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Abstract

Clostridioides difficile is a Gram-positive multidrug-resistant pathogen, capable of releasing
toxins and colonising the gut. C. difficile infections (CDI) lead to symptoms ranging from mild
diarrhoea to toxic megacolon and pseudomembranous colitis and, in some severe cases,
death. Recurrent CDI episodes are also a considerable issue and one of the main reasons for

the burden on healthcare systems caused by C. difficile.

Type IV pili (TFP) are protein filaments that extrude from bacterial cells and are found in Gram-
positive and Gram-negative pathogens. TFP have been shown to enhance virulence and
described functions include bacterial motility, colonisation, biofilm formation and DNA up

taking.

In this work, genes in the primary cluster encoding TFP proteins, particularly PilA1, the major
pilin composing TFP, and PilD1, one of the pre-pilin peptidases, and the minor pilin PilJ were

studied in detail.

Mutagenesis studies of PilA1, PilD1 and PilJ (a minor pilin) were performed and their role in C.
difficile TFP biosynthesis, biofilm formation and motility was investigated. Interestingly, PilD1
and PilJ are not required in TFP biosynthesis in cell growth, unlike previous observations for
other TFP, but PilD1 seems to be important on solid media. Surprisingly, flagella expression is
affected in the mutants suggesting a potential crosstalk between twitching and swimming

motility beyond c-di-GMP regulation.

This work furthers current understanding of biological features of C. difficile TFP. It raises new
research questions regarding the interplay between C. difficile TFP and flagella. Together, this
provides a deeper understanding of mechanisms involved in CDI that could be explored as

novel therapeutic targets.
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Chapter 1: Introduction

1.1. Clostridioides difficile

Clostridioides difficile is a Gram-positive, anaerobic, and opportunistic human pathogen.
When the normal gut microbiota is disrupted, C. difficile colonises the gut epithelium, releases
toxins, and leads to inflammation, known as C. difficile infection (CDI). Disruption of normal
gut microbiota is largely due to broad-spectrum antibiotic treatments that also kill non-
virulent bacteria in the gut microbiota. Gut microbiota can protect the host from CDI by
competing for nutrition, activating immunity, producing antibiotics, or modifying metabolic
products (Horvat and Rupnik, 2018; Rosa et al., 2018). Gut microbiota is composed by diverse
species, but major phyla are Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria and
Verrumicrobia (Tap et al., 2009). It has also been demonstrated that gut microbiota processes
bile salts and inhibits C. difficile growth (Buffie et al., 2015; Studer et al., 2016), Bacteroides
thetaiotaomicron cleaves sialic acid and competes with C. difficile growth and expansion
(Martens et al., 2008; Ng et al., 2013). Members of the gut microbiota can also produce
bacteriocins which kill C. difficile, such as thuricin CD that causes C. difficile cell lysis (Mathur
et al., 2017), Ruminococcin C1 which inhibits nucleic acid synthesis in Gram-positive bacteria
(Chiumento et al., 2019). The disruption of gut microbiota creates an opportunity for C.

difficile, as a multidrug resistant pathogen, to proliferate in the bowel.

Symptoms of CDI can range from mild to severe diarrhoea, pseudomembranous colitis, and
potentially fatal toxic megacolon (Sayedy et al., 2010). In the last 10 years, more than 10,000
cases of CDI were reported annually in England, with 15,919 cases reported from July 2021 to
July 2022 (Public Health England, 2022). CDlI is also a highly recurrent infection, it has been
reported a second recurrence occurs in 40 % of patients, and further recurrence reported in

45 % - 60 % of patients (Song and Kim, 2019).

1.1.1. Life Cycle

As an anaerobic species, C. difficile is very sensitive to oxygen, however, C. difficile forms

endospores (referred to as spores) before entering the aerobic environment (Figure 1-1). In



the spores, DNA transferred from the mother cell is protected by small acid-soluble proteins,

calcium-chelated dipicolinic acid and reduced water content (Setlow, 2007).

Figure 1-1. C. difficile spores

The figure shows purified spores visualised by transmission electron microscopy (TEM). Bar scale: 1 um. Adapted

from Pizarro-Guajardo et al. (2020).

