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Abstract

Clostridium difficile is the leading cause of health care associated diarrhoea and remains a
burden for the NHS. Disease symptoms can range from mild diarrhoea through to
fulminant pseudomembranous colitis, resulting in mortality for some patients. Recurrence
is amajor problem and estimates are that 20% of all patients with disease will either relapse
(with the same strain) or have a re-infection (with a different strain).

Arguably, the main virulence factors are toxins A (TcdA) and toxin B (TcdB) which cause
disease symptoms.  The genes encoding TcdA and TcdB are located within the
pathogenicity locus (PaLoc) along with three accessory genes; tcdR, tcdE and tcdC. The
regulatory network has been studied but we aimed to add to this knowledge by using two
under investigated strains R20291 a so-called hypervirulent strain and VVPI 10463 a strain
known to produce higher levels of toxin.

Two different methods of investigation were employed during this study to improve our
understanding of both the regulation of TcdA / TcdB but also the genetic mechanisms
behind clinical relapse. These methods were; using forward and reverse genetic analysis
to assess phenotypic differences and using bioinformatics to identify genes and / or single
nucleotide variants (SNP) that may play a role.

Using a combination these methods we have identified potential regulators of toxin
production in both strains. We have also identified unique genes and SNPs that might
provide a fitness benefit to strains of C. difficile that were isolated from patients who had
suffered relapse episodes.
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1.1 Clostridium difficile

1.1.1 Clostridium difficile and its emergence as a human pathogen

The genus Clostridium is comprised of approximately 100 described species, the majority
of which are benign®. They are ubiquitous in the environment and can be found in soil,
marine sediments, sewage and the intestinal tracts of both humans and animals?. Several
species have been shown to have useful applications in a variety of fields. Clostridium
acetobutylicum and Clostridium beijerinckii are both examples of clostridia that are used
for the industrial production of biofuels due to their ability to ferment organic compounds?.
Spores of Clostridium sporogenes and Clostridium novyi have shown to have great
potential as tumour delivery vehicles for chemotherapeutic agents*®. Conversely several
Clostridium species have the ability to cause disease in humans under favourable
conditions of which Clostridium perfringens and Clostridium difficile are arguably the
most notorious. C. perfringens is known to cause gas gangrene, gastrointestinal infections
(after consumption of contaminated foods) and necrotic enteritis in infants®. However, in
recent years the spotlight has been reserved for C. difficile. It was coined a “superbug” by
the media, along with methicillin resistant Staphylococcus aureus (MRSA)®, due to the
increased incidence of Clostridium difficile infection (CDI) in hospitals and associated
morbidity. C. difficile has been implicated as the cause of extracolonic diseases, including
reactive arthritis, bacteraemia and wound infections’, but its most prevalent site of

infection is the gastrointestinal tract.

C. difficile is an anaerobic, Gram-positive bacillus, of 0.3-2 x 1.5-2 um in size, and which
is able to form endospores. It was first described in the literature as part of the neonatal
gastrointestinal microflora in 1935 and named Bacillus difficilis®. Over time, as knowledge

improved for the class Bacilli, it was noted that certain genera within the class were
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aerobic/facultatively anaerobic and others were obligate anaerobic. This prompted the

division of the class into Bacilli and Clostridia.

C. difficile was first recognised as a human pathogen in 1978 when a number of
pseudomembranous colitis cases were found to be associated with the use of clindamycin®.
Screening of symptomatic patient faeces showed that C. difficile toxins were present and
were likely the cause of symptoms. However, the true effect of clindamycin on CDI was
not fully understood until 1999. Through the analysis of four distinct outbreaks, using
susceptibility testing and typing of C. difficile strains, in combination with clinical data,
Johnson et al.1® were able to demonstrate that the use of clindamycin increased the risk of
CDI. This was due to a clindamycin resistant C. difficile strain which was epidemic at the
time. During the 2000’s there was a steady rise in the frequency of outbreaks of CDI
throughout Europe, North America and some parts of Asia'l. C. difficile is now recognised
as a major cause of hospital acquired diarrhoea and has become a considerable burden for
healthcare services due to treatment costs, patient isolation, and ward closures. In Europe,
the estimated incremental cost per patient associated with CDI is between £4577 and

£8843'2,

1.1.2 Clostridium difficile risk factors

The risk of developing CDI is most significantly increased by the use of antibiotics. This
risk increases with prolonged duration of antibiotic treatment and by the number of
different antibiotics received!®. The antibiotics associated with the highest risk are the
broad-spectrum second-generation (and higher) cephalosporins, clindamycin and
fluoroquinolones %1416 hut over the years almost all antibiotics have been linked to
CDI®, Patients are at highest risk during therapy and for the first month after therapy is

ceased, however, this risk starts to decline between month one and threel’.
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Other important risk factors include advanced age; patients over the age of 65 have an
increased risk of acquiring CDI. It is also believed that for each year of age, after 18, the
risk increases by 2% each subsequent year for health-care acquired CDI*. Prior
hospitalisation and/or residents of long term care facilities also have an increased risk®®.
Other risk factors associated with CDI are the use of antacids, particularly proton pump
inhibitors (PP1)*141°  Although this is still controversial and the mechanism by which
PPIs increase the risk is not well described. There are a number of other
conditions/treatments which act as risk factors. These include, irritable bowel disease, end
stage renal disease, chronic liver disease, nasogastric feeding, chemotherapy and

immunosuppression'#16:20,

A further discussion of risk factors and their association with recurrent infection will be

presented in Chapter Five.

1.1.3 Clostridium difficile disease

It is the ability of C. difficile to produce endospores that enables it to be a major nosocomial
pathogen. The spore form can stay in the environment for long periods of time, resist many
common cleaning practices, be transmitted between patients and can cause recurring
infection?!. After ingestion of spores it is not known at what stage they germinate and
return to vegetative cells, although the bile salts present in the intestine (e.g., taurocholate)
play a role in this process?2. In the mouse model, germination occurs in the small intestine
and caecum, while in the hamster model 80% of germination occurs in the small
intestine®24, It can be assumed that it is the same in the human host. The environment has
to be favourable for colonisation to occur, such as after antibiotic treatment when the

normal gut microbiota has been disrupted and the colonisation resistance it affords ablated.
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The disease state is caused by the production of toxins A and B. These toxins enter the
intestinal epithelial cells and affect the organisation of the cell cytoskeleton resulting in
cell death®. It is this process that leads to inflammation and the clinical symptoms of CDI.

This will be discussed in more detail in section 1.2.

The clinical manifestation of disease can vary depending on the severity of infection. In
mild to moderate infection stools are watery and the patient may exhibit signs of colitis
such as, lower abdominal cramps, fever, leucocytosis and hypoalbuminemia®. Severe CDI
is associated with a white blood cell count of >15 x 10°%L, a temperature of >38.5°C, an
acute rising serum creatinine and evidence of sever colitis?®?®. In <5% of cases fulminant
disease occurs, in which symptoms include severe abdominal pain, perfuse diarrhoea,
hypotension, ileus, pseudomembranous colitis and/or toxic megacolon?°22’, Recurrent
infection occurs in 19 — 35% of all cases, this may be re-emergence of the original strain
or infection with a new strain, usually within 30 days of completing treatment for CDI?®-
%0, After one episode of recurrent CDI the risk of further relapses increases?. Recurrent

infection will be discussed in more detail in Chapter Five.

1.1.4 Treatments

The recommendations for treatment of CDI within the UK were last updated in 2013 by
Public Health England (PHE)3. It is recommended that all implicated antimicrobial
treatments are discontinued at the earliest possible timepoint. Antibiotic treatment is
dependent on the severity of disease. In the case of mild and moderate disease oral
Metronidazole is recommended as it has been shown to be as effective as Vancomycin, is
cheaper and will not increase the risk of selection of Vancomycin Resistant Enterococci
(VRE)®233, Oral Vancomycin is reserved for severe cases as a number of studies have
shown it to be superior to Metronidazole®!. If patients are at high risk of recurrent infection
Fidaxomicin should be considered. It has been shown to be more effective at preventing
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recurrence over Vancomycin®~3¢, Patients who are not responding to Vancomycin should
either receive Fidaxomicin or high dosage oral Vancomycin plus intravenous (IV)
Metronidazole®!. In life threatening cases, such as toxic megacolon, septic shock or
perforation, colectomy may be required in an attempt to prevent mortality?®?’. Rifaximin,
when given as a “chaser” therapy after traditional CDI antibiotics, has been shown to

reduce recurrence rates®’%,

There are concerns about resistance, a few cases have been described where C. difficile,
cultured after Rifaximin treatment, have shown high minimum inhibitory concentrations

(MIC) to the drug®>.

1.1.5 Clostridium difficile surveillance in the UK

Surveillance first started in England and Wales in 1990 as a voluntary scheme with
Northern Ireland joining in 2001. Over a 15-year period there was a steady increase in the
number of cases of CDI (Fig 1.1)*1. As a result, in 2004 a mandatory scheme was put in
place in England for reporting CDI in patients over 65 years of age. Since April 2007 it
has been mandatory for all NHS trusts in England to report all cases of CDI in all patients

over 2 years of age in an attempt to accurately assess the frequency of CDI*?%3,
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Figure 1-1: Number of positive C. difficile faecal samples reported under the voluntary
reporting scheme for England, Wales and Northern Ireland* 1990-2014. *Northern Ireland
joined in 20014,

In April 2007 the Clostridium difficile Ribotyping Network (CDRN) was also established
to enhance the mandatory surveillance of CDI by providing epidemiological information
that assists in the recognition and control of epidemic strains. Since its inception the
network has grown from six to nine laboratories, with one being in Northern Ireland.

Samples are provided depending on local clinical need but are usually due to one of the

following scenarios*?:
e Increased frequency of cases or high baseline rates of CDI
¢ Increased severity/complications of cases of CDI

e Increased mortality associated with CDI

e Increased recurrence rate of CDI

Since the introduction of the CDRN the rates of CDI have fallen significantly (Fig 1.1),
possibly due to better epidemiology allowing improved infection control and case

management.
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1.1.6 Typing methods for Clostridium difficile

Typing is used as an epidemiological tool to cluster isolates with regards to either
genotypes or phenotypes. There are multiple different typing methods available for C.
difficile, historically phenotypic characteristics were used. These included antibiotic
resistance profiles, slide agglutination methods, Western immunoblotting and soluble
protein patterns*. These methods were acceptable for local use and showed that C. difficile
was transmissible between patients®. However, as the technology available evolved so did
the typing methods. This improved reproducibility between laboratories and enabled the

epidemiological monitoring of C. difficile within countries and globally.

Killgore et al.** compared seven different typing methods; pulse-field gel electrophoresis
(PFGE), amplified fragment length polymorphism (AFLP), multilocus sequence typing
(MLST), restriction endonuclease analysis (REA), surface layer protein A sequence typing
(sIpAST), multilocus variable number tandem repeat analysis (MLVA) and polymerase
chain reaction (PCR)-ribotyping. The study found that MLVA and REA were highly
discriminatory between strains, where both methods were able to separate the so called
hypervirulent BI/NAPI/027 strains by source location. These methods are likely to be too
discriminatory to be used to track routine epidemiology of CDI. MVLA is, however, used
as an enhanced service by the CDRN in cases where high rates of CDI are recorded within
a Trust, in those instances where there has been a failure to meet CDI targets and/or in
outbreak cases after agreement with the local health protection team®. It has also been
suggested that MLVA should be used for the phylogeny of C. difficile*®. Methods such as
PFGE and REA are labour intensive and it can be difficult to compare data between
laboratories, a failing partially addressed through the use of computer software**. sIpAST
and MLST are sequence based methods that both produce highly transferable data, but

which are relatively expensive in comparison to other methods*’. The method of typing
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currently used in the UK by the CDRN is PCR-ribotyping. This method employs PCR to
amplify the intergenic spacer region between the 16s rRNA gene and the 23s rRNA gene
8. The genetic differences, copy number and size, in these regions are enough to produce

6. Kilgore et al.* found that even when, at two

a distinctive “fingerprint” for each strain
separate laboratories, different primer sets were used there was only one disagreement
within the 41 tested over which ribotype (RT) to assign. There are hundreds of different
ribotypes and each has been designated a unique three-digit code starting at RT001%,
Another typing method, toxinotyping, was not covered by Kilgore et al.**, uses selected
fragments of the tcdA and tcdB genes to look for differences in restriction fragments to a
reference strain (VPI 10463) when digested with specific restriction enzymes “°. These
differences are known as restriction fragment length polymorphisms (RFLP). There are

over 30 different toxinotypes and these have been shown to correlate with serotypes*®-2,

The advantages and disadvantages for each method are described in Table 1-1.
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Table 1-1: Commonly used Clostridium difficile typing methods and their associated
advantages and disadvantages. Information gathered from*45253,

Typing method

Pulse-field gel
electrophoresis
(PFGE)

Amplified
fragment length
polymorphism
(AFLP)

Multilocus
sequence typing
(MLST)

Restriction
endonuclease
analysis
(REA)

Surface layer
protein A
sequence typing
(sIpAST)

Multilocus
variable number
tandem repeat
analysis
(MLVA)

Ribotyping

Toxinotyping

Advantages

Offers good discriminatory

power.
Inexpensive.

Highly discriminatory.

Can choose the number of

loci within one reaction.

No prior knowledge of DNA
sequence is required.

Data for comparison
available via the internet.
Reproducibility and

repeatability high.

Offers good discriminatory

power.
Reproducible.

Relevant to vaccine

development.

Highly discriminatory.

