clostridium difficile spores to facilitate
evaluation of health care disinfection regimens. Applied and Environmental Microbiology,
76, (20). 6895-6900.

Lawley, T. D. & Walker, A. W. (2013). Intestinal colonization resistance. Immunology, 138, (1). 1-11.

Lawson, P. A,, Citron, D. M., Tyrrell, K. L. & Finegold, S. M. (2016). Reclassification of Clostridium
difficile as Clostridioides difficile (Hall and O’Toole 1935) Prévot 1938. Anaerobe, 40, 95-99.

Lawson, P. A. & Rainey, F. A. (2016). Proposal to restrict the genus Clostridium Prazmowski to
Clostridium butyricum and related species. International Journal of Systematic and
Evolutionary Microbiology, 66, (2). 1009-1016.

Leffler, D. A. & Lamont, J. T. (2015). Clostridium difficile infection. New England Journal of Medicine,
372, (16). 1539-48.

Leonard, J., Marshall, J. K. & Moayyedi, P. (2007). Systematic review of the risk of enteric infection
in patients taking acid suppression. The American Journal of Gastroenterology 102, (9).
2047-56; quiz 2057.

Lessa, F. C., Mu, Y., Bamberg , W. M., Beldavs, Z. G., Dumyati, G. K., Dunn, J. R,, Farley , M. M.,
Holzbauer , S. M., Meek , J. I., Phipps, E. C., Wilson, L. E., Winston, L. G., Cohen, J. A,
Limbago , B. M., Fridkin , S. K., Gerding , D. N. & Mcdonald , L. C. (2015). Burden of
Clostridium difficile infection in the United States. New England Journal of Medicine, 372,
(9). 825-834.

263
A.J. Lawler, PhD Thesis, Aston University 2022



Leverrier, P., Dimova, D., Pichereau, V., Auffray, Y., Boyaval, P. & Jan, G. (2003). Susceptibility and
adaptive response to bile salts in Propionibacterium freudenreichii: physiological and
proteomic analysis. Applied and Environmental Microbiology, 69, (7). 3809-3818.

Levin, J., Riley, L. S., Parrish, C., English, D. & Ahn, S. (2013). The effect of portable pulsed xenon
ultraviolet light after terminal cleaning on hospital-associated Clostridium difficile infection
in a community hospital. American Journal of Infection Control, 41, (8). 746-748.

Levinson, H. S. & Hyatt, M. T. (1966). Sequence of events during Bacillus megaterium spore
germination. Journal of Bacteriology, 91, (5). 1811-1818.

Lewis, S. J. & Heaton, K. W. (1997). Stool form scale as a useful guide to intestinal transit time.
Scandinavian Journal of Gastroenterology, 32, (9). 920-4.

Linley, E., Denyer, S. P., Mcdonnell, G., Simons, C. & Maillard, J.-Y. (2012). Use of hydrogen peroxide
as a biocide: new consideration of its mechanisms of biocidal action. Journal of
Antimicrobial Chemotherapy, 67, (7). 1589-1596.

Lister, M., Stevenson, E., Heeg, D., Minton, N. P. & Kuehne, S. A. (2014). Comparison of culture
based methods for the isolation of Clostridium difficile from stool samples in a research
setting. Anaerobe, 28, 226-229.

Littmann, E. R, Lee, J.-J., Denny, J. E., Alam, Z., Maslanka, J. R., Zarin, I., Matsuda, R., Carter, R. A,,
Susac, B., Saffern, M. S., Fett, B., Mattei, L. M., Bittinger, K. & Abt, M. C. (2021). Host
immunity modulates the efficacy of microbiota transplantation for treatment of
Clostridioides difficile infection. Nature Communications, 12, (1). 755-755.

Liu, R., Sudrez, J. M., Weisblum, B., Gellman, S. H. & Mcbride, S. M. (2014). Synthetic polymers active
against Clostridium difficile vegetative cell growth and spore Outgrowth. Journal of the
American Chemical Society, 136, (41). 14498-14504.

Loo, V. G., Poirier, L., Miller, M. A., Oughton, M., Libman, M. D., Michaud, S., Bourgault, A. M.,
Nguyen, T., Frenette, C., Kelly, M., Vibien, A., Brassard, P., Fenn, S., Dewar, K., Hudson, T.
J., Horn, R., René, P., Monczak, Y. & Dascal, A. (2005). A predominantly clonal multi-
institutional outbreak of Clostridium difficile-associated diarrhea with high morbidity and
mortality. New England Journal of Medicine, 353, (23). 2442-9.

Loo, V. G., Bourgault, A.-M., Pairier, L., Lamothe, F., Michaud, S., Turgeon, N., Toye, B., Beaudoin,
A, Frost, E. H., Gilca, R., Brassard, P., Dendukuri, N., Béliveau, C., Oughton, M., Brukner, I.
& Dascal, A. (2011). Host and pathogen factors for Clostridium difficile infection and
colonization. New England Journal of Medicine, 365, (18). 1693-1703.

Lowy, |., Molrine, D. C., Leav, B. A., Blair, B. M., Baxter, R., Gerding, D. N., Nichol, G., Thomas, W. D.,
Leney, M., Sloan, S., Hay, C. A. & Ambrosino, D. M. (2010). Treatment with monoclonal
antibodies against Clostridium difficile toxins. New England Journal of Medicine, 362, (3).
197-205.

Lyerly, D. M., Saum, K. E., Macdonald, D. K. & Wilkins, T. D. (1985). Effects of Clostridium difficile
toxins given intragastrically to animals. Infection and Immunity, 47, (2). 349-352.

Lynch, M., Walsh, T. A., Marszalowska, ., Webb, A. E., Mac Aogain, M., Rogers, T. R., Windle, H.,
Kelleher, D., O'connell, M. J. & Loscher, C. E. (2017). Surface layer proteins from virulent
Clostridium difficile ribotypes exhibit signatures of positive selection with consequences for
innate immune response. BMC Evolutionary Biology, 17, (1). 90-90.

Lyras, D., O'connor, J. R., Howarth, P. M., Sambol, S. P., Carter, G. P., Phumoonna, T., Poon, R,
Adams, V., Vedantam, G., Johnson, S., Gerding, D. N. & Rood, J. I. (2009). Toxin B is essential
for virulence of Clostridium difficile. Nature, 458, (7242). 1176-1179.

Macleod-Glover, N. & Sadowski, C. (2010). Efficacy of cleaning products for C. difficile:
Environmental strategies to reduce the spread of Clostridium difficile—associated diarrhea
in geriatric rehabilitation. Canadian Family Physician, 56, (5). 417-423.

Madan, R. & Petri, W. A,, Jr. (2012). Immune responses to Clostridium difficile infection. Trends in
Molecular Medicine, 18, (11). 658-666.

264
A.J. Lawler, PhD Thesis, Aston University 2022



Magill, S. S., Edwards, J. R., Bamberg, W., Beldavs, Z. G., Dumyati, G., Kainer, M. A,, Lynfield, R.,
Maloney, M., Mcallister-Hollod, L., Nadle, J., Ray, S. M., Thompson, D. L., Wilson, L. E. &
Fridkin, S. K. (2014). Multistate point-prevalence survey of health care-associated
infections. New England Journal of Medicine, 370, (13). 1198-1208.

Maldarelli, G. A., Piepenbrink, K. H., Scott, A. J., Freiberg, J. A, Song, Y., Achermann, Y., Ernst, R. K,,
Shirtliff, M. E., Sundberg, E. J., Donnenberg, M. S. & Von Rosenvinge, E. C. (2016). Type IV
pili promote early biofilm formation by Clostridium difficile. Pathogens and Disease, 74, (6).
61.

Mallory, A., Kern, F., Smith, J. & Savage, D. (1973). Patterns of bile acids and microflora in the human
small intestine: I. Bile acids. Gastroenterology, 64, (1). 26-33.

Malyshev, D. & Baillie, L. (2020). Surface morphology differences in Clostridium difficile spores,
based on different strains and methods of purification. Anaerobe, 61, 102078.

Mani, N. & Dupuy, B. (2001). Regulation of toxin synthesis in Clostridium difficile by an alternative
RNA polymerase sigma factor. Proceedings of the National Academy of Sciences of the
United States of America, 98, (10). 5844-5849.

Manian, F. A., Meyer, L. & Jenne, J. (1996). Clostridium difficile contamination of blood pressure
cuffs: a call for a closer look at gloving practices in the era of universal precautions. Infection
Control and Hospital Epidemiology 17, (3). 180-2.

Manian, F. A., Griesnauer, S. & Bryant, A. (2013). Implementation of hospital-wide enhanced
terminal cleaning of targeted patient rooms and its impact on endemic Clostridium difficile
infection rates. American Journal of Infection Control, 41, (6). 537-541.