Once the spores are released into the environment, they can persist for long periods of time
and wait until encountering the next host (Figure 1-2). When the spores enter the digestive
system of a host, either animal or human, they can germinate to produce vegetative cells.
During this irreversible process, the spores rehydrate, and its cortex is degraded (Vincent and

Manges, 2015).
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Figure 1-2. Life cycle of C. difficile during infection
The figure shows the life cycle of C. difficile during infecting a host. Spores (yellow) are ingested from aerobic

environment and germinate to vegetative cells in the anaerobic environment when stimulated by germinants
such as bile salts. Vegetative cells (blue) colonise the gut epithelia, form biofilms and release toxins (red) to
disrupt the lining of epithelial cells which results in the clinical symptoms. Spores are produced when exposed to

oxygen or deprived of nutrients. The highly resistant dormant spores are released into the aerobic environment

and will enter other or the same host.

A CDI patient will shed spores during and after the infection, where C. difficile can then be
found in the immediate environment, particularly in hospitals (Barra-Carrasco and Paredes-

Sabja, 2014). Spores are found on the shoes of hospital workers and can survive on disinfected

surfaces and gowns (Dyer et al., 2019; Janezic et al., 2018).

The initiation of germination occurs when spores bind to germinants, for example, bile salts
and amino acids (Setlow, 2003; Setlow et al., 2017). Though the receptor of binding has not
been identified, a germination-specific protease, CspC, may function as a signalling node to
sense germinants and/or transduce germinant signal (Lawler et al., 2020; Rohlfing et al.,

2019). Primary bile salts, cholate and chenodeoxycholate, are found in the large intestine.
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These bile salts can be conjugated with taurine, producing taurocholate or
taurochenodeoxycholate, which promote C. difficile spore germination. Cholate and
chenodeoxycholate can be metabolised by the normal gut microbiota and produce secondary
bile salts, deoxycholate and lithocholate, that prevent C. difficile spore germination,
chenodeoxycholate can also prevents the growth of vegetative C. difficile (Sorg and

Sonenshein, 2010, 2009; Vincent and Manges, 2015).

1.1.2. Strain characterisation

In molecular epidemiological studies of CDI, a range of techniques has been widely used. The
genome of C. difficile strain 630 was firstly sequenced completely and annotated in 2006
(Sebaihia et al., 2006), which has become the benchmark strain used in research, including
this work. Interestingly, C. difficile genomes have been documented with a high proportion of
mobile genetic elements, with an ultra-low level of genetic conservation across strains (16 %-

32 %) (Janvilisri et al., 2009; Knight et al., 2016; Scaria et al., 2010; Stabler et al., 2006).

PCR-ribotyping is one of the popular methods in C. difficile genomic studies and is also a useful
diagnostic tool to track breakouts and understand C. difficile epidemiology. For example,
several ribotypes (RT027, RTO78, RT017, RTO53) have been identified during C. difficile
outbreaks in hospital, and are therefore considered virulent strains that can lead to infections
(Goorhuis et al., 2008; Kabata et al., 2021; Kuijper et al., 2008; Loo et al., 2005; McDonald et
al., 2005; Moloney et al., 2021; Pépin et al., 2004; Waterfield et al., 2022). PCR-ribotyping
targets the intergenic spacer region (ISR) between the 16S and 23S rRNA genes (Bidet et al.,
1999). By PCR amplifying 16S — 23S rRNA ISRs, a primer pair results in a pattern of bands
unique to a specific PCR-ribotype (RT) (range from 200 to 700 bp) due to the difference in
lengths in the ISRs (Bidet et al., 1999; Janezic and Rupnik, 2010). The mechanisms behind the
variation in the 16S — 23S rRNA ISRs are proposed to be slipped-strand mispairing and intra-

and possibly interchromosomal homologous recombination (Indra et al., 2010).