Reactions can be
multiplexed using

fluorescent probes and

capillary PCR.

Most commonly used typing
method of C. difficile in the

UK.

Offers good discriminatory

power.

Results are reproducible.

Highly reproducible.
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Disadvantages

Labour intensive.

Consensus between restriction
endonucleases needed.

Data not easily transferred between
laboratories.

Specialised equipment required if
process is automated.
Complex protocol.

Low discriminatory power.
Expensive.

Complex protocol.
Requires a skilled user.

Labour intensive.

Interpretation can be difficult.
Data not easily transferred between
laboratories.

Not widely used.

Unsuitable for long-term
epidemiological surveillance as loci
may evolve too quickly.

Labour intensive.

Expensive.

Labour intensive.

Specialised equipment required (if
performing capillary
electrophoresis).

Data not easily transferred between
laboratories.

Reference database not easily
accessible.

Low resolution.



1.2 Clostridium difficile pathogenesis

1.2.1 Structure and function of toxin A and B

Toxin A (TcdA) and toxin B (TcdB) are well described as the main virulence factors of C.
difficile. It has been shown that non-toxigenic strains of C. difficile are able to colonise the
colon but are not able to cause CDI, because of this these strains are being considered as a
potential treatment for recurrent CDI infections®. TcdA and TcdB are large (308 and 270
kDa, respectively), homologous (47% DNA identity and 63% amino acid identity)
proteins®. They consist of four functional domains; the N-terminal glucosyltransferase
(GDT) is the enzymatic component plus the C-terminal combined repetitive oligopeptides
(CROPS), delivery/pore-forming and the autoprotease domains (Fig 1.2)°®. They belong
to the large clostridial cytotoxins (LCTs) due to their high molecular weight, glycosylating

activity and cytopathic effect on cells®”.

Binding and internalisation of TcdA and TcdB occurs in a number of steps termed the
ABCD model (A, biological activity; B, binding; C, cutting; D, delivery). Firstly, the
CROPS bind to receptors on the cell surface after which endocytosis is initiated. TcdA
shows specificity to carbohydrates with a Gal31-4GIcNAc core although the exact ligand
is still unknown®°°, TcdB has recently had a receptor identified, chondroitin sulphate
proteoglycan 4 (GSPG4)%. After binding, toxins are internalised into endosomes and
acidification induces a conformational change in the delivery domain resulting in insertion
into the membrane®. The autoprotease domain is then activated by binding to inositol
hexakisphosphate (InsPs) resulting in cleavage of the GTD into the host cell cytosol®2. The
toxins can then modify and inactivate the Rho family GTPases Rho, Rac and Cdc42
resulting in cell rounding, disaggregation of the actin cytoskeleton, loss of intestinal

epithelium barrier function and cell death®® .
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Figure 1-2: Schematic representations of TcdA and TcdB adapted from®. The N-terminal
glucosyltransferase domain (GTD) (red), oligopeptides (CROPs) (green), delivery/pore-
forming (yellow), delivery domain (orange) and autoprotease (blue).

Historically, using pure toxin extracts, it was established that TcdA could elicit a disease
response in hamsters when administered alone, whereas TcdB could not. Although, TcdB
could cause disease symptoms if a sub-lethal dose of TcdA was administered at the same
time®. This caused confusion over how strains with only functional TcdB were causing
clinical infections as this did not fit the common conception that either both toxins or TcdA
alone were required for disease®. In the hamster model it has been shown that TcdB alone
can cause disease >, Lyras et al.®® used homologous recombination to create single
crossover mutants with either TcdA or TcdB deficient phenotypes. They showed that in
the hamster model A'B* mutants caused CDI and animals were more likely to die than
when infected with A*B- mutants. Kuehne et al.%” were able to create stable, isogenic
mutants of C. difficile using ClosTron technology®®®°, meaning that not only A'-B* and
A'B" mutants were constructed but for the first time a A'B- mutant was generated. Using
these mutants their findings corresponded with those of Lyras et al. in that TcdB alone
could cause a disease state in hamsters. However, they also showed that TcdA alone could
also cause disease in hamsters. The difference in outcomes between the two studies has
been hypothesised to be due either to different endpoints used in the animal models or the
presence of secondary mutations in the progenitor strains used for mutant construction®®.
In both cases, the creation of the mutants required the prior independent isolation of
erythromycin sensitive derivatives of C. difficile 630 through repeated subculture. The
derivative used by Kuehne et al was 630Aerm, while that made by Lyras et al. was
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designated 630E. It is suggested that mutations may have arisen during the extensive
subculturing undertaken during their isolation and these may have effected their virulence

phenotype®®. Thus, for instance, strain 630E has become non-motile®.

In 2014 Kuehne et al.” created similar AB*, A*B- and A'B" mutants in the RT027 strain
R20291. Using the same experimental model as used previously®’ they found that the A*B"
and A'B" mutants were both able to cause disease, although the former was less virulent.
This was followed by Carter et al.”* creating similar mutants in a different RT027 strain
M7404. In this study using three different animal models they also found that A*B-mutants
were less virulent than A'B* mutants. Histological findings showed that A*B mutants
caused more superficial and localised damage when compared to the A'B* counterparts. It
appears from these data that both TcdA and TcdB have a role in pathogenesis. This is
validated by the recent discovery of a TcdA positive/TcdB negative strain of C. difficile

which was isolated from a clinical case in Cambrai Hospital, France?.

1.2.2 The Pathogenicity Locus

The pathogenicity locus (PaLoc) is a19.6kb region that encodes the genes for TcdA and
TcdB (tcdA & tcdB) along with three accessory genes; tcdR, tcdE and tcdC™ (Fig 1.3).
The PaLoc was first sequenced in 1995 from strain VVPI 10463 and in non-toxigenic strains

a 127bp fragment resides in its place’.

- tcdR tcdB tcdE tcdA tcdC -

Figure 1-3: Schematic of the PaLoc from type strain VVPI 10463. Arrows indicate direction
of transcription, figure not to scale.

TcdR, encoded by tcdR, is believed to be a positive regulator of toxin production. Itis a
22kDa protein that is part of the group 5 of the sigma 70 family and it binds directly to the
RNA polymerase core enzyme’. It is thought that tcdR has two promoters, one which is
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independent and allows a basal level of toxin gene transcription and another which is more

potent and is subject to growth phase’®. To date its role in toxin production is undisputed?®.

TcdC, encoded by tcdC, is believed to be a negative regulator of toxin production. This
belief is based both on the observed inverse correlation between transcription of tcdC and
the toxin genes and on biochemical data’’. TcdC is a 26kDa anti-sigma factor’® which
binds to TcdR-RNA polymerase core enzyme to prevent it binding to the promoter regions
of the PaLoc’’. The tcdC gene is encoded on the reverse strand of the other four genes on
the PaLoc and is located downstream in relation to them (Fig 1.3). There are however
doubts about the role of TcdC due to two different observations. Firstly, there is variability
of toxin production in hyper-virulent strains even though they frequently carry mutations
in the tcdC gene’®’  Secondly, there have been studies that show increased TcdC
production that coincides with increased toxin production’®™8, One recent study claims
that mutations in the tcdC gene are an “important factor in the development of
hypervirulence in epidemic C. difficile isolates”’® postulating that the mutations in the tcdC
gene lead to increased toxin production. The study was performed using autonomous
plasmids to complement mutant strains carrying dysfunctional tcdC genes. The use of data
derived from such studies should, however, be treated with caution has the multicopy
nature of plasmids can affect outcomes due to the high gene dosage of the complementing
gene. In another recent study, Cartman et.al.®’ used allelic exchange to both create and
repair mutant strains carrying dysfunctional tcdC genes. This study demonstrated that
there was no significant difference in the level of toxin produced between the isogenic
strains. As all the mutations were performed on the chromosome it reflects a more natural
environment. With conflicting evidence from different studies, it is difficult to speculate
what role TcdC has within the bacterium. Indeed, evidence presented by van Leeuwen et

al.8! suggests that TcdC may not even bind to the PaLoc at all. Their data showed that
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TcdC forms an oligonucleotide-binding fold (OB-fold) that binds to quadruplex structures
(QSs). However, none of the recognition sites are found within the PaLoc. Although they
do not rule out that the binding determinant may associate with a different structure. The

regulation of toxin gene expression will be discussed in more detail in Chapter Three.

The method in which toxins are released from the bacterial cell is usually due to a C-
terminal or N-terminal signal peptide, a Tat-signal peptide or some other alternative
definable signal peptide. C. difficile toxins A and B do not possess any of these signal
peptides and therefore are exported to the extra cellular space by some other means®. It
has been hypothesised that the tcdE gene and its product TcdE play a role in the excretion
of TcdA and TcdB®. TcdE is a 19kDa protein that is highly hydrophobic, it is predicted
to contain three transmembrane domains and shares structural and sequence similarities to
class 1 holin proteins®284, Holins are usually produced by bacteriophages and are small
membrane proteins designed to release intracellular phage’s after development. They form
lethal holes within the membrane by oligomerisation which results in cell lysis®> 84 There
is conflicting evidence as to whether TcdE acts as a secretion system for TcdA and TcdB.
One study showed that functional inactivation of the tcdE gene did not affect any of their
measured clostridial characteristics, namely growth, sporulation or release of TcdA and
TcdB and that their release correlated with bacteriolysis which was independent of TcdE
production®4. Another study showed that TcdE was essential for TcdA and TcdB release
and did so by secreting the proteins rather than lysing the bacterial cell®2. Both studies
used ClosTron mutagenesis to create insertional mutations in tcdE at position 234 so it is
unclear why there were two different outcomes but this might be due to using two different
erythromycin sensitive strains of CD630 (as described earlier) and/or different
experimental methods. A more recent study not only appears to support the hypothesis

that TcdE is required for transporting toxins out of the cell but also gives an explanation
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as to why Olling et al.#* found that the cells lysed more easily. By creating tcdE mutants
in both R20291 and CD646, Govind et al.® were able to show that R20291 mutants were
deficient in releasing toxin into culture medium. However, in CD646 low levels of toxin
were produced and the cells lysed more rapidly. Consequently, toxins from CD646 are
released into the culture medium independent of TcdE. These data complements with both
studies in that low toxin producing strains (i.e., CD646 and 630Aerm) are lysed and higher
toxin producing strains (i.e., R20291 and 630E) are unable to efficiently transport toxins
from the cell®?848, These findings demonstrate that our understanding of species should

not be based on individual strains.

1.2.3 Other Clostridium difficile virulence factors

In addition to TcdA and TcdB some strains of C. difficile also produce a third toxin known
as binary toxin or Clostridium difficile transferase (CDT), an actin-specific ADP-
ribosylating toxin®. The exact role of CDT in virulence remains unclear, however, it is
interesting that the toxin is found in strains associated with severe CDI such as RT027 and
RT078%. Studies have shown that CDT may have a role in colonisation and adhesion®,
but there is conflicting evidence as to whether it can’®®® or cannot® cause disease in

hamsters when administered alone.

Adherence to intestinal epithelial cells is essential for colonisation and the establishment
of infection. Putative virulence factors that have shown to have a role in adherence or
colonisation are cell wall proteins (CWP), the heat shock protein GroEL, the surface layer

(S- layer), fibronectin binding proteins, fimbriae and the flagella®*.

Endospores are the infectious particle and are a required step in the life cycle of C. difficile.
The spores are excreted in faeces and contaminate the environment. They are able to resist

radiation, heat and many alcohol and chemical based disinfectants®? and can persist in the
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environment for extended periods of time. It has also been demonstrated in the murine
model by Lawley et al.® that colonised immunocompetent subjects can become high
shedders of spores after receiving antibiotic treatment, increasing the risk to

immunocompromised subjects.

1.3 Genetic tools for the manipulation of the Clostridium difficile genome

Molecular biology is widely used to inactivate genes that are proposed to have an effect of
pathogenicity or virulence and look for a measurable difference in phenotype. In 1988
Falkow® suggested that the study of singular genes required a form of molecular Koch’s
postulate, in that there has to be a well-defined effect from the loss or gain of the gene in

question and that restoration of this gene reverts the discovered phenotype.

1.3.1 ClosTron insertional inactivation

Initial mutants made in C. difficile were found to be unstable®®. In 2007, Heap et al.®®
developed ClosTron: A universal gene knock-out system for the genus Clostridium. This
system employs a bacterial group Il intron which carries an antibiotic resistance gene
which itself is interrupted by a group | intron. When the ClosTron plasmid has been
conjugated into the C. difficile host and the group Il intron is transcribed, then the LtrA
protein (which is located elsewhere on the ClosTron plasmid) binds to the transcript after
which a ribonuclear protein (RNP) is formed. The group I intron is then spliced out
resulting in an intact antibiotic resistance gene, the RNP recognises and binds to the target
site, nicks the DNA and inserts the RNA in the chromosome. The LtrA protein then
synthesises the complementary DNA strand and host polymerases degrade the RNA and
synthesise new DNA. Ligases repair the two gaps resulting in a functional antibiotic

resistance gene inserted in the gene of interest.
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Figure 1-4: Schematic of ClosTron plasmid pMTL007C-E2%. The plasmid contains a Gram-
positive replicon (pCB102), a thiamphenicol resistance gene (catP) for transconjugant
selection, a Gram-negative replicon (ColE1) and the conjugal transfer function (traJ). The
intron marker contains the group Il intron and the erythromycin resistance gene (ermB)
which is inactivated by the group I intron. The ItrA gene facilitates the excision of the group
I intron and the insertion of the group Il intron into the chromosome.