Maseda, D., Zackular, J. P., Trindade, B., Kirk, L., Roxas, J. L., Rogers, L. M., Washington, M. K., Du,
L., Koyama, T., Viswanathan, V. K., Vedantam, G., Schloss, P. D., Crofford, L. J., Skaar, E. P.
& Aronoff, D. M. (2019). Nonsteroidal anti-inflammatory drugs alter the microbiota and
exacerbate Clostridium difficile colitis while dysregulating the inflammatory response.
mBio, 10, (1). e02282-18.

Mayfield, J. L., Leet, T., Miller, J. & Mundy, L. M. (2000). Environmental control to reduce
transmission of Clostridium difficile. Clinical Infectious Diseases, 31, (4). 995-1000.
Maziade, P.-J., Pereira, P. & Goldstein, E. J. C. (2015). A decade of experience in primary prevention
of Clostridium difficile infection at a community hospital using the probiotic combination
Lactobacillus acidophilus CL1285, Lactobacillus casei LBC80R, and Lactobacillus rhamnosus

CLR2 (Bio-K+). Clinical Infectious Diseases, 60, (suppl_2). S$144-5147.

Mcbride, S. M. & Sonenshein, A. L. (2011a). The dlt operon confers resistance to cationic
antimicrobial peptides in Clostridium difficile. Microbiology 157, (Pt 5). 1457-1465.
Mcbride, S. M. & Sonenshein, A. L. (2011b). Identification of a genetic locus responsible for
antimicrobial peptide resistance in Clostridium difficile. Infection and Immunity, 79, (1).

167-176.

Mccord, J., Prewitt, M., Dyakova, E., Mookerjee, S. & Otter, J. A. (2016). Reduction in Clostridium
difficile infection associated with the introduction of hydrogen peroxide vapour automated
room disinfection. Journal of Hospital Infection, 94, (2). 185-7.

Mcdonald, L. C,, Killgore, G. E., Thompson, A., Owens, R. C., Kazakova, S. V., Sambol, S. P., Johnson,
S. & Gerding, D. N. (2005). An epidemic, toxin gene—variant strain of Clostridium difficile.
New England Journal of Medicine, 353, (23). 2433-2441.

Mcdonald, L. C., Coignard, B., Dubberke, E., Song, X., Horan, T. & Kutty, P. K. (2007).
Recommendations for surveillance of Clostridium difficile-associated disease. Infection
Control and Hospital Epidemiology, 28, (2). 140-5.

Mcdonald, L. C., Gerding, D. N., Johnson, S., Bakken, J. S., Carroll, K. C., Coffin, S. E., Dubberke, E. R.,
Garey, K. W., Gould, C. V., Kelly, C., Loo, V., Shaklee Sammons, J., Sandora, T. J. & Wilcox,
M. H. (2018). Clinical practice guidelines for Clostridium difficile infection in adults and
children: 2017 update by the Infectious Diseases Society of America (IDSA) and Society for
Healthcare Epidemiology of America (SHEA). Clinical Infectious Diseases, 66, (7). e1-e48.

265
A.J. Lawler, PhD Thesis, Aston University 2022



Mcfarland, L. V., Mulligan, M. E., Kwok, R. Y. & Stamm, W. E. (1989). Nosocomial acquisition of
Clostridium difficile infection. New England Journal of Medicine, 320, (4). 204-10.

Mckee, R. W., Aleksanyan, N., Garrett, E. M. & Tamayo, R. (2018). Type IV pili promote Clostridium
difficile adherence and persistence in a mouse model of infection. Infection and Immunity,
86, (5). e00943-17.

Mekhjian, H. S., Phillips, S. F. & Hofmann, A. F. (1979). Colonic absorbtion of unconjugated bile-
acids - perfusion studies in man. Digestive Diseases and Sciences, 24, (7). 545-550.
Melville, S. & Craig, L. (2013). Type IV pili in Gram-positive bacteria. Microbiology and Molecular

Biology Reviews 77, (3). 323-341.

Merrigan, M. M., Venugopal, A., Roxas, J. L., Anwar, F., Mallozzi, M. J., Roxas, B. a. P., Gerding, D.
N., Viswanathan, V. K. & Vedantam, G. (2013). Surface-layer protein A (SlpA) Is a major
contributor to host-cell adherence of Clostridium difficile. PLOS ONE, 8, (11). e78404.

Miller, R., Simmons, S., Dale, C., Stachowiak, J. & Stibich, M. (2015). Utilization and impact of a
pulsed-xenon ultraviolet room disinfection system and multidisciplinary care team on
Clostridium difficile in a long-term acute care facility. American Journal of Infection Control,
43, (12). 1350-1353.

Modena, S., Gollamudi, S. & Friedenberg, F. (2006). Continuation of antibiotics Is associated with
failure of metronidazole for Clostridium difficile-associated diarrhea. Journal of Clinical
Gastroenterology, 40, (1).

Moir, A. & Smith, D. A. (1990). The genetics of bacterial spore germination. Annual Review of
Microbiology, 44, 531-53.

Mori, N. & Takahashi, T. (2018). Characteristics and immunological roles of surface layer proteins
in Clostridium difficile. Annals of Laboratory Medicine, 38, (3). 189-195.

Mott, T. M., Shoe, J. L., Hunter, M., Woodson, A. M., Fritts, K. A., Klimko, C. P., Quirk, A. V., Welkos,
S. L. & Cote, C. K. (2017). Comparison of sampling methods to recover germinated Bacillus
anthracis and Bacillus thuringiensis endospores from surface coupons. Journal of Applied
Microbiology, 122, (5). 1219-1232.

Mullane, K. M., Miller, M. A., Weiss, K., Lentnek, A., Golan, Y., Sears, P. S., Shue, Y.-K., Louie, T. J. &
Gorbach, S. L. (2011). Efficacy of fidaxomicin versus vancomycin as therapy for Clostridium
difficile infection in individuals taking concomitant antibiotics for other concurrent
infections. Clinical Infectious Diseases 53, (5). 440-447.

Mufioz-Bonilla, A. & Fernandez-Garcia, M. (2012). Polymeric materials with antimicrobial activity.
Progress in Polymer Science, 37, (2). 281-339.

Musher, D. M., Logan, N., Hamill, R. J., Dupont, H. L., Lentnek, A., Gupta, A. & Rossignol, J.-F. (2006).
Nitazoxanide for the treatment of Clostridium difficile colitis. Clinical Infectious Diseases,
43, (4). 421-427.

Nagarajan, R. (1991). Antibacterial activities and modes of action of vancomycin and related
glycopeptides. Antimicrobial Agents and Chemotherapy, 35, (4). 605-609.

Nagengast, F. M., Grubben, M. J. a. L. & Van Munster, I. P. (1995). Role of bile acids in colorectal
carcinogenesis. European Journal of Cancer, 31, (7). 1067-1070.

Nawrocki, K. L., Edwards, A. N., Daou, N., Bouillaut, L. & Mcbride, S. M. (2016). CodY-dependent
regulation of sporulation in Clostridium difficile. Journal of Bacteriology, 198, (15). 2113-
2130.

Neemann, K. & Freifeld, A. (2017). Clostridium difficile—Associated diarrhea in the oncology patient.
Journal of Oncology Practice, 13, (1). 25-30.

Nelson, R. L., Suda, K. J. & Evans, C. T. (2017). Antibiotic treatment for Clostridium difficile-
associated diarrhoea in adults. Cochrane Database of Systematic Reviews, (Issue 3).
Nerandzic, M. M., Cadnum, J. L., Pultz, M. J. & Donskey, C. J. (2010). Evaluation of an automated
ultraviolet radiation device for decontamination of Clostridium difficile and other
healthcare-associated pathogens in hospital rooms. BMC Infectious Diseases, 10, 197-197.

266
A.J. Lawler, PhD Thesis, Aston University 2022



Nerandzic, M. M. & Donskey, C. J. (2010). Triggering germination represents a novel strategy to
enhance killing of Clostridium difficile spores. PLOS ONE, 5, (8). e12285.

Nerandzic, M. M. & Donskey, C. J. (2013). Activate to eradicate: inhibition of Clostridium difficile
spore outgrowth by the synergistic effects of osmotic activation and nisin. PLOS ONE, 8, (1).
e54740.

Nerandzic, M. M. & Donskey, C. J. (2016). A quaternary ammonium disinfectant containing
germinants reduces Clostridium difficile spores on surfaces by inducing susceptibility to
environmental stressors. Open Forum Infectious Diseases, 3, (4). 196.

Nerandzic, M. M. & Donskey, C. J. (2017). Sensitizing Clostridium difficile spores with germinants on
skin and environmental surfaces represents a new strategy for reducing spores via ambient
mechanisms. Pathogens & Immunity, 2, (3). 404-421.

Nerber, H. N. & Sorg, J. A. (2021). The small acid-soluble proteins of Clostridioides difficile are
important for UV resistance and serve as a check point for sporulation. PLOS Pathogens,
17, (9). 1009516.