Using multilocus sequence typing (MLST), six distinct phylogenetic lineages (clades 1-5 and C-
I) were recognised (Eyre et al., 2013; Griffiths et al., 2010; Janezic and Rupnik, 2015; Stabler

et al., 2012) (Table 1-1). Clade 1 is heterogeneous and includes clinically toxigenic and non-
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toxigenic MLST sequence types (STs) and PCR-ribotypes (RTs) (Janezic and Rupnik, 2015; Wu
etal., 2019). A hypervirulent PCR-ribotype, RT027, is representative of clade 2, which has been
causing severe outbreaks, especially in Europe and North America (Kabata et al., 2021; Kuijper
et al., 2008; Lim et al., 2014; O’Connor et al., 2009; Tickler et al., 2014; Waterfield et al., 2022).
RT023 belonging to clade 3 was isolated from humans in Europe and China (Bauer et al., 2011).
RT017 from clade 4 caused outbreaks in Europe and North America (Alfa et al., 2000; Kuijper
et al., 2001, 2007; Moloney et al., 2021) and is also responsible for the most CDI cases in Asia
(Collins et al., 2013). Clade 5 is also highly heterogeneous, containing a diverse collection of
sources from clinical, animal, and food worldwide (Collins et al., 2013; Suo et al., 2017). Clade
C-1 contains non-toxigenic strains only. This clade is identified as highly divergent from other
clades by phylogenetic tree analysis, which was even speculated to be a novel species (Dingle

et al., 2014).

Table 1-1. Current grouping of selected C. difficile strains

Clade Number of STs Prominent strains Other PCR ribotypes represented within these STs
PCR ribotype  MLST-ST
1 104 RTOO1 ST3 RTO09, RTO55, RT072, RT77, RT115, RT262, RT268, RT305
115 RT002 ST8,ST35,5T48,ST146 RT030, RTO38, RT046, RT104, RT159
RTO012 ST54 -
RTO14 ST2,ST13,ST14,ST49, ST50,5T132 RTO07, RT020, RTO25, RTO76, RTO95, RT129, RT169, RT220
RTO15 ST10,ST44 RT116, RTO62
RTO18 ST17 RT052
2 19 RT027 ST1 RTO16, RTO36, RT176
14 RT106 ST41,5T42,ST135 RT118, RT135, RT156, RT174, RT194, RT208, RT321
RT244 ST41 RT156, RT208
3 4 RT023 ST5,S8T22,5T25 RTO63, RT212, RT122
4
4 13 RTO17 ST37,5T86 RT047
16
5 3 RTO78 ST11 RTO033, RT045, RT066, RT126, RT127, RT193, RT237, RT280,
RT281
3
C-l 5 ND ST177,ST178,ST179,ST180,5T181 -

1.1.3. Infection and Pathogenesis

C. difficile toxin A and B

The key virulence factors of C. difficile are the large clostridial cytotoxins (LCCs), TcdA and
TcdB, encoded by tcdA and tcdB genes (Just and Gerhard, 2004). Both genes are located in the
Pathogenicity Locus (Paloc), together with three additional genes, tcdR, tcdE and tcdC (Figure
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1-3) (Hammond and Johnson, 1995). A small fragment of an endolysin gene, tcdL, has been
found downstream of tcdE in recent years (Mehner-Breitfeld et al., 2018). tcdR encodes an
RNA polymerase o factor, which positively regulates toxin expression (Mani and Dupuy, 2001).
A bacteriophage holin, which is essential for toxin secretion, is encoded by tcdE (Govind and
Dupuy, 2012). tcdC encodes a negative regulator of tcdR, that downregulates toxin production
and reduces pathogenicity (Matamouros et al., 2007). TcdL is proposed to bind to TcdB to
facilitate toxin secretion, losing the function as an endolysin (Mehner-Breitfeld et al., 2018).
The Palocis found in the same genomic location across strains, except in non-toxigenic strains,
where it is replaced by a highly conserved 115/75 base pair (bp) non-coding region (Braun et
al., 1996; Dingle et al., 2014).

tcdR tcdB tcdE tcdl tcdA tcdC

Figure 1-3. The pathogenicity locus (PaLoc)

The figure shows that the PalLoc (19.6kb) contains genes encoding the large clostridial toxins A (TcdA) and B
(TcdB), the positive regulator TcdR, the negative regulator TcdC, the holin TcdE and the endolysin fragment TcdL.
Adapted from Shanon et al. (2022).

TcdA and TcdB enter the gut epithelial cells by receptor-mediated endocytosis and lead to
tight junction collapse and apoptosis. Two glycoproteins, sucrase-isomaltase (SI) and soluble
glycoprotein 96 (gp96), have been reported as TcdA receptors (Na et al., 2008; Pothoulakis et
al., 1996). Multiple classes of protein receptors, chondroitin sulphate proteoglycan 4 (CSPG4),
Frizzled 1 (FZD1), FZD2, FZD7 and Nectin 3 (i.e., poliovirus receptor-like protein 3, PVRL3), have
been reported for TcdB (LaFrance et al., 2015; Tao et al., 2016; Yuan et al., 2015).