This technology was improved in 2010 which resulted in the ability to create multiple
mutations in a single strain by using marker recycling®®. Fig 1.3 shows a schematic of the
PMTLO07C-E2 plasmid. What enables the system to be used in multiple locations
throughout the genome is the Perutka Method®® of group Il intron design, this alters the
intron RNA to complement different DNA targets. An online algorithm

(www.clostron.com) has automated the process of intron design where after imputing a

target sequence a list of potential target sites is produced along with a score. A higher

score increases the likelihood a successful insertion will occur.

1.3.1 Mariner Transposon random mutagenesis
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In 2010, Cartman and Minton®’ established a method of creating random mutants in C.
difficile by utilising a mariner-transposon.  Other systems had been previously
described®®° but the transposons employed (Tn916 and Tn5397) showed a strong target
site preference and multiple insertions in single clones respectively. These are both
undesirable features for the study of random mutant libraries. The mariner-transposable
element Himarl uses a cut and paste mechanism for DNA transfer and is the only element
required for transposition'®. The transposon is flanked by inverted terminal repeats (ITRs)
and inserts in to TA target sites which is suitable for a low-GC content organism like C.
difficile. Fig 1.5 shows a schematic of the pMTL-SC1 plasmid. This method has been
successfully used in our laboratory to identify genes involved in auxotrophic, sporulation
and germination deficiency®’. It has also been used to identify genes involved in toxin A

and B deficiency and this will be discussed in Chapter Three of this thesis.

41



Sbil

P(tcdB)

Q(CD0164)
Himar1C9

pMTL-SC1

Hindlll
Sbfl
Fsel

Figure 1-5: Schematic of the mariner-transposon plasmid®. The plasmid contains a Gram-
positive replicon (repA & orf2) from C. botulinum, an erythromycin resistance gene (ermB)
for transconjugant selection, a Gram-negative replicon (ColE1) and the conjugal transfer
function (traJ). The mariner-transposon element contains the Himar1C9 upstream of the
toxin B promoter PtcdB of C. difficile. The transposable element is a thiamphenicol
resistance gene (catP) and is flanked by two inverted terminal repeats.

1.3.3 Allelic exchange using codA as a negative selection marker

In 2012, Cartman et al.®° were able to repair variant tcdC genes by using allelic exchange.
This method utilises both positive and counter-selection markers to identify possible
mutant clones. Previously, counter-selection markers have only been described in
Clostridium thermocellium and C. perfringens, however, these markers have chromosomal
homologues and therefore can only be used in mutant background strains!®1%2  To
overcome the requirement to create a C. difficile strain with a mutant background the
cytosine deaminase gene (codA) of Escherichia coli was utilised to create a heterologous

counter-selection marker. Ordinarily, cytosine deaminase converts cytosine to uracil,
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however, it is also able to convert the cytosine analogue 5-fluorocytosine (FC) into the
toxic derivative 5-fluorouracil (FU). FU is phosphorylated by uracil phosphoribosyl
transferase and after a number of subsequent steps, results in the misincorporation of
fluorinated nucleotides into DNA and RNA resulting in toxicity!®. Figure 1.5 describes
the system in which the homologous recombination events occur and how to select for
them. Complementation of the altered gene can be achieved through the same method, to
distinguish between wildtype and complemented strains a single nucleotide variant (SNP)

resulting in both a silent mutation and creating a new restriction site can be utilised.
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Figure 1-6: Two-step allelic exchange.
Consider a chromosomal allele to be
divided into three regions [X, Y and Z].
(A) A recombinant allele, in which the
sequence of [*Y*] differs from that in the
chromosome [Y], is introduced on a
plasmid vector (note, [*Y*] is omitted
altogether if sequence is to be deleted
from the chromosome). The plasmid
vector is replication deficient and carries
both a positive selection marker [+]
(usually an antibiotic resistance marker)
and a counter-selection marker [-]. (B)
Positive selection enriches for single
cross-over recombinant clones in which a
homologous recombination event at
either [X] or [Z] results in integration of
the plasmid into the chromosome. (C)
Subsequently, counter-selection selects
for clones in which a second
recombination event has occurred at
either [X] or [Z] (resulting in plasmid
excision from the chromosome) and
which have lost the plasmid vector from
the cell (due to its inherent instability). At
the counter-selection stage, both wild-
type revertants and double cross-over
recombinant clones are isolated, as the
second recombination event may occur in
either the same or opposite region to the
first (i.e., [X] or [Z]). (Taken from
Cartman et al.® supplementary material
with permission).
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1.4 Aims of this project.

The overall aim of this thesis was to improve our fundamental knowledge of the molecular

pathogenesis of C. difficile. This was accomplished through a multifaceted approach that

involved investigating; the genetic differences between strains, improving DNA transfer,

exploring how the toxin genes tcdA and tcdB are regulated and investigating what

mechanisms are involved in patients who suffer recurrent CDI infections.

This thesis contains three results chapters:

Chapter Three will investigate regulators of TcdA and TcdB production using both
forward and reverse genetics. An R20291AtcdR strain will be studied to ascertain
the role of TcdR in toxin production. Random mutagenesis will also be utilised to
identify putative genes involved in toxin production either directly or indirectly.
Chapter Four will focus on the genetics of C. difficile strain VPI 10463, a high toxin
producing strain. This will involve whole genome sequencing of this strain,
comparing genotypes with other well studied strains to predict the reasons for
increased toxin production. This chapter will also focus on improving DNA transfer
in to strains VVPI 10463 and R20291.

Chapter Five will examine C. difficile isolates collected from patients with
diagnosed CDI. These patient samples will be studied for co-infection of multiple
C. difficile ribotypes, reduced antibiotic susceptibility and to identify SNP’s that

may incur a fitness benefit that could result in recurrence of infection.
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Chapter Two Materials and Methods
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2.1 Buffer, Solutions, Culture Media and Growth Conditions

2.1.1 Buffer and Solutions

The following list of solutions are stated at stock concentrations, further dilutions may have
occurred for use.

10% SDS

100g sodium dodecyl sulphate
Final vol. 1 L dH.O

3M NaAC
24.6g Sodium Acetate
Adjust to pH 5.2
Final vol. 100 mL. dH20
0.5M EDTA
186.1g EDTA disodium salt
Adjust to pH 8.0
Final vol. 1L dH20
10x TAE
48.4g of Tris
11.4 mL of glacial acetic acid
20 mL 0.5M EDTA
Final vol. 1 L dH20
0.4M NaOH

16g Sodium hydroxide
Final vol. 1 L dH.O

20x SSC
175.3g Sodium chloride
88.2¢g Sodium citrate
Adjust to pH 7.0
Final vol. 1 L dH2O

2x Wash solution
2x SSC

0.1% SDS
Final vol. 500 mL dH»0O
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0.5x Wash solution
0.5x SSC
0.1% SDS
Final vol. 500 mL dH.O
5x Maleic acid buffer
58.04 g Maleic acid
43.83 g Sodium Chloride
369 Sodium hydroxide
AdjusttopH 7.5
Final vol. 1 L dH20
1x Maleic acid buffer-T
1x Maleic acid buffer
0.3% Tween 20
Final vol. 500 mL dH.O
1x Blocking buffer
10x Blocking buffer solution (Sigma-Aldrich)
1x Maleic acid buffer
Final vol. 60 mL dH.O
Anti-DIG Ab Probe

30 mL 1x blocking buffer
3 yuL anti-DIG Ab

1x Detection buffer
100mM Tris-HCI

100mM NacCl
Final vol. 30 mL

2.1.2 Culture Media

Media used to culture bacteria are listed below. Solid media plates were made with the
addition of 1% w/v agar (Oxoid No. 1) unless otherwise stated. All media were sterilised
by autoclaving at 121°C for 15 min at 100 pKa. Ingredients were sourced form Oxoid

unless otherwise stated.
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e Brain Heart Infusion Supplemented (BHIS); 37g brain heart infusion, 20g yeast
extract and 1g L-cysteine in 1L dH20.

e Tryptose Yeast Extract medium (TY)!%; 30g tryptose, 20g yeast extract and 1g
thioglycolate in 1L dH2O. When required 1g lichenan was added to the media prior
to autoclaving.

e Luria-Bertani (LB)'%; 10g Bacto tryptose (BD Biosciences), 5g yeast extract, 10g
sodium chloride in 1L dH-O. For solid media Oxoid No. 1 added at a concentration
of 1.5%.

e Cycloserine Cefoxitin Egg Yolk (Lab M) (CCEY)%:; 48g premixed CCEY in 1L
dH20. Post autoclaving 40 mL (4%) egg yolk emulsion was added to the media.

e Wilkins — Chalgren Anaerobe Agar (WCAA); consisted of 43g premixed WCAA
in 1L dH20. Post autoclaving 50 mL (5%) defibrinated horse blood added to the
media.

e Cycloserine Cefoxitin Fructose Broth (CCFB)°’: 40g proteose peptone, 5g sodium
phosphate dibasic, 1g potassium phosphate monobasic, 2g sodium chloride, 0.1g
magnesium sulphate, 6g fructose, 1g sodium taurocholate, 0.5g L-cysteine, 0.03g
neutral red. For solid media Oxoid No. 1 added at a concentration of 2% and
neutral red was omitted.

e Cycloserine Cefoxitin Mannitol Broth with Taurocholate and Lysozyme (CCMB-
TAL)!%; 40g proteose peptone, 5g sodium phosphate dibasic, 1g potassium
phosphate monobasic, 2g sodium chloride, 0.1g magnesium sulphate, 6g mannitol,
1g sodium taurocholate, 0.5g L-cysteine, 0.5g Lysozyme,0.03g neutral red.

e SOC medium (Invitrogen) consists of 2% tryptone, 0.5% yeast extract, 10 mM
sodium chloride, 2.5 mM potassium chloride, 10 mM magnesium chloride, 10 mM
magnesium sulphate, and 20 mM glucose.

e Clostridium difficile minimal media (CDMM)?’.

e ChromID C. difficile (bioMérieux); a chromogenic agar plate that enables C.
difficile to be identified quickly from mixed cultures.

e Tryptone Soy Agar (Thermo Scientific) with 5% sheep blood.

2.1.3 Antibiotic Media Supplements
Antibiotics were prepared as recommended by Sambrook and Russell*®, filter sterilised

and stored under the recommended conditions. Antibiotics were used in the following
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working concentrations; Ampicillin 100 pg/mL, Chloramphenicol 25 pg/mL, Cycloserine
250 pg/mL, Cefoxitin 8 pg/mL, Erythromycin 10 pg/mL, Kanamycin 50 pg/mL,

Lincomycin 20 pg/mL and Thiamphenicol 15 pg/mL.

2.1.4 Growth Conditions

C. difficile were routinely cultured in an anaerobic cabinet (Don Whitley, UK) containing
CO2:H2:N2 (80:10:10 v/v/v) at 37°C. Media were reduced in anaerobic conditions for a
minimum of 4h or 8h for plates and broths, respectively, before use. E. coli strains were

cultured in aerobic conditions at 37°C, broth cultures were shaken at 200 rpm.

2.2 Bacterial Strains and Plasmids

2.2.1 Bacterial Strains and Storage

Bacterial reference strains and constructed mutants are listed in Table 2-1. Two different
R20291 strains were used in this study, NM-R20291 (Synthetic Biology Research Centre,
University of Nottingham) and BW-R20291 (London school of Hygiene and Tropical
Medicine). Briefly, NM-R20291 has improved growth kinetics when grown in either
BHIS broth or minimal media containing glucose, fructose and mannitol. NM-R20291
demonstrates a reduced motility, produces more toxin, sporulation occurs later and can

form biofilms better than BW-R20291. Full details given in Appendix One.

During this study a number of C. difficile strains were isolated from clinical stool samples,

these strains are described in Chapter Five of this thesis.

C. difficile strains were stored at -80°C in 10% glycerol and BHIS broth stocks. E. coli

were stored at -80°C in CryoBank tubes (Copan) as directed by the manufacturer.
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Table 2-1: Bacterial strains used in this study.

Strains
E. coli
TOP10

CA434

NEB express

C. difficile
630
NM-R20291*

BW-R20291*

VPI1 10463
M120

CRG4603
CRG4605
CRG2521
CRG3972
RS-7
BBM4

CRG4250
CRG4251

*For specific details on the differences between these strains see Appendix One.

Characteristics

F- mcrA A(mrr-hsdRMS-mcrBC) ¢80lacZAM15 AlacX74 nupG recAl

araD139 A(ara-leu)7697 galE15 galK16 rpsL(Str") endAl A

E. coli HB101 [F" mcrB mrr hsdS20(rs” ms”) recA13 leuB6 ara-14 proA2

lacY1 galK2 xyl-5 mtl-1 rpsL20(Sm") ginV44)x] with plasmid R702

fhuA2 [lon] ompT gal sulA11 R(mcr-73::miniTn10--Tet®)2 [dcm] R(zgb-

210::Tn10--TetS) endAl A(mcrC-mrr)114::1S10

Wild type, PCR ribotype 012

Wild type, PCR ribotype 027 (Stoke Mandeville outbreak strain)

Wild type, PCR ribotype 027 (Stoke Mandeville outbreak strain)

Wild type, PCR ribotype 087
Wild type, PCR ribotype 078, non-motile strain

BW-R20291::hsdR(ermB)

VPI 10463:: hsdR(ermB)
NM-R20291AtcdR
NM-R20291::tcdR(EcoRlI)
NM-R20291AtcdB::licB
NM-R20291 mariner-transposon
R20291 2908 & R20291_jag
NM-R20291::2908(ermB)

NM-R20291::jag(ermB)

mutant,

insertions
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genes

Origin
Invitrogen

105,110

NEB

Jon Brazier (Anaerobe Reference Laboratory,
Cardiff, United Kingdom)

Brendan Wren (London School of Hygiene and
Tropical Medicine, London, United Kingdom)
ACTC 43255

Brendan Wren (London School of Hygiene and
Tropical Medicine, London, United Kingdom)
This study

This study

Clostridia Research Group (unpublished)
Clostridia Research Group (unpublished)
Clostridia Research Group (unpublished)

This study

This study
This study



2.2.2 Plasmids

All plasmids were stored at -20°C in dH2O.