Ng, Q. X., Loke, W., Foo, N. X., Mo, Y., Yeo, W.-S. & Soh, A. Y. S. (2019). A systematic review of the
use of rifaximin for Clostridium difficile infections. Anaerobe, 55, 35-39.

Nice (2014). Faecal microbiota transplant for recurrent Clostridium difficile infection NATIONAL
INSITUTE FOR HEALTH AND AND CARE EXCELLENCE.

Nice (2015). Clostridium difficile infection: risk with broad-spectrum antibiotics NATIONAL INSITUTE
FOR HEALTH AND AND CARE EXCELLENCE.

Nicholson, W. L., Munakata, N., Horneck, G., Melosh, H. J. & Setlow, P. (2000). Resistance of Bacillus
Endospores to Extreme Terrestrial and Extraterrestrial Environments. Microbiology and
Molecular Biology Reviews, 64, (3). 548-572.

Northfield, T. C. & Mccoll, I. (1973). Postprandial concentrations of free and conjugated bile acids
down the length of the normal human small intestine. Gut, 14, (7). 513-518.

Nusrat, A., Von Eichel-Streiber, C., Turner, J. R., Verkade, P., Madara, J. L. & Parkos, C. A. (2001).
Clostridium difficile toxins disrupt epithelial barrier function by altering membrane
microdomain localization of tight junction proteins. Infection and Immunity, 69, (3). 1329-
1336.

Office for National Statistics (2013). Deaths involving Clostridium difficile, England and Wales: 2012.
OFFICE FOR NATIONAL STATISTICS.

Oksi, J., Aalto, A., Saila, P., Partanen, T., Anttila, V. J. & Mattila, E. (2019). Real-world efficacy of
bezlotoxumab for prevention of recurrent Clostridium difficile infection: a retrospective
study of 46 patients in five university hospitals in Finland. European Journal of Clinical
Microbiology & Infectious Diseases, 38, (10). 1947-1952.

Oliveira Paiva, A. M., De Jong, L., Friggen, A. H., Smits, W. K. & Corver, J. (2020). The C-terminal
domain of Clostridioides difficile TcdC is exposed on the bacterial cell surface. Journal of
Bacteriology, 202, (22). e00771-19.

Olsen, M. A., Stwalley, D., Demont, C. & Dubberke, E. R. (2018). Increasing age has limited impact
on risk of Clostridium difficile infection in an elderly population. Open Forum Infectious
Diseases, 5, (7). 160-168.

Omotade, T. O., Bernhards, R. C., Klimko, C. P., Matthews, M. E., Hill, A. J., Hunter, M. S., Webster,
W. M., Bozue, J. A, Welkos, S. L. & Cote, C. K. (2014). The impact of inducing germination
of Bacillus anthracis and Bacillus thuringiensis spores on potential secondary
decontamination strategies. Journal of Applied Microbiology, 117, (6). 1614-1633.

Oren, A. & Rupnik, M. (2018). Clostridium difficile and Clostridioides difficile: Two validly published
and correct names. Anaerobe, 52, 125-126.

Otten, A. M., Reid-Smith, R. J., Fazil, A. & Weese, J. S. (2010). Disease transmission model for
community-associated Clostridium difficile infection. Epidemiology and Infection, 138, (6).
907-914.

267
A.J. Lawler, PhD Thesis, Aston University 2022



Ozaki, E., Kato, H., Kita, H., Karasawa, T., Maegawa, T., Koino, Y., Matsumoto, K., Takada, T.,
Nomoto, K., Tanaka, R. & Nakamura, S. (2004). Clostridium difficile colonization in healthy
adults: transient colonization and correlation with enterococcal colonization. Journal of
Medical Microbiology, 53, (2). 167-172.

Palmore, T. N., Sohn, S., Malak, S. F., Eagan, J. & Sepkowitz, K. A. (2005). Risk factors for acquisition
of Clostridium difficile-associated diarrhea among outpatients at a cancer hospital. Infection
Control and Hospital Epidemiology, 26, (8). 680-4.

Pantaléon, V., Soavelomandroso, A. P., Bouttier, S., Briandet, R., Roxas, B., Chu, M., Collignon, A.,
Janoir, C., Vedantam, G. & Candela, T. (2015). The Clostridium difficile protease Cwp84
modulates both biofilm formation and cell-surface properties. PLOS ONE, 10, (4).
e0124971.

Parasassi, T., De Stasio, G., D'ubaldo, A. & Gratton, E. (1990). Phase fluctuation in phospholipid
membranes revealed by Laurdan fluorescence. Biophysical Journal, 57, (6). 1179-86.

Paredes-Sabja, D., Bond, C., Carman, R. J., Setlow, P. & Sarker, M. R. (2008). Germination of spores
of Clostridium difficile strains, including isolates from a hospital outbreak of Clostridium
difficile-associated disease (CDAD). Microbiology, 154, (8). 2241-2250.

Paredes-Sabja, D., Shen, A. & Sorg, J. A. (2014). Clostridium difficile spore biology: sporulation,
germination, and spore structural proteins. Trends in Microbiology, 22, (7). 406-416.

Pattani, R., Palda, V. A., Hwang, S. W. & Shah, P. S. (2013). Probiotics for the prevention of antibiotic-
associated diarrhea and Clostridium difficile infection among hospitalized patients:
systematic review and meta-analysis. Open Medicine 7, (2). e56-e67.

Péchiné, S. & Collignon, A. (2016). Immune responses induced by Clostridium difficile. Anaerobe,
41, 68-78.

Pegues, D. A, Han, J., Gilmar, C., Mcdonnell, B. & Gaynes, S. (2017). Impact of ultraviolet germicidal
irradiation for no-touch terminal room disinfection on Clostridium difficile infection
incidence among hematology-oncology patients. Infection Control and Hospital
Epidemiology, 38, (1). 39-44.

Peltier, J., Courtin, P., El Meouche, I., Lemée, L., Chapot-Chartier, M.-P. & Pons, J.-L. (2011).
Clostridium difficile has an original peptidoglycan structure with a high level of N-
acetylglucosamine deacetylation and mainly 3-3 cross-links. Journal of Biological Chemistry,
286, (33). 29053-29062.

Peng, Z., Jin, D., Kim, H. B., Stratton, C. W., Wu, B., Tang, Y.-W. & Sun, X. (2017). Update on
antimicrobial resistance in Clostridium difficile: Resistance mechanisms and antimicrobial
susceptibility testing. Journal of Clinical Microbiology, 55, (7). 1998-2008.

Pépin, J., Valiquette, L., Gagnon, S., Routhier, S. & Brazeau, I. (2007). Outcomes of Clostridium
difficile-associated disease treated with metronidazole or vancomycin before and after the
emergence of NAP1/027. The American Journal of Gastroenterology 102, (12). 2781-8.

Perelle, S., Gibert, M., Bourlioux, P., Corthier, G. & Popoff, M. R. (1997). Production of a complete
binary toxin (actin-specific ADP-ribosyltransferase) by Clostridium difficile CD196. Infection
and Immunity, 65, (4). 1402-1407.

Perez, J., Springthorpe, V. S. & Sattar, S. A. (2005). Activity of selected oxidizing microbicides against
the spores of Clostridium difficile: Relevance to environmental control. American Journal of
Infection Control, 33, (6). 320-325.

Permpalung, N., Upala, S., Sanguankeo, A. & Sornprom, S. (2016). Association between NSAIDs and
Clostridium difficile associated diarrhea: A systematic review and meta-analysis. Canadian
Journal of Gastroenterology and Hepatology, 2016.

Permpoonpattana, P., Tolls, E. H., Nadem, R., Tan, S., Brisson, A. & Cutting, S. M. (2011). Surface
layers of Clostridium difficile endospores. Journal of Bacteriology, 193, (23). 6461-70.

Pizarro-Guajardo, M., Calderédn-Romero, P., Castro-Cérdova, P., Mora-Uribe, P. & Paredes-Sabja, D.
(2016). Ultrastructural variability of the exosporium layer of Clostridium difficile spores.
Applied and Environmental Microbiology, 82, (7). 2202-2209.

268
A.J. Lawler, PhD Thesis, Aston University 2022



Pol, I. E., Van Arendonk, W. G., Mastwijk, H. C., Krommer, J., Smid, E. J. & Moezelaar, R. (2001).
Sensitivities of germinating spores and carvacrol-adapted vegetative cells and spores of
Bacillus cereus to nisin and pulsed-electric-field treatment. Applied and Environmental
Microbiology, 67, (4). 1693-1699.

Popham, D. L. (2002). Specialized peptidoglycan of the bacterial endospore: the inner wall of the
lockbox. Cellular and Molecular Life Sciences, 59, (3). 426-433.

Pothoulakis, C. (2000). Effects of Clostridium difficile toxins on epithelial cell barrier. Annals of the
New York Academy of Sciences, 915, (1). 347-356.

Poutanen, S. M. & Simor, A. E. (2004). Clostridium difficile-associated diarrhea in adults. Canadian
Medical Association Journal, 171, (1). 51-58.

Powell, J. F. (1950). Factors affecting the germination of thick suspensions of Bacillus subtilis spores
in L-alanine solution. Microbiology, 4, (3). 330-338.

Poxton, I. R., Mccoubrey, J. & Blair, G. (2001). The pathogenicity of Clostridium difficile. Clinical
Microbiology and Infection, 7, (8). 421-427.

Probert, C.S. )., Jones, P. R. H. & Ratcliffe, N. M. (2004). A novel method for rapidly diagnosing the
causes of diarrhoea. Gut, 53, (1). 58-61.

Pruitt, R. N., Chambers, M. G., Ng, K. K. S., Ohi, M. D. & Lacy, D. B. (2010). Structural organization of
the functional domains of Clostridium difficile toxins A and B. Proceedings of the National
Academy of Sciences of the United States of America, 107, (30). 13467-13472.

Public Health England (2013). Updated guidance on the management and treatment of Clostridium
difficile infection. PUBLIC HEALTH ENGLAND PUBLICATIONS. London, UK.

Public Health England (2018). UK Standards for microbiology investigations: processing of faeces for
Clostridium difficile. PUBLIC HEALTH ENGLAND PUBLICATIONS. London, UK.

Public Health England (2019a). Annual epidemiological commentary: Gram-negative bacteraemia,
MRSA bacteraemia, MSSA bacteraemia and C. difficile infections, up to and including
financial year April 2018 to March 2019. PUBLICATIONS, P. London, UK.

Public Health England (2019b). Clostridium difficile ribotyping network (CDRN) for England and
Northern Ireland 2015-2018. PUBLIC HEALTH ENGLAND PUBLICATIONS. London, UK.

Purcell, E. B., Mckee, R. W., Mcbride, S. M., Waters, C. M. & Tamayo, R. (2012). Cyclic diguanylate
inversely regulates motility and aggregation in Clostridium difficile. Journal of Bacteriology,
194, (13). 3307-3316.

Quraishi, M. N., Widlak, M., Bhala, N., Moore, D., Price, M., Sharma, N. & Igbal, T. H. (2017).
Systematic review with meta-analysis: the efficacy of faecal microbiota transplantation for
the treatment of recurrent and refractory Clostridium difficile infection. Alimentary
Pharmacology & Therapeutics, 46, (5). 479-493.

Rabi, R., Turnbull, L., Whitchurch, C. B., Awad, M. & Lyras, D. (2017). Structural characterization of
Clostridium sordellii spores of diverse human, animal, and environmental origin and
Comparison to Clostridium difficile spores. mSphere, 2, (5). e00343-17.

Ramirez-Peralta, A., Zhang, P., Li, Y.-Q. & Setlow, P. (2012). Effects of sporulation conditions on the
germination and germination protein levels of Bacillus subtilis spores. Applied and
Environmental Microbiology, 78, (8). 2689-2697.

Rastogi, R. P., Richa, Kumar, A., Tyagi, M. B. & Sinha, R. P. (2010). Molecular mechanisms of
ultraviolet radiation-induced DNA damage and repair. Journal of Nucleic Acids, 2010,
592980.

Rathbone, D., Worthington, T., Al-Malaika, S., Hird, M. & Quayle, A. (2019). Compound for treating
Clostridium difficile. 15/528,475.

Rea, M. C., O'sullivan, O., Shanahan, F., O'toole, P. W., Stanton, C., Ross, R. P. & Hill, C. (2012).
Clostridium difficile carriage in elderly subjects and associated changes in the intestinal
microbiota. Journal of Cinical Microbiology, 50, (3). 867-875.

Reed, N. G. (2010). The history of ultraviolet germicidal irradiation for air disinfection. Public Health
Reports, 125, (1). 15-27.

269
A.J. Lawler, PhD Thesis, Aston University 2022



Reynolds, C. B., Emerson, J. E., De La Riva, L., Fagan, R. P. & Fairweather, N. F. (2011). The
Clostridium difficile cell wall protein CwpV is antigenically variable between strains, but
exhibits conserved aggregation-promoting function. PLOS Pathogens, 7, (4). €1002024.

Riasat, S. (2016). Investigation of the germination potential & antimicrobial activity of polymers
containing bile salts against Clostridium difficile spores. Polymer Processing and
Performance Research Unit, Chemical Engineering and Applied Chemistry. Aston University

Ridlon, J. M., Kang, D.-J. & Hylemon, P. B. (2006). Bile salt biotransformations by human intestinal
bacteria. Journal of Lipid Research, 47, (2). 241-259.

Riggs, M. M., Sethi, A. K., Zabarsky, T. F., Eckstein, E. C., Jump, R. L. P. & Donskey, C. J. (2007).
Asymptomatic carriers are a potential source for transmission of epidemic and
nonepidemic Clostridium difficile strains among long-term care facility residents. Clinical
Infectious Diseases, 45, (8). 992-998.

Rodriguez, C., Korsak, N., Taminiau, B., Avesani, V., Van Broeck, J., Delmée, M. & Daube, G. (2014).
Clostridium difficile infection in elderly nursing home residents. Anaerobe, 30, 184-187.

Rohlfing, A. E., Eckenroth, B. E., Forster, E. R., Kevorkian, Y., Donnelly, M. L., Benito De La Puebla,
H., Doublié, S. & Shen, A. (2019). The CspC pseudoprotease regulates germination of
Clostridioides difficile spores in response to multiple environmental signals. PLOS Genetics,
15, (7). e1008224.

Rokas, K. E. E., Johnson, J. W., Beardsley, J. R., Ohl, C. A., Luther, V. P. & Williamson, J. C. (2015). The
addition of intravenous metronidazole to oral vancomycin is associated with improved
mortality in critically ill patients with Clostridium difficile infection. Clinical Infectious
Diseases, 61, (6). 934-941.

Rolfe, R. D. (1984). Role of volatile fatty acids in colonization resistance to Clostridium difficile.
Infection and Immunity, 45, (1). 185-91.

Rubin, M. S., Bodenstein, L. E. & Kent, K. C. (1995). Severe Clostridium difficile colitis. Diseases of
the Colon and Rectum 38, (4). 350-4.

Russell, A. D. (1990). Bacterial spores and chemical sporicidal agents. Clinical Microbiology Reviews,
3, (2).99-119.

Rutala, W. A,, Gergen, M. F. & Weber, D. J. (1993). Inactivation of Clostridium difficile spores by
disinfectants. Infection Control and Hospital Epidemiology, 14, (1). 36-39.

Ryan, A., Lynch, M., Smith, S. M., Amu, S., Nel, H. J., Mccoy, C. E., Dowling, J. K., Draper, E., O'reilly,
V., Mccarthy, C., O'brien, J., Ni Eidhin, D., O'connell, M. J., Keogh, B., Morton, C. O., Rogers,
T. R, Fallon, P. G,, O'neill, L. A., Kelleher, D. & Loscher, C. E. (2011). A role for TLR4 in
Clostridium difficile infection and the recognition of surface layer proteins. PLOS Pathogens,
7, (6). €1002076.

Sambol, S. P., Merrigan, M. M., Tang, J. K., Johnson, S. & Gerding, D. N. (2002). Colonization for the
prevention of Clostridium difficile disease in hamsters. The Journal of Infectious Diseases,
186, (12). 1781-1789.

Samore, M. H., Venkataraman, L., Degirolami, P. C., Arbeit, R. D. & Karchmer, A. W. (1996). Clinical
and molecular epidemiology of sporadic and clustered cases of nosocomial Clostridium
difficile diarrhea. The American Journal of Medicine 100, (1). 32-40.

Sandhu, B. K. & Mcbride, S. M. (2018). Clostridioides difficile. Trends in Microbiology, 26, (12). 1049-
1050.

Saujet, L., Pereira, F. C., Henriques, A. O. & Martin-Verstraete, |. (2014). The regulatory network
controlling spore formation in Clostridium difficile. FEMS Microbiology Letters, 358, (1). 1-
10.

Schaeffer, A. B. & Fulton, M. D. (1933). A simplified method of staining endospores. Science, 77,
(1990). 194-194.

Schéffler, H. & Breitriick, A. (2018). Clostridium difficile - From colonization to infection. Frontiers in
Microbiology, 9, 646.

270
A.J. Lawler, PhD Thesis, Aston University 2022



Schoyer, E. & Hall, K. (2020). Environmental cleaning and decontamination to prevent Clostridioides
difficile infection in health care settings: A systematic review. Journal of Patient Safety, 16,
(3S Suppl 1). S12-S15.