Table 2-2: Plasmids used in this study.

Plasmid

pMTL82151
pMTL83151
pMTL84151
pMTL85151
pMTL84152

pMTLO007-E2::Cdi-R20291_2908-
1042s::CT(ermB)
pMTLO007-E2::Cdi-R20291 jag::96s::CT(ermB)

PMTLO007-E2::Cdi-R-subunit-527s::CT(ermB)
PMTLO07-E2::Cdi-BI19_3942::CT(ermB)
pMTLSC7215

pBSK::AhsdR

PMTLSC7215::AhsdR

pPMTL84151::p2908

pMTL84152::2908

pMTL-SCO

pMTL-SC1

Description

E. coli — C. difficile Shuttle Vector (pBP1, catP, ColEL, traJ)

E. coli — C. difficile Shuttle Vector (pCB102, catP, ColE1, traJ)

E. coli — C. difficile Shuttle Vector (pCD6, catP, ColE1, traJ)

E. coli — C. difficile Shuttle Vector (pIM13, catP, ColE1, traJ)

E. coli — C. difficile Shuttle Vector (pCD6, catP, ColEL, traJd, Ptn)
ClosTron plasmid with intron designed to insert into gene 2908 of
R20291

ClosTron plasmid with intron designed to insert into gene jag of
R20291

ClosTron plasmid with intron designed to insert into gene hsdR of
R20291and VPI 10463

ClosTron plasmid with intron designed to insert into gene
Ga0114281 1134 of VPI 10463

Vector for homologous recombination using codA as a negative
selection marker. Gram positive replicon - pBP1

Storage plasmid for AhsdR exchange cassette.

Allelic exchange plasmid for creation of AhsdR strains.
Complementation plasmid for R20291::2908(ermB)

Over expression plasmid for R20291::2908(ermB)

pMTL82151 containing mariner-transposon. No promoter driving
expression of the transposon.

pMTL82151 containing mariner-transposon
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111

111
111
111
111

This study
This study
This study
This study

80

This study
This study
This study
This study
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2.3 Polymerase Chain Reaction (PCR)
For all PCR reactions annealing temperatures were calculated using the NEB Tm calculator

(http://tmcalculator.neb.com/#!/) and extension times were estimated by predicted product

length.

2.3.1 General Protocol for Colony PCR

Colony PCR was performed using OneTaqg Quick Load 2X Master Mix (NEB) at a final
volume of 25 pL containing 0.5uM of each primer. Three to four colonies were emulsified
into 30 pL molecular grade water and heated to 94°C for 20 min, 1 pL was added to the
reaction to serve as a template. PCR conditions were; 94°C for 30s, 30 cycles of 94°C for
15s, 45 - 68°C for 30s and 68°C for 1 min/Kb followed by a final extension step of 68°C

for 5 min.

2.3.2 General Protocol for PCR with a Non-Proofreading DNA Polymerase

Non-proofreading PCR was performed at a final volume of 25 pL containing 0.5uM of
each primer, 2.5 units of OneTaq (NEB) and 12.5 pL FailSafe PCR 2X PreMix E (Cambio).
Template DNA was used at a concentration of 100 ng/uL. PCR conditions were; 94°C for
30s, 30 cycles of 94°C for 15s, 45 - 68°C for 30s and 68°C for 1 min/Kb followed by a

final extension step of 68°C for 5 min.

2.3.3 General Protocol for PCR with a Proofreading DNA Polymerase

Proofreading PCR was performed at a final volume of 25 pL containing 0.5uM of each
primer, 0.5 units of Q5 (NEB) and 12.5 pL FailSafe PCR 2X PreMix E (Cambio).
Template DNA was used at a concentration of 100 ng/uL. PCR conditions were; 98°C for
30s, 30 cycles of 98°C for 10s, 50 - 72°C for 30s and 72°C for 30 s/Kb followed by a final

extension step of 72°C for 2 min.
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2.3.4 Inverse PCR

Genomic DNA at a concentration of 50 ng/pL was digested overnight by Hindlll (NEB)
and ligated at a concentration of 5 ng/pL as described above. PCR was performed using
2X KOD Hot Start PCR Master Mix (Novagen) at a final volume of 25 pL containing
0.5uM of each primer and 10 pL of ligated DNA template. PCR conditions were; 95°C for
2 min, 35 cycles of 95°C for 20s, 50°C for 10s and 70°C for 3 min 25s followed by a final

extension step of 70°C for 10 min.

2.3.5 Primers

Primers were designed using Primer-BLAST (http://www.ncbi.nlm.nih.gov/tools/primer-

blast/) and synthesised by Sigma-Aldridge. A full list of primers used in this study can be

found in Table 2-3.

54


http://www.ncbi.nlm.nih.gov/tools/primer-blast/
http://www.ncbi.nlm.nih.gov/tools/primer-blast/

Table 2-3: Primers used in this study

Primer
ClosTron
EBS universal
ErmRAM-F
ErmRAM-R
EBS2

Sall-R1

M13F
M13R

Chapter Three
tcdR-Fsl

tcdR-Rs2
catP-INV-F1
catP-INV-R1
catP-INV-R2
catP-F1
catP-R1

jag_F1

oxa R1

R20291 2908-
C_F1

R20291 2908-
CR1

R20291 2908-
C_F2
CDR20291_0447
F
CDR20291_0447
R
CDR20291_1065
F
CDR20291_1065
R

CDR20291_ 1086
F
CDR20291_1086
R

CDR20291 1439
F

CDR20291 1439
R

Sequence

CGAAATTAGAAACTTGCGTTCAGTAAAC
ACGCGTTATATTGATAAAAATAATAATAGTGGG
ACGCGTGCGACTCATAGAATTATTTCCTCCCG
TGAACGCAAGTTTCTAATTTCGATTATATTTCGATA
GAGGAAAGTGTCT
CAGATTGTACAAATGTGGTGATAACAGATAAGTCG
TAGAATCTAACTTACCTTTCTTTGT
TGTAAAACGACGGCCAGT
CAGGAAACAGCTATGACC

AAATTATCTTAAGAGAGGAGAAGTTTCTAAAATAT
AAAAAGG
GGTAAATTATTATTCTTTAGCTCTAATACTTCTGTA
ACTAGG
TAAATCATTTTTAGCAGATTATGAAAGTGATACGC
AACGGTATGG
TATTGTATAGCTTGGTATCATCTCATCATATATCCC
CAATTCCC
TATTTGTGTGATATCCACTTTAACGGTCATGCTGTA
GGTACAAGG
GGCAAGTGTTCAAGAAGTTATTAAGTCGGGAGTGC
AGTCGAAGTGG
TGAAGTTAACTATTTATCAATTCCTGCAATTCGTTT
ACAAAACGG

AAACTTGCAGCTTCTTTGCCTT
GCAGACTAAGTCAACAAAGGCAA
TTTTTTGCGGCCGCTTTACTTTAATAAAATAAAAAT
AGGTATAAAAA
AAAAAACTCGAGTTATTTTATGGAAAATATTACTT
CATTTAACTCTATAT
TTTTTTGAATTCATGAAAGCAGGAGAAATTGAATT
TCTTAGTTATTTAGA
AGAGCAACTAGAATTGGCGGT

GCTTGGTGCTGGCTCATGTA
AAGGGATTACCTCCTACACCAA
ACCAATTGCACATCCTACTTCT
CAAGTGGAAGCGCCAAACTT
CTCCACAATTTGGGCATTCCA
TCAAGCAATTGTAGATGGGTGGA

GTTCGGCGTACATCATCAACA
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68
68

68

68
68

This study

This study

97
97
97
97

97

This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

This study

This study



CDR20291_0853 TGGAGGTAACACTTTCTTGTGT This study

F
CDR20291 0853 GGTTGACTATATACCTCTCCTGCT This study
R
CDR20291 2848 GCCACATGGATATGGAACTGGT This study
F
CDR20291 2848 AGTTGTATCACCAGAAGCACG This study
R
Chapter Four
hsdR_Fs1 TTCCCAACCTGCAAGTTTA This study
hsdR-Rs1 AGAAGACTTTAGAGCTTGCAGT This study
B193941 Fs2 CTCCATCAGCAGAAGTGCAT This study
B193943 Rs1 GGGGCTAGAACAAAACCCAA This study
Chapter Five
P3 CTGGGGTGAAGTCGTAACAAGG 48
P5 GCGCCCTTTGTAGCTTGACC 48

2.4 Preparation and Manipulation of DNA

2.4.1 Preparation of Chromosomal DNA

Chromosomal DNA was extracted from stationary phase cultures after centrifugation at
12,000 x g. Culture pellets were pre-treated with 180 puL 10 mg/mL lysozyme at 37°C for
30 min followed by 25 puL 10 mg/mL proteinase K solution, 85 ul dH2O and 110 ul 10%
(w/v) SDS solution incubated at 65°C for 30 min. For general PCR screening DNA was
extracted using the GenElute Bacterial Genomic DNA Kit (Sigma Aldrich). Final elution
of DNA was into 50 pL molecular grade water (Thermo Scientific) at 50°C. For high
quality DNA, phenol chloroform extraction was utilised.  Equal volumes of
Phenol:Chloroform:Isoamyl Alcohol (25:24:1, v/viv) were added to pre-treated culture
pellets and mixed by inversion. Liquid was transferred to phase lock tubes and centrifuged
at 20,000 x g for 3 min. The top layer was transferred into a fresh phase lock tube and the
process repeated a further two times. The final top layer was transferred into a 1.5 mL
Eppendorf tube containing 40 puL 3M NaAC and 800 pL ice cold 100% EtOH, mixed gently

by inversion and placed onto ice. DNA was transferred into 1 mL ice cold 70% EtOH by
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5 mL glass pipette and then into a clean 1.5 mL Eppendorf tube for evaporation. DNA was

rehydrated in 50 puL molecular grade water (Thermo Scientific).

2.4.2 Plasmid Extraction

Plasmids were extracted from 1 mL stationary phase cultures after centrifugation at 12,000
X g using the GenElute HP Plasmid Mini Prep Kit (Sigma Aldrich) as directed by the
manufacturer. Final elution of plasmid was into 50 pL molecular grade water (Thermo

Scientific) at 50°C.

2.4.3 Restriction Digest

Restriction digests were performed on ice with DNA at a concentration of 1ug, 1 unit of
restriction endonuclease and 1x Cut Smart Reaction Buffer (50mM Potassium Acetate,
20mM Tris-Acetate, 10mM Magnesium Acetate and 100 pg/mL BSA) at a final volume of
25 pL. Reactions were incubated at 37°C for 2-3 h and heat inactivated at 65°C for 30 min.
All enzymes were sourced from NEB and were stored according to the manufacturer’s

instructions at -20°C.

2.4.4 DNA ligation

DNA ligations were performed on ice at a molar ratio of 1:3 (vector to insert), 1 unit T4
ligase (NEB) and 1x T4 DNA ligase buffer (50mM Tris-HCI, 10mM Magnesium Chloride,
1mM dithiothreitol) at a final volume 25 pL. Exact concentrations were calculated using

NEB BioCalculator (http://nebiocalculator.neb.com/#!/). Reactions were incubated at 16°C

overnight and heat inactivated at 65°C for 30 min. Plasmids were dialysed into dH20 using

0.025 pm millipore filters (Millipore Corporation) for 1 h before transformation.

2.4.5 DNA Analysis by Agarose Gel Electrophoresis

Electrophoresis for the visualisation of DNA samples was performed using 1% agarose

gels (Sigma-Aldrich) in 1x TAE buffer. SyberSafe (Invitrogen) was added at a 1x
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concentration. to allow for visualisation of DNA fragments. Prior to loading on to the gel,
6x loading dye (NEB) were added to DNA samples. For estimation of fragment size an
appropriate ladder (NEB) containing 6x loading dye was included into each run. Gels were
run at 100 V until appropriate migration of loading dye was observed. Visualisation of

PCR products and image capture was carried out on Gel Doc XR system (BioRad).

2.4.6 DNA Purification from Agarose Gels

DNA fragments were extracted from agarose gels using a scalpel and purified using the
Sigma Gel Extraction Kit according to the manufactures instructions. Final elution of

fragments was into 50 pL molecular grade water (Thermo Scientific) at 50°C.

2.4.7 Cleaning of PCR product

PCR products were purified using the Sigma PCR Clean-up Kit according to the
manufactures instructions. Final elution of fragments was into 50 pL molecular grade

water (Thermo Scientific) at 50°C.

2.4.8 DNA Quantification

DNA was quantified either by micro spectrophotometry measuring absorbance at 260nm
using the NanoDrop 2000 (Thermo Scientific) or by fluorometric quantification using the

Qubit with the Qubit deDNA HS Assay Kit (Life Technologies).

2.5 Cloning

2.5.1 Preparation of Electro-competent E. coli

A 1:100 dilution of fresh overnight E. coli cells were added to 200 mL pre-warmed (37°C)
LB broth. Seed cultures were grown at 37°C with 200 rpm shaking until mid-log phase
(ODe0o 0.5 —1.0). Cells were then harvested by centrifugation at 4°C for 15 min at 4000 x
g after cooling on ice for 30 min. Pellets were resuspended in 60 mL ice cold dH20 and

cells harvested as before. Pellets were resuspended in 10 mL 10% glycerol and harvested
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as before. The final pellet was resuspended in 500 pL 10% glycerol, aliquot into 50 pL

volumes and stored at -80°C.

2.5.2 Transformation of Bacteria via Electroporation

Electro-competent E. coli cells were thawed on ice before the addition of 1 — 10 ng plasmid
DNA. Transformation of plasmid DNA was performed using a Bio Rad MicroPulser using
a 0.2 cm electroporation cuvette, 2.5 kV voltage, 25 uF capacitance and 200 Q resistance.
After which 300 pL SOC medium (Sigma Aldrich) was added to the cuvette and the content
aliquoted to a fresh Eppendorf tube and incubated at 37°C for 1 h at 200 rpm. The resulting

mixture was then plated onto LB agar containing appropriate antibiotics.

2.5.3 Conjugation of Plasmid DNA into C. difficile

Conjugation of plasmid DNA into C. difficile was performed as previously described*.
Briefly, 1 mL stationary phase donor cells were centrifuged at 4000 x g and pellets washed
in PBS to remove trace antibiotics. Centrifugation of donor cells was repeated and resulting
pellets were transferred to the ANO2 chamber and resuspended in 200 pL of recipient cells
taken from an overnight culture. The resulting mixture was inoculated onto BHIS agar in
discrete spots and incubated at 37°C. For conjugation into C. difficile 630 suspensions
were incubated for 4 — 8 h and for conjugation into C. difficile R20291 and VPI 10463
suspensions were incubated for a minimum of 18 h. Mating mixtures were then harvested
into 500 uL PBS and inoculated onto BHIS agar containing antibiotics appropriate to
counter select the donor strain. Resulting transconjugants were visible and ready for
purification after 48 — 72 h. To calculate conjugation efficiency, the following calculation

was applied:

total number of transconjugants
total CFU C.difficile
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2.6 Genetic Manipulation of Chromosomal DNA

2.6.1 ClosTron Knock-Out Mutagenesis

Plasmids for the insertional inactivation of specific genes were designed using the Perutka
method available free of charge at http://www.clostron.com®. Plasmids were constructed
by DNAZ2.0. Plasmids were conjugated into recipient C. difficile strains as described above.
Transconjugants selected for using BHIS agar containing cycloserine, cefoxitin and
thiamphenicol were restreaked to purity on the same media. After which, pure isolates
were inoculated onto BHIS agar containing cycloserine, cefoxitin and lincomycin to select
for clones that have undergone splicing of the group I intron from the RAM to leave the
functional ermB gene. Lincomycin resistant colonies were restreaked to purity and
screened for correct insertion using EBS universal primer and a primer designed to flank
the insertion site (Table 2-3). PCR products were also sequenced using the EBS universal
primer to verify intron insertion to the correct location. Single intron insertion was
confirmed by Southern blot using primers EBS2 and Intron Sall-R1 (Table 2-3) for probe

synthesis.

2.6.2 Allelic Exchange using CodA as a Negative Selection Marker

Allelic exchange was performed as previously described®® with slight modifications.
Exchange cassettes flanked by restriction sites Xhol and Sacl were constructed by Biomatik
and provided on pBMH vectors (Table 2-3). Before cloning, exchange cassettes were
amplified using universal M13 primers (Table 2-3) and resulting PCR products were cloned
into pMTLSC7215 or pMTLSC7315 using Xhol and Sacl for C. difficile R20291 and C.
difficile VP1 10463 or C. difficile 630 respectively. Resultant plasmids were stored in E.
coli TOP10 and sequence verified using primers M13_F and CodA_Seq_F (Table 2-3).
After re-transformation into E. coli CA434, resulting codA plasmids and a vector only

control (i.e. pMTLSC7215 or pMTLSC7315) were conjugated into donor strains as
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described above. Transconjugants were selected for using BHIS agar containing
cycloserine, cefoxitin and thiamphenicol. Resulting transconjugants were restreaked onto
the same media and faster growing single colonies were selected as potential single
crossovers and restreaked to purity. Single crossover events were screened for using a
flanking chromosomal primer and a plasmid specific primer (Table 2-3) for each homology
arm. Confirmed single crossover clones were then streaked on the non-selective medium
(i.e. BHIS) and allowed to grow for up to four days. After which colonies were harvested
into 500 pL PBS, serially diluted (1x10* to 1x107°) and plated onto C. difficile minimal
media containing 5-fluorocytosine and allowed to incubate for 48h. Well defined single
colonies were then patch plated onto BHIS agar and BHIS agar containing thiamphenicol.
Colonies that were thiamphenicol sensitive were restreaked onto BHIS agar and then
screened by chromosome flanking PCR to identify double crossover mutants. Confirmed

clones were then stored as described above.

2.6.3 Random Mutagenesis using mariner-Transposon

Random mutagenesis was performed as previously described®” with slight modifications.
Plasmids pMTL-SCO0 and pMTL-SC1 (Table 2-2) were transformed into E. coli Top10 and
conjugated in to C. difficile RS-7 (Table 2-1) as described above. Transconjugants were
selected for on BHIS agar containing cycloserine, cefoxitin and lincomycin.
Transconjugant colonies were then restreaked onto TY agar containing cycloserine,
cefoxitin and lincomycin. After five days incubation, growth was harvested into BHIS
10% glycerol until further use, this creates passage zero. Transconjugant stocks were
cultured onto TY agar containing cycloserine, cefoxitin and lincomycin, one replicate for
the pMTL-SCO control and five replicates for the pMTL-SCL1 transposons. After overnight
incubation, growth was harvested in to 1 mL PBS and 10-fold serial dilutions to 10 were

made. Subsequently 100 pL of each dilution was plated onto BHIS agar containing
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cycloserine, cefoxitin and thiamphenicol, to select for transposon mutants and count mutant
CFU, and 3 x 20 pL spots were inoculated onto ¥ BHIS agar for calculation of total CFU.
To allow for the frequency of transposition to be calculated, total CFU and mutant CFU
were enumerated at a dilution where approximately 50 and 100 colonies were present
respectively. The calculation was as follows and performed on both control and mutant

populations:

Mutant CFU /mL
Total CFU/mL

To ensure mutant diversity three passages of this procedure was performed. For creation
of the next passage, colonies were harvested from the dilution plate below to the one used

for the mutant CFU calculation and stored in BHIS 10% glycerol.

To confirm mutant diversity, 10 mutant colonies were taken from the dilution plate used to
calculate mutant CFU and restreaked onto BHIS agar containing cycloserine, cefoxitin and
thiamphenicol. DNA extractions were performed on resultant cultures. Inverse PCR was
performed as described above to determine if double insertions were present that had
occurred during transposition. Once all passages had been screened the most diverse
mutant pool was selected by discerning the passage with a high transposition frequency

with a low double insertion rate.

Toxin phenotypes were screened for using a plate lichenase reaction, 100 pL of stock
mutant library was inoculated onto BHIS agar containing cycloserine, cefoxitin and
lincomycin and incubated for 24 h. Colonies were then patch plated twice onto TY agar
containing 0.2% lichenan, one for analysis at 24 h and one for 48 h. Plates were stained
with 0.2% Congo Red (Sigma-Aldrich) solution and zones of clearance were examined.

Interesting phenotypes were categorised as larger, smaller or no zone of clearance and
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colonies were re-streaked onto BHIS agar containing cycloserine, cefoxitin and
thiamphenicol for phenotype and PCR conformation. Phenotypes were confirmed by
inoculating 20 pL volumes of overnight culture onto TY agar containing 0.2% lichenan
and analysed as per the screening method. To verify the location of the transposition in
interesting phenotypes, inverse PCR was performed as described above. Purified gel
extracts were sequenced with primer catP-INV-R2 (Table 2-3). Single insertions were
confirmed by Southern blot using catP-F1 and catP-R1 primers (Table 2-3) for probe
synthesis. Toxin phenotype analysis was confirmed in the wild type by using the ClosTron

group two intron gene knockout system.

2.6.4 Southern Blot

To generate a Southern Blot probe a digoxigenin-dUTP randomly labelled DNA product
was produced using DIG-high prime (Sigma-Aldrich) and a standard Phusion PCR. In this
work probes to detect ermB insertion of ClosTron mutants were created using EBS2 and
Sall-R1 primers and probes to detect catP insertion of the mariner-transposon were created
using CatP_F1/R1 (Table 2-3). The probe was labelled by denaturing DNA (ca. 1 ug) at
100°C and snap freezing on ice before adding 4 pL DIG-High Prime and incubating
overnight at 4°C. The reaction is halted using 2 uL 0.2M EDTA and heating to 65°C or 10
min. The ladder probe is created using the same method except 1 pL A DNA/HindllI

marker (Promega) and 14 puL H20 is used as a template.

DNA was isolated using phenol-chloroform extraction and quality checked on 1% (w/v)
gel. Genomic and plasmid DNA at 2ug was digested with Hindlll and/or EcoRI overnight
in separate reactions. Control plasmids for each experiment were pMTL007C-E2
(ClosTron) or pMTL-SC1 (mariner-transposon). Digested DNA checked on 0.8% agarose

gel prior to blotting procedures.
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DNA transfer on to the Nitrocellulose membrane was achieved by laying blotting paper
into 0.4M NaOH to create a wick. The gel was positioned on top of the wick followed by
the Nitrocellulose membrane. This was followed by several blotting pads the first being
pre-wet in 0.4M NaOH. To aid in the transfer a weight (ca. 500 g) was placed on top the

blotting paper and was left for at least 3 h.

The nitrocellulose membrane is UV fixed for 2 min on each side and then washed in 2x
SSC to remove excess 0.2M NaOH. The membrane was then placed into a hybridisation
tube (DNA side in), 10 mL reconstituted DIG-Easy Hyb (Sigma-Aldrich) was added and
incubated at 42°C for 1 h. Probes were prepared by boiling 20 pL labelled probe and 10
mL DIG-Easy Hyb for 10 min then snap freezing on ice to prevent reversion of SSDNA to
dsDNA. The probe mixture was incubated on the membrane overnight at 42°C. Following
this a number of washes were performed, 2x low stringency washes using 100 mL 2x wash
solution for 5 min at room temperature then 2x high stringency washes using 100 mL 0.5x
wash solution for 15 min at 68°C. The membrane was then equilibrated using 100 mL
Maleic acid buffer-T for 1 min at room temperature followed by a blocking step using 25
mL 1x blocking buffer for 30 min at room temperature. The membrane was then probed
using Anti-DIG Ab (Sigma-Aldrich) diluted 1:10,000 in 1x blocking solution (3 pL in 30
mL) by incubation for 30 min at room temperature. This was followed by 2x washed suing
100 mL Maleic acid buffer-T for 15 min at room temperature and then membrane

equilibration in 25 mL 1x detection buffer for 2 min at room temperature.

To develop the Southern blot the membrane was placed onto an acetate sheet. 1.5 mL CDSP
(Sigma-Aldrich) was pipetted directly on to the membrane and then a second acetate sheet
placed on top. The edges sealed and then the membrane incubated at 37°C for 10 min to
enhance enzyme reaction. The membrane was then transferred to the dark room for

developing into photo film.
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2.6.5 Complementation and overexpression plasmids.

Promoters were predicted for complementation plasmids using BPROM!® if unknown.
Cassettes were amplified using wildtype genomic DNA from the parental strain utilising
primers that added flanking restriction sites, Notl and Xhol for complementation and EcoRl
and Xhol for overexpression. Complementation plasmids cassettes were cloned directly
into the lacZa multiple cloning site of pMTL84151. Over expression plasmids were also

cloned directly into the lacZa multiple cloning site but upstream of the P of pMTL84152.
2.7 DNA sequencing and Analysis Techniques

2.7.1 DNA Sequencing

DNA Sanger sequencing was performed by Source Bioscience, Nottingham, UK.

2.7.2 lllumina MiSeq and Single Molecule, Real-Time (SMRT) sequencing

High quality DNA at 10pg was prepared by phenol/chloroform extraction with an
additional RNAse step. For lllumina MiSeq, DNA was sent to either the University of
Nottingham DeepSeq facility, Dr. Alan McNally at Nottingham Trent University or
MicrobesNG Facility at University of Birmingham for library preparation and sequencing.

For SMRT sequencing DNA was sent to McGill University and Genome Québec, Canada.