Schwan, C., Stecher, B., Tzivelekidis, T., Van Ham, M., Rohde, M., Hardt, W.-D., Wehland, J. &
Aktories, K. (2009). Clostridium difficile toxin CDT induces formation of microtubule-based
protrusions and increases adherence of bacteria. PLOS Pathogens, 5, (10). e1000626.

Sebaihia, M., Wren, B. W., Mullany, P., Fairweather, N. F., Minton, N., Stabler, R., Thomson, N. R.,
Roberts, A. P., Cerdefio-Tarraga, A. M., Wang, H., Holden, M. T., Wright, A., Churcher, C.,
Quail, M. A., Baker, S., Bason, N., Brooks, K., Chillingworth, T., Cronin, A., Davis, P., Dowd,
L., Fraser, A., Feltwell, T., Hance, Z., Holroyd, S., Jagels, K., Moule, S., Mungall, K., Price, C.,
Rabbinowitsch, E., Sharp, S., Simmonds, M., Stevens, K., Unwin, L., Whithead, S., Dupuy, B.,
Dougan, G., Barrell, B. & Parkhill, J. (2006). The multidrug-resistant human pathogen
Clostridium difficile has a highly mobile, mosaic genome. Nat Genet, 38, (7). 779-86.

See, |, My, Y., Cohen, J., Beldavs, Z. G., Winston, L. G., Dumyati, G., Holzbauer, S., Dunn, J., Farley,
M. M., Lyons, C., Johnston, H., Phipps, E., Perimutter, R., Anderson, L., Gerding, D. N. &
Lessa, F. C. (2014). NAP1 strain type predicts outcomes from Clostridium difficile infection.
Clinical Infectious Diseases, 58, (10). 1394-1400.

Sethi, A. K., Al-Nassir, W. N., Nerandzic, M. M. & Donskey, C. J. (2009). Skin and environmental
contamination with vancomycin-resistant enterococci in patients receiving oral
metronidazole or oral vancomycin treatment for Clostridium difficile—associated disease.
Infection Control and Hospital Epidemiology, 30, (1). 13-17.

Sethi, A. K., Al-Nassir, W. N., Nerandzic, M. M., Bobulsky, G. S. & Donskey, C. J. (2010). Persistence
of skin contamination and environmental shedding of Clostridium difficile during and after
treatment of C. difficile infection. Infection Control and Hospital Epidemiology, 31, (1). 21-
27.

Setlow, B., Korza, G., Blatt, K. M., Fey, J. P. & Setlow, P. (2016). Mechanism of Bacillus subtilis spore
inactivation by and resistance to supercritical CO2 plus peracetic acid. Journal of Applied
Microbiology, 120, (1). 57-69.

Setlow, P. (2003). Spore germination. Current Opinion in Microbiology, 6, (6). 550-556.

Setlow, P. (2006). Spores of Bacillus subtilis: their resistance to and killing by radiation, heat and
chemicals. Journal of Applied Microbiology, 101, (3). 514-525.

Setlow, P. (2007). | will survive: DNA protection in bacterial spores. Trends in Microbiology, 15, (4).
172-180.

Setlow, P. (2014). Spore resistance properties. Microbiology Spectrum, 2, (5).

Shah, N., Shaaban, H., Spira, R., Slim, J. & Boghossian, J. (2014). Intravenous immunoglobulin in the
treatment of severe Clostridium difficile colitis. Journal of Global Infectious Diseases, 6, (2).
82-85.

Sharma, S. K., Yip, C., Esposito, E. X., Sharma, P. V., Simon, M. P., Abel-Santos, E. & Firestine, S. M.
(2018). The design, synthesis, and characterizations of spore germination inhibitors
effective against an epidemic strain of Clostridium difficile. Journal of Medicinal Chemistry,
61, (15). 6759-6778.

Shen, A. (2012). Clostridium difficile toxins: mediators of inflammation. Journal of Innate Immunity,
4, (2). 149-58.

Shen, A. (2020). Clostridioides difficile spore formation and germination: New insights and
opportunities for intervention. Annual Review of Microbiology, 74, 545-566.

Shen, E. P. & Surawicz, C. M. (2008). Current treatment options for severe Clostridium difficile-
associated disease. Gastroenterology & Hepatology, 4, (2). 134-139.

Shetty, N., Srinivasan, S., Holton, J. & Ridgway, G. L. (1999). Evaluation of microbicidal activity of a
new disinfectant: Sterilox® 2500 against Clostridium difficile spores, Helicobacter pylori,
vancomycin resistant Enterococcus species, Candida albicans and several Mycobacterium
species. Journal of Hospital Infection, 41, (2). 101-105.

271
A.J. Lawler, PhD Thesis, Aston University 2022



Shetty, N., Wren, M. W. & Coen, P. G. (2011). The role of glutamate dehydrogenase for the
detection of Clostridium difficile in faecal samples: a meta-analysis. Journal of Hospital
Infection, 77, (1). 1-6.

Shim, J. K., Johnson, S., Samore, M. H., Bliss, D. Z. & Gerding, D. N. (1998). Primary symptomless
colonisation by Clostridium difficile and decreased risk of subsequent diarrhoea. The Lancet,
351, (9103). 633-636.

Shrestha, R., Lockless, S. W. & Sorg, J. A. (2017). A Clostridium difficile alanine racemase affects
spore germination and accommodates serine as a substrate. Journal of Biological
Chemistry, 292, (25). 10735-10742.

Shrestha, R. & Sorg, J. (2017). Hierarchical recognition of amino acid co-germinants during
Clostridioides difficile spore germination. Anaerobe, 49, 41-47.

Shrestha, R., Cochran, A. M. & Sorg, J. A. (2019). The requirement for co-germinants during
Clostridium difficile spore germination is influenced by mutations in yabG and cspA. PLOS
Pathogens, 15, (4). e1007681.

Shrestha, R. & Sorg, J. A. (2019). Terbium chloride influences Clostridium difficile spore germination.
Anaerobe, 58, 80-88.

Simor, A. E., Bradley, S. F., Strausbaugh, L. J., Crossley, K. & Nicolle, L. E. (2002). Clostridium difficile
in long-term—care facilities for the elderly. Infection Control and Hospital Epidemiology, 23,
(11). 696-703.

Slimings, C. & Riley, T. V. (2014). Antibiotics and hospital-acquired Clostridium difficile infection:
update of systematic review and meta-analysis. Journal of Antimicrobial Chemotherapy, 69,
(4). 881-891.

Slimings, C. & Riley, T. V. (2021). Antibiotics and healthcare facility-associated Clostridioides difficile
infection: systematic review and meta-analysis 2020 update. Journal of Antimicrobial
Chemotherapy, 76, (7).

Snelling, A. M., Beggs, C. B., Kerr, K. G. & Shepherd, S. J. (2010). Spores of Clostridium difficile in
hospital air. Clinical Infectious Diseases, 51, (9). 1104-1105.

Soavelomandroso, A. P., Gaudin, F., Hoys, S., Nicolas, V., Vedantam, G., Janoir, C. & Bouttier, S.
(2017). Biofilm structures in a mono-associated mouse model of Clostridium difficile
infection. Frontiers in Microbiology, 8, 2086.

Sorg, J. A. & Sonenshein, A. L. (2008). Bile salts and glycine as cogerminants for Clostridium difficile
spores. Journal of Bacteriology, 190, (7). 2505-2512.

Sorg, J. A. & Sonenshein, A. L. (2009). Chenodeoxycholate is an inhibitor of Clostridium difficile spore
germination. Journal of Bacteriology, 191, (3). 1115-1117.

Sorg, J. A. & Sonenshein, A. L. (2010). Inhibiting the initiation of Clostridium difficile spore
germination using analogs of chenodeoxycholic acid, a bile acid. Journal of Bacteriology,
192, (19). 4983-4990.

Speight, S., Moy, A., Macken, S., Chitnis, R., Hoffman, P. N., Davies, A., Bennett, A. & Walker, J. T.
(2011). Evaluation of the sporicidal activity of different chemical disinfectants used in
hospitals against Clostridium difficile. Journal of Hospital Infection, 79, (1). 18-22.

Spigaglia, P. (2016). Recent advances in the understanding of antibiotic resistance in Clostridium
difficile infection. Therapeutic Advances in Infectious Disease, 3, (1). 23-42.

Srikhanta, Y. N., Hutton, M. L., Awad, M. M., Drinkwater, N., Singleton, J., Day, S. L., Cunningham,
B. A., Mcgowan, S. & Lyras, D. (2019). Cephamycins inhibit pathogen sporulation and
effectively treat recurrent Clostridioides difficile infection. Nature Microbiology, 4, (12).
2237-2245.

Steiner, E., Dago, A. E., Young, D. I, Heap, J. T., Minton, N. P., Hoch, J. A. & Young, M. (2011).
Multiple orphan histidine kinases interact directly with SpoOA to control the initiation of
endospore formation in Clostridium acetobutylicum. Molecular Microbiology, 80, (3). 641-
654.