2.7.3 Bioinformatics

General Sequence Analysis

Sanger sequence data were analysed using GENtle (Last accessed: 11 November 2017

http://gentle.magnusmanske.de/) and Basic Local Alignment Search Tool (BLAST) (Last

accessed: 13 August 2017 http://www.ncbi.nlm.nih.gov). Multiple sequence alignments

were performed using Clustal Omega (Last accessed: 12 March 2017

http://www.ebi.ac.uk/Tools/msa/clustalo/). Protein analysis was performed using InterPro

(Last accessed: 27 March 2017 http://www.ebi.ac.uk/interpro/) and predicted interactions
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by String (Last accessed: 27 March 2017 http://string-db.org/). Protein amino acid

variations and their effects on biological function were predicted using PROVEAN (Last

accessed: 27 March 2017 http://provean.jcvi.org/). Prophage regions within genomes were

identified using PHASTER (Phage Search Tool Enhanced Release)!**. Whole genome

browsing and annotation were performed using Artemis*®®,

VPI 10463 Genome Map Assembly

Illumina MiSeq reads obtained for the VPl 10463 genome were trimmed using Scythe
(https://github.com/vsbuffalo/scythe)  and quality  trimmed using  Sickle
(https://github.com/najoshi/sickle) by DeepSeq, University of Nottingham. PacBio RSII
sequencing reads were corrected using proovread*®, a hybrid correction pipeline and were
assembled using Canu by DeepSeq. Mapping to the VPI 10463 genome sequence was
performed using the Burrows-Wheeler Aligner (BWA)’ version 0.7.17 using standard
settings and the PacBio index flag. Output files were then sorted and indexed using
SamTools'*8 version 1.5. Visualisation of BAM files was performed using CLC genomics
workbench version 8.5.3 using standard settings. Annotation of the VPI 10463 genome
were performed by the Joint Genomes Institute Integrated Microbial Genomes Pipeline

(Last accessed: 18 September 2017 http://jgi.doe.gov/). Restriction site generation was

performed using SiteFind*'®. Appendix Three provides all code performed by the user.
De novo assembly of clinical C. difficile strains

De novo assembly and mapping reads to reference of Illumina short reads were perfumed
using CLC genomics workbench V8.5.3 using standard settings. Contigs were rearranged
using progressiveMauve!?® with strains 630 and R20291 as templates. Rapid annotation
followed using Subsystem Technology (RAST)*?! and the Seed??. Fixed Ploidy Variant

Detection was performed using CLC genomics workbench V8.5.3 using settings described
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in Appendix Two. Genome comparisons were performed using either progressiveMauve!?

or Artemis Comparison Tool (ACT)*?3,

Whole genome sequences used in this study; CD630 (AM180355), R20291 (FN545816)

and M120 (FN665653). Statistical analysis was performed using GraphPad Prism V6.

2.8 Characterisation of Clostridium difficile.

2.8.1 Growth curve analysis

Cell growth was recorded over a 48 h time period, starting from a lag growth phase after
culture in TY broth. This was achieved by culturing glycerol strain stocks on to BHIS agar
supplemented with cefoxitin and cycloserine. Three colonies where picked into 1 mL TY
broth and incubated for 8h. For all experiments individual 1 mL starter cultures were used
to ensure biological replicates rather than technical replicates. In fresh TY broth, serial
dilutions (107 to 10®) were made and incubated for 16h. The most dilute inoculum, with
visible growth, was then used for the start of the assay and diluted 1 in 100 in TY broth.
Optical density (ODsoo) or CFU was then measured at 0, 3, 6, 9, 12, 24 and 48h. To count
CFU, cell suspensions were serially diluted and plated onto BHIS agar, allowed to incubate

for 24 h before enumeration.

2.8.2 Toxin ELISA

Toxin supernatants were collected during growth curve analysis at points 0, 3, 6, 9, 12, 24
and 48h. Supernatants of 1 mL were centrifuged at 12,000 x g for 1 min, filter sterilised
(0.2um pore size) and stored at -20°C until required but for no longer than a month. Toxin
levels were measured using C. difficile TOX A/B Il ELISA (TechLab) as recommended by
the manufacturer, using a toxin A/B standard. Clostridium difficile toxin A and B standards
(The Native Antigen Company) were used at a starting concentration 125 ng/mL and

serially diluted 1:2 until a concentration of 1.95 ng/mL was reached.
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2.8.3 Cell culture and toxin neutralisation

Each well of a 96-well microtiter plate was seeded with 100 pL of Vero (African green
monkey kidney) cell suspension at a density 2 x 10° cells/mL to create a cell monolayer.
The cell culture media, Dulbecco’s modified Eagles medium (DMEM), contained 1%
streptomycin/penicillin (vol/vol) and 10% fetal calf serum (vol/vol). To allow the creation
of monolayers, cells were incubated at 37°C 5% CO- for 48h. To the cell monolayer 20
pL of toxin supernatant was added, if required serial dilutions were made in PBS. Cultures
were then incubated for 24 h (37°C 5% COy) before examination by phase contrast
microscopy (Nickon Eclipse TS100). End point titre was expressed as “1/toxin endpoint
titre” due to the inverse relationship between the endpoint titre and the amount of toxin in
a sample. This was defined as the first dilution in the succession where cell morphology
could not be differentiated from the negative controls. Toxin neutralisation assays were
performed on 96-well microtiter that were identical to the cell culture assay using C.
difficile Tox-B Test (TechLab). Cells showing no toxic effect should be identical to the
negative controls. Pure toxin B and the control provided in the C. difficile Tox-B Test kit
were used as positive and/or negative controls depending on which assay was being

performed.

2.8.4 Quantitative Lichenase assay

Lichenase activity was assessed through the incubation of the supernatant with a substrate
containing a known concentration of lichenan for a set period of time. Cell growth was
recorded over a 48 h time period, starting from a lag growth phase after culture in TY broth.
This was achieved by culturing glycerol strain stocks on to BHIS agar supplemented with
cefoxitin and cycloserine. Three colonies where picked into 1 mL TY broth and incubated
for 8h. For all experiments individual 1 mL starter cultures were used to ensure biological

replicates rather than technical replicates. In fresh TY broth, serial dilutions (10 to 10%)
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were made and incubated for 16h. The most dilute inoculum, with visible growth, was then
used for the start of the assay and diluted 1 in 100 in TY broth. Lichenase supernatants
were collected at points 0, 3, 6, 9, 12, 24 and 48h. Supernatants of 1.5 mL were centrifuged
at 6,000 x g for 1 min and stored at -20°C until required. To start the assay, 300 pL of
supernatant was added to an Eppendorf containing 200 pL of TY with 0.1% lichenan. A
control of 300 pL of TY was added to an Eppendorf containing 200 uL of TY + 0.1%
lichenan. Test and controls were incubated at 50°C for 40 min. Reactions were halted by
addition of 100 pL of 0.2M Sodium carbonate. After which 50 pL of 0.1% (w:v) Congo
red solution was added to each reaction, tubes were inverted several times, and then add
200 pL of 2M NacCl, to stabilise the colour. Absorbance reading at 530nm (using 500 pL
TY broth, 100 pL 0.2M Sodium carbonate, 50 uL Congo red solution, 200 pL 2M NaCl as

a blank).

2.8.5 Motility assay

Motility of strains was assessed using standard BHIS agar plates with 10 mL 0.3% BHIS
top agar. Single colonies were stab inoculated into the top agar using a sterile toothpick.
Plates were incubated for 24 h and zones measured using a bidirectional method. Averages

of these measurements were taken as the total distance travelled.

2.8.6 Transmission Electron Microscopy

Transmission electron microscopy was performed by Dr. E. Stevenson and Denise Creasy.
Cells were collected at mid-exponential phase and absorbed onto a Formvar-coated copper
grid for 5 min, the excess removed with blotting paper. Fixation was achieved using 1%
glutaraldehyde for 1 min, the grid was then washed three times with sterile distilled water.
Cells were negatively stained with Uranyl Acetate for 30 s and then allowed to air dry. A
JOEL JEM1010 transmission electron microscope was used for the visualisation of cells

operating at 80kV.
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2.9 Clinical Isolation of Clostridium difficile

2.9.1 Isolation of Clostridium difficile from stool samples

For each patient sample three CCEY agar plates were reduced in anaerobic conditions for
a minimum of four hours. Stool samples were homogenised 1:1 with PBS and then heat
shocked at 80°C for 15 mins, after which samples were centrifuged for five mins at 1500 x
g. Samples were transferred to the anaerobic chamber where 50 pL of supernatant was
inoculated on to CCEY in triplicate; plates were incubated for 48 h. Individual colonies
that have the appearance of C. difficile were picked by toothpick and inoculated into a 96
microtiter plate containing 200 pL BHIS broth, one per well and up to 20 per patient
sample. Microtiter plates were sealed with breathable sterile film and incubated overnight
in anaerobic conditions. A separate 96 well microtiter plate contained 180 pL PCR grade
H20 where a 1:10 dilution was made from the overnight broth cultures. A drop of glycerol
was then added to the broth cultures and resealed using fresh breathable sterile film and
stored at -80°C. The H.O culture mix was also covered in breathable sterile film and stored

at -20°C to be used later as a PCR template.

2.9.2 Ribotyping

Ribotyping of the clinical isolates were adapted from O’Neil et al*?*, and Walk et al.}® The
PCR template created in 2.10.1 was DNA extracted by heating at 95°C for 20 min after
initially being defrosted. The PCR process was completed as in 1%* and products were
visualised using a Qiaexcel (Qiagen) using the Qiaexcel DNA High Resolution Kit. Bands
were inspected by eye and one example of each banding pattern per sample was stored for
future testing. Each isolate stored was sent to the CDRN for conformation and ribotype

assignment.
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2.9.3 Antibiotic Minimum Inhibitory Concentration (MIC) Assay

MIC were determined by Minimum Inhibitory Concentration Evaluator (MICE) strips as
described by Baubet et al.’?® with slight modifications. Colonies of C. difficile were
resuspended in PBS to a McFarland standard of 1. Cultures were swabbed onto Wilkins —
Chalgren Anaerobe Agar with 5% horse blood in three directions and air dried for 15 min.
MICE strips of Vancomycin and Metronidazole were applied and incubated for 24h in
anaerobic conditions. MICs were determined to be where the zone of complete inhibition
intercepted with the scale. CD630 was used as a control with each batch tested.

Intermediate or resistant MICs were repeated twice more for confirmation.

2.10 Statistical Analysis

All data and statistical analysis were carried out using GraphPad Prism version 7.03 or
lower. Individual comparisons were analysed using two tailed students T-test to determine
if Group A has a statistically higher or lower value than Group B, a p value of <0.05 was
deemed statistically significant result. Clinical data was analysed using Fishers exact test

due to low sample numbers, a p value of <0.05 was deemed statistically significant result.

2.11 Ethics

The C. difficile isolation study in which the hamster faeces was collected was performed in
strict accordance with the recommendations in the United Kingdom’s Home Office
Animals (Scientific Procedures) Act of 1986 which outlines the regulation of the use of
laboratory animals for the use of animals in scientific procedures. Colleagues within the

Synthetic Biology Research Group gathered faeces from uninfected hamsters.

Clostridium difficile isolates and clinical information was collected as part of a University

of Nottingham Hospitals NHS Trust Service Improvement Project. Stool samples and

71



anonymised clinical information from patients with CDI were provided by clinicians in the

NDDC Biomedical Research Centre.
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Chapter Three Using Forward and Reverse Genetics to Assess Toxin
Regulation.
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3.1 Introduction

3.1.1 TcdR and its homologues

As briefly described in 1.2.2 TcdR, is a 22kDa protein that contains a C-terminal helix-
turn-helix DNA-binding motif™. Moncrief et al.?’ first presented evidence that TcdR had
a role in TcdA and TcdB regulation by activating tcdA and tcdB reporter fusions through
expression of tcdR, in trans, in E. coli. Later Mani et al.”?8 in two separate studies
demonstrated similar findings in C. perfringens (as a surrogate host) and C. difficile.
Furthermore, they were able to show biochemical and genetic evidence that TcdR acts as
an o-factor directing the RNA polymerase (RNAP) to the tcdA and tcdB promoters by
binding directly to the RNAP core?®. Although, the tcdA and tcdB promoters show
similarity to each other, they do not resemble traditional ¢’ promoter sites found in
prokaryotes!®, Additionally, TcdR is able to activate its own expression, consistent with

the presence of two prospective TcdR-dependent promoters upstream of tcdR”>.

Due to a high degree of similarity of structure and function of TcdR and other o-factors
found in pathogenic Clostridia that regulate toxin expression, they have been assigned their
own group, group V, of the 6'°- family!?°. The other o-factors include TcsR of C. sordelli
which transcribes both the lethal and haemorrhagic toxins**, TetR that transcribes tetanus
neurotoxin®*!, BotR that transcribes botulinum neurotoxin®!, and the UviA and TpeR of
C. perfringens which transcribe a bacteriocin and a cytotoxin, respectively'®2, These o-
factors share such similarity they are able to be interchanged and still function!?®%, In
comparison with TcdR the other o-factors are auto-regulated and are induced by

environmental factors 104128.131,133,134
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3.1.2 PaLoc gene expression and regulation.

Nutritional signals play a role in the control of toxin expression including carbon sources
and some amino acids. In complex medium the addition of glucose or other rapidly
metabolisable carbon sources inhibit toxin production®1>13%  The effect of glucose on
toxin regulation has been demonstrated in multiple C. difficile strains and shown to occur
at the transcriptional level suggesting a general mechanism’>1%4, Since the majority of
carbon sources that inhibit toxin expression are transported into the cell via the
phosphoenolpyruvate-dependent carbohydrate phosphotransferase system (PTS), it can be
inferred that carbon catabolite repression (CCR) is involved in toxin gene expression®,
When more than one carbon source, such as glucose, is available to the cell, CCR promotes
the use of this preferred resource. The requirements of both PTS and CcpA for toxin
suppression have been demonstrated using C. difficile mutants deficient in these systems®®’,
CcpA regulates fermentation, sugar uptake and amino acid metabolism; glucose dependent
repression of toxin production occurs by direct binding of CcpA to the promoter regions of
tcdR, tcdA, tcdB and tcdC™8. It appears that glucose availability and toxin synthesis are
controlled by a complex regulatory network where CcpA plays a central role and interacts

with other regulators such as CodY 3,

CodY is a global transcriptional regulator that is involved in the adaptive response to
nutrient concentrations in the environment®3®. Repression of all the PaLoc genes has been
demonstrated when nutrients are plentiful**°. In Bacillus subtilis CodY binds to co-factors,
branched-chain amino acids and GTP, which increases its affinity for its binding
targets**®141 reinforcing the link between toxin suppression and nutrient / co-factor
availability. Consequently, when nutrients and co-factors are limited CodY no longer
represses genes associated with bacterial adaptation to starvation. In a generated codY

mutant strain, higher levels of toxin were produced during exponential phase when
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compared to the wild type strain. Derepression of PaLoc genes was also observed in that

139

mutant strain®®®. CodY was found to bind directly to the tcdR promoter region® and it has

been shown to control more than 140 different genes®?.

When added to culture media, proline and glycine have been shown to have an inhibitory
effect on toxin synthesis’*. The PrdR regulator responds to the addition of proline,
represses toxin gene expression, glycine-reductase and activates the expression of proline-
reductase. The latter are both enzymes involved in Stickland metabolism, a chemical
reaction that requires the coupled oxidation and reduction of amino acids to organic

acids'*3. Cysteine is also reported to have an inhibitory effect on toxin synthesis'#4.

o-factors other than TcdR have been implicated in toxin regulation. A sigH mutant, for
instance, resulted in the over expression of tcdA, tcdB and tcdR*°. No SigH promoters have
been located upstream of any of the PaLoc genes suggesting that there is an indirect
mechanism of toxin repression!*. The sigH mutant could not sporulate, but could still
produce toxins. This implies there is no link between these two events, which is further
validated by there being no transcriptional control via four other sporulation specific o-
factors (SigE, SigF, SigG and SigK)**¢. However, there has been evidence of strain specific
toxin regulation by SpoOA the master regulator of sporulation. Inactivation of spo0OA in
some RTO027 strains resulted in suppressed toxin expression'4’148 conflicting results were
found for 630Aerm**"~! and marginal to no effect on RT078 strains**’. Again, no Spo0A
promoters have been identified within the PaL.oc suggesting an indirect mechanism. This
area requires further investigation to identify the regulators that are under the control of
both SigH and / or Spo0A*>1%° RstA is an additional regulator that has a negative effect
on toxin synthesis by repressing SigD, a flagellar-specific o-factor that directly controls

tcdR transcription®®?,
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Evidence has been presented indicating that both intra- and inter-species quorum sensing
has an effect on toxin synthesis. All sequenced strains of C. difficile to date have an
incomplete agr-locus that contains agrBD, together these genes produce and export the
autoinducing peptides (AIP)¥31% A full agr-locus (agrACBD) has been described in
strain R20291 and other clinical strains and the two loci have been termed Agrl and Agr2
respectively®™*', An agrA mutant in R20291 demonstrated diminished toxin production
and was less able to colonise mice during infection'>31°, Suggesting that the Agr2 system
has a role in toxin production for lineages where it is present. Similarly, the peptide
produced by the Agrl system has been shown to induce toxin synthesis'®®. A second class
of quorum sensing molecules, autoinducer-2 (Al-2) is present in several bacterial species
and its synthesis is dependent on the LuxS enzyme!®"1%8, C. difficile has a quorum sensing
system that can detect this molecule and when added to culture medium during early-log

phase tcdA, tcdB and tcdE are upregulated®®’ but not during stationary phase®®®.

Cyclic di-guanosyl-5’monophosphate (c-di-GMP) is a signalling molecule in second
messenger bacterial systems that control flagella motility*>®. High levels of c-di-GMP were
shown to repress tcdA, tcdB, tcdR and sigD'™. Further to this, tcdA, tcdB and tcdR
transcripts were reduced in a sigD mutant®®. In the same study it was established that SigD
directs the RNAP core enzyme to the tcdR promoter but not the tcdA or tcdB promoters.

These data suggest that c-di-GMP has an indirect effect on toxin synthesis through SigD.

The flagellar proteins FIiC and FliD (the flagellin and capping protein respectively) also
have an effect on toxin production. Increased expression of all PaLoc genes except tcdC
was described in a fliC mutant in 630Aerm?®! and then in a later study tcdA transcripts were
shown to be increased in both fliC and fliD mutants?®2. These data have been confirmed in
cell culture and in some in vivo studies®®. However, in a CD0240 mutant, a gene involved

in the glycosylation of the flagellum, toxin levels were not significantly altered'®*. This
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mutation resulted in a non-motile phenotype but unglycosylated FIiC subunits were still

expressed on the cell surface!®*

suggesting it is the loss of flagellin rather than a non-
functional flagellum that affects toxin production®®. In R20291 there was no difference in
the cytotoxicity between the fliC and fliD mutants and wild-type!®2. This could be
attributed to the differences in R20291 strains as described in Appendix One. The described
study was performed in NM-R20291 which only produces a single flagellum when

compared to BW-R20291 which is peritrichously flagellated as is 630. Identical studies in

BW-R20291 may reveal different results.

Bacteriophages have been identified in a number of different C. difficile genomes!®®.
Lysogens derived from isolates after infection with phage ®CD119 and ®CD27
demonstrated a repressed toxin expression when compared to the parental strains”-1,
Conversely, lysogenisation of a RT027 strain by ®CD38-2 resulted in an increased toxin
synthesis phenotype with toxin titres higher in culture supernatants, but not the cytosol
when compared to the wild-type strain'®. This has been attributed to an increased
expression of all PaLoc genes; however the expression of tcdE was much stronger. The
mechanism behind this is as yet unknown®®®. In another study tcdE-like genes were
identified in C. difficile strains containing the prophages ®C2, ®C6 and ®C8"°. Increased
toxin titres were observed in some of these lysogens even though gene expression was
not!’®. The mechanism behind this was not identified in the study, but may be attributed to

the presence of the tcdE-like genes.

LexA is the SOS response master regulator involved in DNA repair. A lexA mutant was
found to produce more TcdA in the presence of sub-inhibitory concentrations of
levofloxacin'.  Similarly, an mfd (transcription-repair coupling factor) mutant also

increased toxin expression at the transcriptional level'’.
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3.1.3 The use of transposon libraries to identify novel TcdA and TcdB regulators.

Using reverse genetics to fully understand the complex mechanisms of PalLoc gene
expression would be difficult, time consuming and expensive. Another method is to create
random mutant libraries using transposable elements and then to screen for altered
phenotypes. The use of random mutagenesis has been described in C. difficile to find
regulators of sporulation and / or auxotrophs®’. We aimed to use this system with some
modification to identify altered toxin phenotypes. However, traditional methods for
measuring toxin titres i.e. ELISA and / or cell culture are laborious and relatively expensive.
To overcome this, a reporter strain (RS-7) was constructed which substituted tcdB in NM-
R20291 with the lichenase gene licB of Clostridium thermocellum (Dr. S. Cartman
unpublished). Lichenase hydrolyses the (1-4) bond after a (1-3) bond of 3-(1-3)(1-4)-
glucans (lichenan) and shows high specificity for this substrate!’®'’*.  Congo red
preferentially binds to contiguous polysaccharides containing both R-(1-3)-glucans and [3-
(1-4)-glucans, but if the lichenase has depolymerised the polysaccharide this binding does
not occur and no colour change is observed!®'#, Therefore, when media containing
lichenan (and no other reducing sugars) is stained with 0.2% Congo Red solution, the media
will acquire a deep red colouration unless the lichenan has been degraded by lichenase. As
the lichenase is excreted out of the cell and into the media a zone of clearance around
discrete colonies is identifiable after straining, resulting in BI-7 producing a phenotype that

is rapidly and economically identifiable.

3.1.4 Aims
e Use a TcdR null mutant in NM-R20291 to assess its role in toxin synthesis.
e Identify and characterise novel toxin regulators using a random transposon mutant

library created in a host containing a licB reporter system.
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3.2 Results

3.2.1 The functional inactivation of tcdR in strain NM-R20291

To further understand the role of TcdR in regards to the regulation of tcdA and tcdB two
isogenic strains, NM-R20291::AtcdR and NM-R20291::tcdR(EcoR1), were constructed via
allelic exchange utilising codA as a negative selection marker® (strains created by Dr. S
Cartman & Ms. M Kelly). NM-R20291::AtcdR was constructed using two homology arms
at ~500bp directed either side of tcdR which also incorporated the first 9bp and last 9bp of
tcdR in the left homology arm and right homology arm respectively. This resulted in a
537bp in-frame deletion in tcdR of NM-R20291 (Figure 3-1A) and a deletion of codons 4
through 181 of TcdR. NM-R20291::tcdR(EcoR1) was constructed by complementing the
NM-R20291::AtcdR strain with a tcdR sequence that had a silent mutation at position 295

(T to C) which resulted in an EcoR1 restriction site (Figure 3-2).

Before phenotypic analysis of the isogenic strains was performed, PCR and sequencing was
used to check the genotype for each strain, resulting in products of 1500bp for NM-R20291
and NM-R20291::tcdR(EcoR1) and 1000bp for NM-R20291::AtcdR (Figure 3-1B). To
further check the genotype for each strain the PCR products were digested with EcoR1,
resulting in products of 1500bp for NM-R20291, 1000bp for NM-R20291::AtcdR and

750bp for NM-R20291::tcdR(EcoR1) (Figure 3-1C).

3.2.2 Phenotypic analysis of the NM-R20291 tcdR null mutant.

To measure the effect of the tcdR genotype on growth and toxin production each strain was
grown in TY medium and samples taken over a 48h time course in triplicate. There were
no measurable differences in growth between the strains (Figure 3-3A). Toxin supernatants

were measured by C. difficile Tox A/B Il ELISA (TechLab), detection limit 1.0 ng/mL, and
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toxin concentrations were determined using a standard curve (TcdA & TcdB mixture at

125 ng/mL — 1.95 ng/mL).

A EcoRI

(295)
tcdR-Fs1 tcdR-Rs1
N A

d
\/

Figure 3-1: PCR analysis of recombinant NM-R20291 strains. (A) Schematic of the tcdR locus
in wild-type NM-R20291. The half-arrows indicate annealing regions of primers tcdR-F1 and
tcdR-R1. The triangle below the arrow depicting the tcdR ORF indicates the deletion made
in NM-R20291::AtcdR. The approximate location of the EcoR1 site introduced into NM-
R20291::(tcdR[EcoRI]) is shown above the ORF. (B) PCR analysis was performed with
primers tcdR-F1 and tcdR-R1. (C) The subsequent PCR products after EcoR1 digestion.
Lanes: 1: Wild-type NM-R20291; 2, NM-R20291::(AtcdR); 3, NM-R20291::(tcdR[EcoRI])
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tcdR ATGCAAAAGTCTTTTTATGAATTAATTGTTTTAGCAAGAAATAACTCAGTAGATGATTTG 60
tcdR (EcoRI) ATGCAAAAGTCTTTTTATGAATTAATTGTTTTAGCAAGAAATAACTCAGTAGATGATTTG 60
AtcdR ATGCARRAG— = = —— = == = == = 9
tcdR CAAGAAATTTTATTTATGTTTAAGCCATTAGTAAAAAAACTTAGTAGAGTTTTACATTAT 120
tcdR (EcoRI) CAAGAAATTTTATTTATGTTTAAGCCATTAGTAAAAAAACTTAGTAGAGTTTTACATTAT 120
AtcdR  mmmm oo
tcdR GAAGAGGGAGAAACAGATTTAATAATATTTTTTATTGAATTAATAAAAAATATTAAATTA 180
tcdR (EcoRI) GAAGAGGGAGAAACAGATTTAATAATATTTTTTATTGAATTAATAAAAAATATTAAATTA 180
AtcdR  mmmm oo
tcdR AGTAGCTTTTCAGAAAAAAGCGATGCTATTATAGTCAAATATATTCATAAATCATTACTG 240
tcdR (EcoRI) AGTAGCTTTTCAGAAAAAAGCGATGCTATTATAGTCAAATATATTCATAAATCATTACTG 240
AtcdR = mmmm oo
tcdR AATAAGACTTTTGAGTTGTCTAGAAGATATTCTAAAATGAAGTTTAATTTTGTAGAATTT 300
tcdR (EcoRI) AATAAGACTTTTGAGTTGTCTAGAAGATATTCTAAAATGAAGTTTAATTTTGTAGAATTC 300
AtcdR = mmmm oo
tcdR GATGAAAATATCTTAAATATGAAAAATAATTATCAAAGTAAGTCTGTTTTTGAGGAAGAT 360
tcdR (EcoRI) GATGAAAATATCTTAAATATGAAAAATAATTATCAAAGTAAGTCTGTTTTTGAGGAAGAT 360
AtcdR  mmmmm e
tcdR ATTTGTTTTTTCGAATATATTTTGAAAGAATTATCTGGTATTCAAAGAAAAGTTATTTTT 420
tcdR (EcoRI) ATTTGTTTTTTCGAATATATTTTGAAAGAATTATCTGGTATTCAAAGAAAAGTTATTTTT 420
AtcdR = mmmm oo
tcdR TATAAATATTTAAAAGGATATTCTGATAGAGAAATATCAGTGAAATTAAAAATATCTAGA 480
tcdR (EcoRI) TATAAATATTTAAAAGGATATTCTGATAGAGAAATATCAGTGAAATTAAAAATATCTAGA 480
AtcdR  mmmm oo
tcdR CAAGCTGTTAATAAGGCTAAAAATAGAGCATTTAAAAAAATAAAAAAAGACTATGAAAAT 540
tcdR (EcoRI) CAAGCTGTTAATAAGGCTAAAAATAGAGCATTTAAAAAAATAAAAAAAGACTATGAAAAT 540
AtcdR  mmmmm e
tcdR TATTTTAACTTGTAA 555

tcdR (EcoRI) TATTTTAACTTGTAA 555

AtcdR === AACTTGTAA 18

Figure 3-2: Nucleotide sequence of tcdR of NM-R20291, NM-R20291::AtcdR and NM-
R20291::tcdR(EcoR1). Strain NM-R20291::AtcdR has a 537bp deletion leaving the first and last
9bp. Strain NM-R20291::tcdR(EcoR1) has a complemented sequence with a single nucleotide
substitution at position 300 (T to C) resulting in a silent mutation and the addition of an EcoR1
restriction site (highlighted in red).