272
A.J. Lawler, PhD Thesis, Aston University 2022



Stevenson, E., Minton, N. P. & Kuehne, S. A. (2015). The role of flagella in Clostridium difficile
pathogenicity. Trends in Microbiology, 23, (5). 275-282.

Stoltz, K. L., Erickson, R., Staley, C., Weingarden, A. R., Romens, E., Steer, C. J., Khoruts, A., Sadowsky,
M. J. & Dosa, P. I. (2017). Synthesis and biological evaluation of bile acid analogues
inhibitory to Clostridium difficile spore germination. Journal of Medicinal Chemistry, 60, (8).
3451-3471.

Stuy, J. H. (1956). Studies on the mechanism of radiation inactivation of micro-organisms Ill.
Inactivation of germinating spores of Bacillus Cereus. Biochimica et Biophysica Acta, 22, (2).
241-246.

Suissa, D., Delaney, J. A, Dial, S. & Brassard, P. (2012). Non-steroidal anti-inflammatory drugs and
the risk of Clostridium difficile-associated disease. British Journal of Clinical Pharmacology,
74, (2). 370-5.

Sun, X. & Hirota, S. A. (2015). The roles of host and pathogen factors and the innate immune
response in the pathogenesis of Clostridium difficile infection. Molecular Immunology, 63,
(2). 193-202.

Sustaita-Rodriguez, J. M., Medellin-Rodriguez, F. J., Olvera-Mendez, D. C., Gimenez, A. J. & Luna-
Barcenas, G. (2019). Thermal stability and early degradation mechanisms of high-density
polyethylene, polyamide 6 (Nylon 6), and polyethylene Terephthalate. Polymer Engineering
& Science, 59, (10). 2016-2023.

Swindells, J., Brenwald, N., Reading, N. & Oppenheim, B. (2010). Evaluation of diagnostic tests for
Clostridium difficile infection. Journal of Clinical Microbiology, 48, (2). 606-608.

Tariq, R., Pardi, D. S., Bartlett, M. G. & Khanna, S. (2018). Low cure rates in controlled trials of fecal
microbiota transplantation for recurrent Clostridium difficile infection: A systematic review
and meta-analysis. Clinical Infectious Diseases, 68, (8). 1351-1358.

Tasteyre, A., Barc, M.-C., Karjalainen, T., Dodson, P., Hyde, S., Bourlioux, P. & Borriello, P. (2000). A
Clostridium difficile gene encoding flagellin. Infection and Immunity, 146, (4). 957-966.

Tasteyre, A., Barc, M.-C., Collignon, A., Boureau, H. & Karjalainen, T. (2001a). Role of FIiC and FIiD
flagellar proteins of Clostridium difficile in adherence and gut colonization. Infection and
Immunity, 69, (12). 7937-7940.

Tasteyre, A., Karjalainen, T., Avesani, V., Delmée, M., Collignon, A., Bourlioux, P. & Barc, M.-C.
(2001b). Molecular Characterization of fliD Gene Encoding Flagellar Cap and Its Expression
among Clostridium difficile Isolates from Different Serogroups. Journal of Clinical
Microbiology, 39, (3). 1178-1183.

Tehri, N., Kumar, N., Raghu, H. V. & Vashishth, A. (2018). Biomarkers of bacterial spore germination.
Annals of Microbiology, 68, (9). 513-523.

Teng, C., Reveles, K. R., Obodozie-Ofoegbu, O. O. & Frei, C. R. (2019). Clostridium difficile infection
risk with important antibiotic classes: An analysis of the FDA adverse event reporting
system. International Journal of Medical Sciences, 16, (5). 630-635.

Thanissery, R., Winston, J. A. & Theriot, C. M. (2017). Inhibition of spore germination, growth, and
toxin activity of clinically relevant C. difficile strains by gut microbiota derived secondary
bile acids. Anaerobe, 45, 86-100.

The Healthcare Commission (2006). Investigation into outbreaks of Clostridium difficile at Stoke
Mandeville Hospital, Buckinghamshire Hospitals NHS Trust COMMISSION FOR HEALTHCARE
AUDIT AND INSPECTION.

The Healthcare Commission (2007). Investigation into outbreaks of Clostridium difficile at
Maidstone and Tunbridge Wells NHS Trust COMMISSION FOR HEALTHCARE AUDIT AND
INSPECTION.

Thelestam, M. & Chaves-Olarte, E. (2000). Cytotoxic effects of the Clostridium difficile toxins.
Current Topics in Microbiology and Immunology, 250, 85-96.

273
A.J. Lawler, PhD Thesis, Aston University 2022



Theriot, C. M., Bowman, A. A. & Young, V. B. (2016). Antibiotic-induced alterations of the gut
microbiota alter secondary bile acid production and allow for Clostridium difficile spore
germination and outgrowth in the large intestine. mSphere, 1, (1). e€00045-15.

Thomas, L. A., Veysey, M. J., French, G., Hylemon, P. B., Murphy, G. M. & Dowling, R. H. (2001). Bile
acid metabolism by fresh human colonic contents: a comparison of caecal versus faecal
samples. Gut, 49, (6). 835-842.

Trifan, A., Stanciu, C., Girleanu, I., Stoica, O. C,, Singeap, A. M., Maxim, R., Chiriac, S. A., Ciobica, A.
& Boiculese, L. (2017). Proton pump inhibitors therapy and risk of Clostridium difficile
infection: Systematic review and meta-analysis. World Journal of Gastroenterology, 23,
(35). 6500-6515.

Tulli, L., Marchi, S., Petracca, R., Shaw, H. A., Fairweather, N. F., Scarselli, M., Soriani, M. & Leuzzi,
R. (2013). CbpA: a novel surface exposed adhesin of Clostridium difficile targeting human
collagen. Cellular Microbiology 15, (10). 1674-1687.

Ulmer, H. M., Herberhold, H., Fahsel, S., Ganzle, M. G., Winter, R. & Vogel, R. F. (2002). Effects of
pressure-induced membrane phase transitions on inactivation of HorA, an ATP-dependent
multidrug resistance transporter, in Lactobacillus plantarum. Applied and Environmental
Microbiology 68, (3). 1088-95.

Ungurs, M., Wand, M., Vassey, M., O‘Brien, S., Dixon, D., Walker, J. & Sutton, J. M. (2011). The
effectiveness of sodium dichloroisocyanurate treatments against Clostridium difficile
spores contaminating stainless steel. American Journal of Infection Control, 39, (3). 199-
205.

Van Nood, E., Vrieze, A., Nieuwdorp, M., Fuentes, S., Zoetendal, E. G., De Vos, W. M., Visser, C. E.,
Kuijper, E. J., Bartelsman, J. F. W. M., Tijssen, J. G. P., Speelman, P., Dijkgraaf, M. G. W. &
Keller, J. J. (2013). Duodenal infusion of donor feces for recurrent Clostridium difficile. New
England Journal of Medicine, 368, (5). 407-415.

Varga, J. )., Nguyen, V., O'brien, D. K., Rodgers, K., Walker, R. A. & Melville, S. B. (2006). Type IV pili-
dependent gliding motility in the Gram-positive pathogen Clostridium perfringens and
other Clostridia. Molecular Microbiology, 62, (3). 680-694.

Vary, J. C. & Halvorson, H. O. (1965). Kinetics of germination of Bacillus Spores Journal of
Bacteriology, 89, (5). 1340-7.

Vedantam, G., Clark, A., Chu, M., Mcquade, R., Mallozzi, M. & Viswanathan, V. K. (2012). Clostridium
difficile infection: Toxins and non-toxin virulence factors, and their contributions to disease
establishment and host response. Gut Microbes, 3, (2). 121-134.

Vedantam, G., Kochanowsky, J., Lindsey, J., Mallozzi, M., Roxas, J. L., Adamson, C., Anwar, F., Clark,
A., Claus-Walker, R., Mansoor, A., Mcquade, R., Monasky, R. C., Ramamurthy, S., Roxas, B.
& Viswanathan, V. K. (2018). An engineered synthetic biologic protects against Clostridium
difficile infection. Frontiers in Microbiology, 9, 2080.

Vepachedu, V. R. & Setlow, P. (2007). Role of SpoVA proteins in release of dipicolinic acid during
germination of Bacillus subtilis spores triggered by dodecylamine or lysozyme. Journal of
Bacteriology, 189, (5). 1565-1572.

Verity, P., Wilcox, M. H., Fawley, W. & Parnell, P. (2001). Prospective evaluation of environmental
contamination by Clostridium difficile in isolation side rooms. Journal of Hospital Infection,
49, (3). 204-9.

Viscidi, R., Laughon, B. E., Yolken, R., Bo-Linn, P., Moench, T., Ryder, R. W. & Bartlett, J. G. (1983).
Serum antibody response to toxins A and B of Clostridium difficile. The Journal of Infectious
Diseases, 148, (1). 93-100.

Viswanathan, V. K., Mallozzi, M. & Vedantam, G. (2010). Clostridium difficile infection: An overview
of the disease and its pathogenesis, epidemiology and interventions. Gut Microbes, 1, (4).
234-242.

Vohra, P. & Poxton, I. R. (2011). Efficacy of decontaminants and disinfectants against Clostridium
difficile. Journal of Medical Microbiology, 60, (Pt 8). 1218-1224.

274
A.J. Lawler, PhD Thesis, Aston University 2022



Vonberg, R. P., Kuijper, E. J., Wilcox, M. H., Barbut, F., Tlll, P., Gastmeier, P., Van Den Broek, P. J.,
Colville, A., Coignard, B., Daha, T., Debast, S., Duerden, B. |., Van Den Hof, S., Van Der Kooi,
T., Maarleveld, H. J. H., Nagy, E., Notermans, D. W., O'driscoll, J., Patel, B., Stone, S. & Wiuff,
C. (2008). Infection control measures to limit the spread of Clostridium difficile. Clinical
Microbiology and Infection, 14, 2-20.

Voth, D. E. & Ballard, J. D. (2005). Clostridium difficile toxins: Mechanism of action and role in
disease. Clinical Microbiology Reviews, 18, (2). 247-263.

Vuotto, C., Donelli, G., Buckley, A. & Chilton, C. (2018). Clostridium difficile Biofilm. In:
MASTRANTONIO, P. & RUPNIK, M. (eds.) Updates on Clostridium difficile in Europe:
Advances in Microbiology, Infectious Diseases and Public Health Volume 8. Cham: Springer
International Publishing.

Waligora, A. J., Hennequin, C., Mullany, P., Bourlioux, P., Collignon, A. & Karjalainen, T. (2001).
Characterization of a cell surface protein of Clostridium difficile with adhesive properties.
Infection and Immunity, 69, (4). 2144-2153.

Walk, S. T., Micic, D., Jain, R., Lo, E. S., Trivedi, I., Liu, E. W., Almassalha, L. M., Ewing, S. A,, Ring, C,,
Galecki, A. T., Rogers, M. a. M., Washer, L., Newton, D. W., Malani, P. N., Young, V. B. &
Aronoff, D. M. (2012). Clostridium difficile ribotype does not predict severe infection.
Clinical Infectious Diseases, 55, (12). 1661-1668.

Wang, S., Shen, A., Setlow, P. & Li, Y.-Q. (2015). Characterization of the dynamic germination of
individual Clostridium difficile spores using raman spectroscopy and differential
interference contrast microscopy. Journal of Bacteriology, 197, (14). 2361-2373.

Warny, M., Pepin, J., Fang, A., Killgore, G., Thompson, A., Brazier, J., Frost, E. & Mcdonald, L. C.
(2005). Toxin production by an emerging strain of Clostridium difficile associated with
outbreaks of severe disease in North America and Europe. The Lancet, 366, (9491). 1079-
1084.

Warriner, K., Xu, C., Habash, M., Sultan, S. & Weese, S. J. (2017). Dissemination of Clostridium
difficile in food and the environment: Significant sources of C. difficile community-acquired
infection? Journal of Applied Microbiology, 122, (3). 542-553.

Weber, D. J., Anderson, D. J., Sexton, D. J. & Rutala, W. A. (2013). Role of the environment in the
transmission of Clostridium difficile in health care facilities. American Journal of Infection
Control, 41, (5). $105-S110.

Weese, J. S., Staempfli, H. R. & Prescott, J. F. (2000). Survival of Clostridium difficile and its toxins in
equine feces: implications for diagnostic test selection and interpretation. Journal of
Veterinary Diagnostic Investigation, 12, (4). 332-336.

Weingarden, A. R., Dosa, P. |, Dewinter, E., Steer, C. J., Shaughnessy, M. K., Johnson, J. R., Khoruts,
A. & Sadowsky, M. J. (2016). Changes in colonic bile acid composition following fecal
microbiota transplantation are sufficient to Control Clostridium difficile Germination and
Growth. PLOS ONE, 11, (1). e0147210.

Wetzel, D. & Mcbride, S. M. (2020). The impact of pH on Clostridioides difficile sporulation and
physiology. Applied and Environmental microbiology, 86, (4). e02706-19.

Wheeldon, L. J. (2008). Studies on Clostridium difficile. Doctor of Philosophy, Aston University.

Wheeldon, L. J., Worthington, T., Hilton, A. C,, Elliott, T. S. J. & Lambert, P. A. (2008a). Physical and
chemical factors influencing the germination of Clostridium difficile spores. Journal of
Applied Microbiology, 105, (6). 2223-2230.

Wheeldon, L. J., Worthington, T., Hilton, A. C., Lambert, P. A. & Elliott, T. S. J. (2008b). Sporicidal
activity of two disinfectants against Clostridium difficile spores. British Journal of Nursing,
17, (5). 316-320.

Wheeldon, L. J., Worthington, T., Lambert, P. A., Hilton, A. C., Lowden, C. J. & Elliott, T. S. J. (2008c).
Antimicrobial efficacy of copper surfaces against spores and vegetative cells of Clostridium
difficile: the germination theory. Journal of Antimicrobial Chemotherapy, 62, (3). 522-525.

275
A.J. Lawler, PhD Thesis, Aston University 2022



Wheeldon, L. J., Worthington, T. & Lambert, P. A. (2010). Germinate to exterminate: a novel way of
eliminating Clostridium difficile spores. Journal of Hospital Infection, 76, S43.

Wheeldon, L. J., Worthington, T. & Lambert, P. A. (2011). Histidine acts as a co-germinant with
glycine and taurocholate for Clostridium difficile spores. Journal of Applied Microbiology,
110, (4). 987-994.

Wilcox, M. H., Fawley, W. N., Settle, C. D. & Davidson, A. (1998). Recurrence of symptoms in
Clostridium difficile infection—relapse or reinfection? Journal of Hospital Infection, 38, (2).
93-100.

Wilcox, M. H. & Fawley, W. N. (2000). Hospital disinfectants and spore formation by Clostridium
difficile. The Lancet, 356, (9238). 1324.

Wilcox, M. H., Fawley, W. N., Wigglesworth, N., Parnell, P., Verity, P. & Freeman, J. (2003).
Comparison of the effect of detergent versus hypochlorite cleaning on environmental
contamination and incidence of Clostridium difficile infection. Journal of Hospital Infection,
54, (2). 109-114.

Wilcox, M. H., Mooney, L., Bendall, R., Settle, C. D. & Fawley, W. N. (2008). A case-control study of
community-associated  Clostridium difficile infection. Journal of Antimicrobial
Chemotherapy, 62, (2). 388-96.

Wilcox, M. H., Shetty, N., Fawley, W. N., Shemko, M., Coen, P., Birtles, A., Cairns, M., Curran, M. D.,
Dodgson, K. J., Green, S. M., Hardy, K. J., Hawkey, P. M., Magee, J. G., Sails, A. D. & Wren,
M. W. D. (2012). Changing epidemiology of Clostridium difficile infection following the
introduction of a national ribotyping-based surveillance scheme in England. Clinical
Infectious Diseases, 55, (8). 1056-1063.

Wilcox, M. H., Gerding, D. N., Poxton, I. R., Kelly, C., Nathan, R., Birch, T., Cornely, O. A, Rahav, G,,
Bouza, E., Lee, C., Jenkin, G., Jensen, W., Kim, Y. S., Yoshida, J., Gabryelski, L., Pedley, A.,
Eves, K., Tipping, R., Guris, D., Kartsonis, N. & Dorr, M. B. (2017). Bezlotoxumab for
prevention of recurrent Clostridium difficile infection. New England Journal of Medicine,
376, (4). 305-317.

Wilcox, M. H. (2020). Caution is warranted in using cephamycin antibiotics against recurrent
Clostridioides difficile infection. Nature Microbiology, 5, (2). 236-236.

Wilson, K. H. (1983). Efficiency of various bile salt preparations for stimulation of Clostridium difficile
spore germination. Journal of Clinical Microbiology, 18, (4). 1017-1019.

Winston, J. A. & Theriot, C. M. (2016). Impact of microbial derived secondary bile acids on
colonization resistance against Clostridium difficile in the gastrointestinal tract. Anaerobe,
41, 44-50.

Wong, J. M. W., De Souza, R., Kendall, C. W. C.,, Emam, A. & Jenkins, D. J. A. (2006). Colonic health:
Fermentation and short chain fatty acids. Journal of Clinical Gastroenterology, 40, (3). 235-
243,

World Health Organisation (2009). WHO guidelines on hand hygiene in health care. WORLD HEALTH
ORGANISATION. Geneva, Switzerland.