Toxin production for both NM-R20291 and NM-R20291::tcdR(EcoR1) followed the expected
temporal pattern. Accordingly, toxin levels steadily increased throughout the exponential
growth phase and peaked during the stationary growth phase (Figure 3-3B). Interestingly, toxin
production in NM-R20291::AtcdR also followed the same temporal pattern, although toxin
Differences in toxin

production was reduced by an order of 1,000-10,000-fold at 48 h.

production were statistically significant from 12 h by unpaired T test (Figure 3-3B).
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Figure 3-3: Cell growth and toxin production by recombinant C. difficile NM-R20291 strains in
TY medium for 48h. Figure legend; (e) NM-R20291; (m) NM-R20291::AtcdR; (A) NM-
R20291::tcdR(EcoRl). (A) Growth was measured at ODsoo. (B) Toxin concentration determined
by C. difficile Tox A/B Il ELISA using a standard curve of known Toxin A and B concentrations.
(C) Cell culture using Vero cells for Toxin B at 48h. Data represent the mean £ SEM (n=3). *
indicates statistical significance (p = <0.005) by unpaired T-test.
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To further check the rate of toxin production, cell cytotoxicity assays were performed using
Vero (African green monkey kidney) cell monolayers. Vero cells (detection limit 25pg/mL,
toxin B) were subjected to titrated toxin supernatants taken at 48h. End-point titre was defined
when cell morphology was indistinguishable from the negative controls. The cell cytotoxicity
assay confirmed the results obtained by ELISA at 48h. Thus, toxin production by the null
mutant strain NM-R20291::AtcdR was not eliminated but reduced by 100-1,000 times which
was observed with both the wild-type NM-R20291 and the complemented NM-
R20291::tcdR(EcoR1) strains (Figure 3-3C). Toxin neutralisation assays using C. difficile
Tox-B Test (TechLab) in parallel to the cell cytotoxicity assays were performed to ensure that
all of the observed cytotoxic effect was specific to the toxin and not due to another artefact.

All toxin activity was successfully neutralised (data not shown).

3.2.3 Random Transposon Mutagenesis to ldentify Altered Toxin Phenotypes

As discussed in 3.1.3 random mutagenesis has an advantage over reverse genetic analysis as it
does not require a hypothesis or target genes of interest that will produce a measurable
phenotype. It does require a robust screening method so that multiple mutants can be assessed
in parallel for altered phenotypes. To overcome this a reporter strain was created, RS-7, in
which the tcdB gene has been replaced with licB to allow for rapid phenotype identification

using a lichenase plate assay.

3.2.4 Random mutant screening.

Random mutant libraries were produced using RS-7 as a host as described in 2.6.3 by Miss. B
Boyle and after screening of passage 0 — 2 via PCR and sequencing it was deemed passage 1
was the most diverse. A number of mutants with altered phenotypes were identified using the

lichenase plate assay (Table 3-1).
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Table 3-1 List of random transposon mutants created in RS-7 that produce an altered phenotype.

ORF interrupted Assigned function

R20291 0774 Cell surface protein

R20291 1065 Putative O-methyltransferase
R20291 1439 Putative uncharacterised protein
R20291 0853 ABC transporter

R20291 1086 Conserved hypothetical protein
R20291 2848 Putative glycosyl hydrolase
R20291 2908 putative uncharacterized protein
Intergenic spacer region

between*:

R20291_3537 SpolllJ-associated protein (jag)
R20291 3538 putative sporulation membrane protein

*This insertion was later termed BBM4.

3.2.5 Random mutant BBM4.

The most notable phenotype seen was in mutant BBM4, which was isolated initially by Miss.
B Boyle. Initial phenotype screening using a tooth pick to stab inoculate TY agar containing
1% lichenan showed no zone of clearance of lichenan at 24 h and a reduced zone of clearance
at 48 h when compared to RS-7 after staining with Congo red (data not available). To confirm
this phenotype 20 pL of overnight culture was inoculated on TY agar containing 1% lichenan
and cultures were incubated for 24 h and 48 h. This confirmed the phenotype previously seen
where there was no zone of clearance of lichenan at 24 h (Figure 3-4A) and a reduced zone of
clearance at 48 h (Figure 3-4B) when compared to RS-7 after staining with Congo red. To
locate the insertion site of the transposon inverse PCR was employed, repeated sequencing of
inverse PCR products after Hindlll digestion showed a mixed signal indicating a double
insertion site. To confirm the double insertion Southern blot was employed to detect the
transposon containing the catP gene. Digestion with Hindlll and Mfel in separate reactions
(Figure 3-5C) showed a single band and a double band respectively. Estimated band sizes in

the Southern Blot cannot be calculated due to overloading of ladder and product.
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Figure 3-4: Phenotypic screening of transposon mutant BBM4 on TY agar containing 1%
lichenan. Zones of clearance visualised by the addition of Congo red after incubation for (A) 24
h and (B) 48 h. Figure legend; “BI-7” is the RS-7 control strain and “4” is the BBM4 transposon
mutant.

To identify the location of the transposons in BBM4 inverse PCR on Mfel digested products
was performed and sent for Sanger sequencing. This revealed that the genes of interest were
located in R20291 2908 at base pair 3,441,942 and in the intergenic spacer region of jag
(R20291_3537) and oxaAl (R20291 3538) at base pair 4,189,071. To confirm the Southern
blot findings a schematic to identify product length for the insertion at R20291 2908 and the
jag/oxaAl region was created by using Artemis. Using this software restriction sites were
identified and estimated product lengths calculated for R20291 2908 (Figure 3-5A) and
jag/oxaAl (Figure 3-5B). This identified that the two products from the Hindlll digestion
should be 5380bp and 4333bp for R20291 2908 and jag/oxaAlrespectivly. They are different
sizes and should be distinguishable on a 0.8% agarose gel. It has not been investigated further

as to why this band cannot been seen, however it could be due to a nutation in the restriction
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site or an annotation error in the sequence map. This could be investigated by Sanger
sequencing the region. The two products from the Mfel digestion should be 3740bp and
4915bp for R20291_2908 and jag/oxaAlrespectivly and can clearly be seen as separate bands

on the Southern Blot.

ClosTron plasmids were designed to interrupt the R20291_ 2908 and R20291 jag. It was
decided to target jag rather than oxaAl as jag is located in the downstream location. ClosTron
mutants were created resulting in NM-R20291_2908(ermB) and NM-R20291::jag(ermB) as
described in 2.6.1. ClosTron insertion was screened for by junction PCR (Figure 3-6C) with a
schematic representation for NM-R20291_2908(ermB) (Figure 3-6A) and NM-
R20291::jag(ermB) (Figure 3-6B). Southern Blot confirmed the single insertion of ClosTron
group Il introns (Figure 3-7C) with the expected product size (Figure 3-7A and B). To measure
the effect of the insertional inactivation of genes CDR20291 2908 and jag on growth and toxin
production each strain was grown in TY medium and samples taken over a 48h time course.
There was no significant difference between growth for any of the strains (Figure 3-8A). NM-
R20291::2908(ermB) displayed a small initial increase in toxin production until 9 h which was
then surpassed by both NM-R20291 and NM-R20291::jag(ermB) (Figure 3-8B). A significant
difference in toxin concentration between NM-R20291 and NM-R20291::2908(ermB) was

seen at 48h when analysed by unpaired T-test (p = <0.05) (Figure 3-8C).
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Figure 3-5: Schematic diagrams and Southern
blot of transposon insertion into BBM4. Figure
legend; Red box indicates insertion of the catP
transposon at an AT site; green arrows indicate
the predicted affected genes due to transposition.
(A) Schematic of transposon insertion into
R20291 2908, location of Hindlll and Mfel
digestion sites and estimated Southern blot band
sizes. (B) Schematic of transposon insertion into
the intergenic spacer region of jag and oxaAl,
location of Hindlll and Mfel digestion sites and
estimated Southern blot band sizes. (C) One
band observed from Southern blot analysis after
Hindlll digestion. Two bands observed from
Southern blot analysis after Mfel digestion due
to double insertion. All indicated by orange
arrows. Red arrow indicates the approximate
location of the missing Hindlll digestion
product. catP probe was generated by PCR of
pPMTL-SC1 using primers catP-F1 and catP-R1.
Calculation of estimated band sizes have not
been performed due to the overloading of ladder
product. 0.8% gel.
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Figure 3-6: PCR screening of ClosTron mutants NM-R20291::;jaglermB) and NM-
R20291::2908(ermB). Figure legend, Blue arrow represents the interrupted gene of interest, Grey
arrow indicates the Group Il intron, Green arrow indicates RAM containing the lincomycin
resistance gene ermB (A) A schematic representation of the ClosTron insertion into NM-
R20291_2908 showing primer binding sites for junction PCR and expected product sizes. (B) A
schematic representation of the ClosTron insertion into NM-R20291_jag showing primer binding
sites for junction PCR and expected product sizes. Schematics not to scale. (C) Junction PCR of
four clones of each ClosTron mutant showing expected band sizes. NM-R20291 wildtype (W/T)
used as negative control and a no template control (NTC) to assess for contamination. Product
sizes measured using 2-Log Ladder.
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Figure 3-7: Southern blot analysis of ClosTron mutants NM-R20291_2908(ermB) and NM-
R20291::jag(ermB). Figure legend; Red box indicates insertion of the group Il intron, green
arrows indicate genes of interest. (A) Schematic of ClosTron insertion into NM-R20291 2908,
location of Hindlll digestion sites and estimated Southern blot band sizes. (B) Schematic of
ClosTron insertion into jag, location of Hindl11 digestion sites and estimated Southern blot band
sizes. (C) Southern blot analysis using intron probe generated using primers EBS2 and
IntronSalR. Lambda/Hindlll ladder used for the estimation of band sizes. Single bands
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identified for NM-R20291 2908(ermB) (~6.5kb) and NM-R20291::jag(ermB) (~5.5kb),
highlighted in Red boxes. ClosTron plasmid used as positive control at ~6000bp and NM-R20291
wildtype (W/T) used as negative control.
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Figure 3-8: Cell growth and toxin production by recombinant C. difficile NM-R20291 strains in
TY medium for 48h. Figure legend; (e) NM-R20291; (m) NM-R20291::2908(ermB); (A) NM-
R20291::jag(ermB). (A) Growth measured at ODsw. (B) Toxin production determined by C.
difficile Tox A/B Il ELISA using a standard curve of known Toxin A and B concentrations. (C)
Toxin concentration at 48h. Data represent the mean £ SEM (n=3). * indicates statistical
significance (p = <0.05) by unpaired T-test.
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To restore functional activity of CDR20291 2908 both complementation and overexpression
plasmids were constructed. Prediction of the native promoter region was performed using
BPROM (Last accessed 12/03/17,

http://www.softberry.com/berry.phtml?topic=bprom&agroup=programs&subgroup=gfindb).

A schematic representation is shown in (Figure 3-9). For the complementation plasmid, the
native gene and predicted promoter were PCR amplified from NM-R20291 using primers,
which introduced Notl (5”), and Xhol (3’) restriction sites. The resulting product was cloned
into plasmid pMTL84151. The overexpression plasmid was constructed using only the native
gene using primers to introduce EcoR1 (5’) and Xhol (3’) restriction sites. The product was
cloned in to pMTL84152; this plasmid contains a thialase promoter (Piwi) from Clostridium
acetobutylicum, which is constitutive.  Resulting plasmids pMTL84151::p2908 and

pPMTL84152::2908 were Sanger sequenced to ensure sequence accuracy.

The initial strategy for testing was to transform empty vectors into both NM-R20291 and NM-
R20291::2908(ermB) and test these alongside the complementation, overexpression plasmids.
Strains containing plasmids were grown in TY broth containing thiamphenicol (15mg/mL) to
ensure retention of the plasmid. The control strains containing empty vectors were shown to
have an inhibited growth pattern through OD measurements (data not available) and were
unable to produce toxin comparable to their counterparts (Figure 3-10A). To overcome this,
we decided to test all the strains in TY without thiamphenicol and after the 48h time point plate
a 10 pL volume the remaining culture onto BHIS agar containing thiamphenicol (15mg/mL)
to assess plasmid retention. This method will not account for any cells that have lost their
plasmids throughout the assay resulting in altered phenotype populations, therefore is not 100%
accurate. The control strains were found to lose the plasmids during the assay, the

complementation, overexpression plasmids were retained in strain NM-R20291::2908(ermB).
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Figure 3-9: Schematic of predicted promoter region of gene R20291_2908. Prediction performed
by BPROM and identified a -35 and -10 promoter region downstream of R20291 2908, which is
located on the antisense strand. A 