Worthington, T. & Wheeldon, L. J. (2011). Compositions comprising a germinant and antimicrobial
agent. UK patent application GB2011050278W-2011-02-15.

Wullt, M., Odenholt, I. & Walder, M. (2003). Activity of three disinfectants and acidified nitrite
against Clostridium difficile spores. Infection Control and Hospital Epidemiology, 24, (10).
765-768.

Xue, Y., Xiao, H. & Zhang, Y. (2015). Antimicrobial polymeric materials with quaternary ammonium
and phosphonium salts. International Journal of Molecular Sciences, 16, (2). 3626-3655.

Yakob, L., Riley, T. V., Paterson, D. L., Marquess, J., Magalhaes, R. J. S., Furuya-Kanamori, L. &
Clements, A. C. A. (2015). Mechanisms of hypervirulent Clostridium difficile ribotype 027
displacement of endemic strains: an epidemiological model. Scientific Reports, 5, 12666.

276
A.J. Lawler, PhD Thesis, Aston University 2022



Yolken, R. H., Whitcomb, L. S., Marien, G., Bartlett, J. D., Libby, J., Ehrich, M. & Wilkins, T. (1981).
Enzyme immunoassay for the detection of Clostridium difficile antigen. The Journal of
Infectious Diseases, 144, (4). 378.

Yoshino, Y., Kitazawa, T., Ikeda, M., Tatsuno, K., Yanagimoto, S., Okugawa, S., Yotsuyanagi, H. & Ota,
Y. (2013). Clostridium difficile flagellin stimulates toll-like receptor 5, and toxin B promotes
flagellin-induced chemokine production via TLR5. Life Sciences, 92, (3). 211-217.

Yu, H. Y., Meade, A. & Liu, S. J. (2019). Phylogeny of Clostridium spp. based on conservative genes
and comparisons with other trees. Microbiology 88, (4). 469-478.

Yutin, N. & Galperin, M. Y. (2013). A genomic update on clostridial phylogeny: Gram-negative spore-
formers and other misplaced clostridia. Environmental Microbiology, 15, (10). 2631-2641.

Zar, F. A., Bakkanagari, S. R., Moorthi, K. M. L. S. T. & Davis, M. B. (2007). A comparison of
vancomycin and metronidazole for the treatment of Clostridium difficile-associated
diarrhea, stratified by disease severity. Clinical Infectious Diseases, 45, (3). 302-307.

Zhang, B.-Z., Cai, J., Yu, B, Hua, Y., Lay, C. C, Kao, R. Y.-T. T., Sze, K.-H., Yuen, K.-Y. & Huang, J.-D.
(2016). A DNA vaccine targeting TcdA and TcdB induces protective immunity against
Clostridium difficile. BMC Infectious Diseases, 16, (1). 596.

Zhang, Y. & Mathys, A. (2019). Superdormant spores as a hurdle for gentle germination-inactivation
based spore control strategies. Frontiers in Microbiology, 9, 3163.

Zhu, D., Sorg, J. A. & Sun, X. (2018). Clostridioides difficile biology: sporulation, germination, and
corresponding therapies for C. difficile infection. Frontiers in Cellular and Infection
Microbiology, 8, 29.

277
A.J. Lawler, PhD Thesis, Aston University 2022



Appendices

Appendix 1: Synthesis of novel compounds with dual germination and antimicrobial

activity.

Synthesis of C109

Compound 2-[[(4R)-4-[(3R,10S,13R,17R)-3-hydroxy-10,13-dimethyl-
2,3,4,5,6,7,8,9,11,12,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yllpentanoyl]amino]ethyl-dimethyl-[(4-vinylphenyl)methyllJammonium chloride designated C109.

Bile amide synthesis

A mixture of lithocholic acid (2.0 g, 0.005 mol) and N,N-dimethylethyldiamine (3.25 ml, 0.001 mol)
was dissolved in toluene (200 ml). The solution was heated at reflux for 24 hours. Analysis by thin
layer chromatography (TLC) indicated that reaction had not gone to completion so a further (6.4
ml, 0.003 mol) of N,N-dimethylethylenediamine was added. The solution was refluxed for further
24 hours and water was added to the solution, causing material to precipitate out. The precipitate
was collected by vacuum filtration and the product was recrystallized from ethyl acetate to produce

a white precipitate.

Quaternization of tertiary amines

The product of the above bile amide synthesis (0.2 g, 0.004 mol) was dissolved in chloroform (10ml).
Vinyl benzyl chloride (0.64 ml, 0.004 mol) was added and the solution and stirred at ambient
temperature for 76 hours. After this time a precipitate was formed, indicating the reaction has gone
to completion. All of the chloroform was then evaporated using a rotary evaporator and the viscous
material was dissolved in hexane leaving C109 as a precipitate. The precipitate was collected by

vacuum filtration and dried under vacuum. The product formed was an off white solid.
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Synthesis of C114

Compound 3-[[(4R)-4-[(3R,10S,13R,17R)-3-hydroxy-10,13 dimethyl-
2,3,4,5,6,7,8,9,11,12,14,15,16,17-tetradecahydro-1H-cyclopenta[a]phenanthren-17-

yllpentanoyllamino]propyl-dimethyl-[(4-vinylphenyl)methyl]ammonium chloride designated C114.

Methyl lithocholate formation

Lithocholic acid (5.0 g, 0.01329 mol) was added to methanol (90 ml) to produce a suspension. Acetyl
chloride (0.5 ml, 0.006 mol) was then added. The solution was heated and stirred at 80°C for 40
minutes as a homogenous solution and then allowed to cool overnight in an ice bath. Water (150
ml) was added and the resulting precipitate was collected by filtration, washed with water (6 x 20

ml) and dried under vacuum.

Bile amide synthesis

A mixture of methyl lithocholate (0.5 g 0.001 mol) and 3-dimethylamino-propylamine 93 ml, 0.02
mol) was heated and stirred at 140°C for 24 hours in an argon environment. Analysis by TLC
indicated that the starting material has been consumed. Ice water (3 ml) was added to the material
and left to stir for two hours at room temperature. The resulting solid was collected by filtration,

washed with water (3 x 20 ml) and left to dry overnight under vacuum to produce off brown crystals.

Quaternization of tertiary amines

The product of the above bile amide synthesis (1.0 g, 0.001 mol) was dissolved in dichloromethane
(20 ml). Vinyl benzyl chloride (0.89 ml, 0.005 mol) was added and the solution stirred for 76 hours
at ambient temperature. After 76 hours TLC indicated starting material was consumed, no
precipitate was formed. All of the dichloromethane was then evaporated using rotary evaporator
and hexane was added to the viscous solution to form solid. The resulting solid was collected by

filtration and washed with petroleum ether 60/80 (3 x 20 ml), dissolved in methanol and washed a
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second time with petroleum ether 60/80 (3 x20 ml). The solvent was removed under pressure to

produce C114 as an off white solid.

Synthesis of C119

Compound (4R)-4-[(3R,10S,13R,17R)-3-hydroxy-10,13-dimethyl-2,3,4,5,6,7,8,9,11,12,14,15,16,17
tetradecahydro-1H-cyclopenta[a]phenanthren-17-yl]-N-[2-[1-[(4-vinylphenyl)methyl]pyrrolidin-1-

ium-1-yllethyl]pentanamide chloride designated C119.

Bile amide synthesis

Lithocholic acid (0.5g, 0.001 mol) was dissolved in tetrahydrofuran (20 ml) with triethylamine (0.20
ml, 0.001 mol). The solution was cooled for 10 minutes in cold water. Ethyl chloroformate (0.20
ml, 0.001 mol) was then added dropwise over a ten-minute period. Once added, the cold water was
removed, and the solution was stirred for 2 hours at room temperature. After 2 hours 1-(2-
aminoethy) (0.25 ml, 0.002 mol) was added and the solution was stirred for 3 hours. Water (50 ml)
was added and the solution was extracted with ethyl acetate (3 x 50 ml). The organic layer was
combined and dried over magnesium sulphate. The solvent was evaporated under reduced

pressure to produce C119 as an off white powder.

Quaternization of tertiary amines

The product of the above bile amide synthesis (0.5 g, 0.001 mol) was dissolved in dichloromethne
(20 ml). Vinyl benzyl chloride (1.74 ml, 0.01 mol) was then added and the solution stirred for 76
hours at ambient temperature. After 76 hours TLC indicated starting material was consumed, no
precipitate was formed. All of the dichloromethane was then evaporated using rotary evaporator
and hexane was added to the viscous solution to form solid. The resulting solid was collected by
filtration and washed with petroleum ether 60/80 (3 x 20 ml), dissolved in methanol and again
washed a second time with petroleum ether 60/80 (3 x 20 ml). The solvent was removed under

pressure to produce off white solid.
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