Binary toxin

Between 17 % and 23 % of C. difficile strains produce an additional toxin, C. difficile transferase
(CDT, or binary toxin), which belongs to a family of bipartite ADP-ribosylating clostridial toxins
(Gerding et al., 2014; Popoff et al., 1988). Based on its prevalence in epidemic sequence types,
it has been suggested to promote the severity of CDI (Bacci et al., 2011; Barbut et al., 2005;

Stewart et al., 2013). The genes encoding CDT are located at the CDT locus (CDTloc), which
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includes 3 genes: cdtA, cdtB and cdtR (Figure 1-4) (Metcalf and Scott Weese, 2011). CDTa and
CDTb compose CDT. The phosphorylation of CdtR activates the transcription of cdtA and cdtB
(Bilverstone et al., 2019; Lyon et al., 2016). Unlike the PalLoc, no gene in CDTloc is found to be
associated with pore-forming mechanisms. The mechanism of secretion of CDT from C. difficile

is currently unknown (Metcalf and Scott Weese, 2011).

cdtR cdtA cdtB

Figure 1-4. C. difficile transferase (CDT) locus (CDTloc)
The figure shows that the CDTloc (6.2kb) contains genes encoding CDT, cdtA and cdtB, and the positive regulator
CdtR. Adapted from Shanon et al. (2022).

CDTa consists of ADP-ribosyltransferase (ADPRT) and pseudo-ADPRT (pADPRT) domains
(Perelle et al., 1997; Sundriyal et al., 2009). CDTb is structurally and functionally homologous
to anthrax toxin protective antigen (Anderson et al., 2020; Krantz et al., 2005). CDTb binds to
lipolysis-stimulated lipoprotein receptor on the host cell surface (Anderson et al., 2020;
Genisyuerek et al., 2011). CDTb then binds to CDTa and forms pores on host cells, which allows
CDT to enter the host cell via endosome. (Barth et al., 2004; Sheedlo et al., 2020; Anderson et
al.,, 2020; Xu et al., 2020). The enzymatic ADPRT domain of CDTa catalyses the ADP-
ribosylation of globular actin, which prevents polymerisation of F-actin. Furthermore, the
depolymerisation leads to microtubule protraction on the host cell surface. These outgrowths
of microtubules enhance adherence of C. difficile to the colonic epithelial cells, which causes
pro-inflammatory responses and leads to detachment of the tight junction connecting cells.

(Popoff et al., 1988; Sheedlo et al., 2020; Wegner and Aktories, 1988).

1.2. Type IV Pili

Bacterial pili are long, hair-like structures on the surface of bacterial species. They were first
identified in 1949 (Anderson, 1949). Since then, several types of pili have been discovered
across various species, including Escherichia coli, Klebsiella sp., Salmonella sp. and more

(Brinton, 1959). Pili are classified by identifying their assembly pathways, such as chaperone-



usher pili, curli and fap fibers, sortase-mediated pili, conjugative and type VI secretion pili,
type IV pili, type V pili, (Lukaszczyk et al., 2019). Type IV pili (TFP) is the focus of this thesis and

is described in detail.

1.2.1. Components of Type IV Pili

The key components of TFP are mostly shared in Gram-negative and Gram-positive bacteria.
This constitutes the main filament proteins known as pilins, the core and platform proteins,
peptidases and the assembly and retraction ATPases. To allow the pilin filament to be
exported through the outer membrane in Gram-negative bacteria, a secretion channel is

required, which is not found in Gram-positive bacteria TFP (Figure 1-5).
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Figure 1-5. Gram-negative and Gram-positive TFP assembly

The figures show the predicted assembly of Gram-negative (left) and Gram-positive (right) bacterial TFP. The
major pilins (grey) are expressed on the cytosolic side of the cell membrane (inner membrane in Gram-negative
bacteria) and translocated across the membrane while pre-pilin residues are cleaved from the N-terminus by
peptidase (green). The assembly ATPase (pink) is required to allow pilin filament to probe the membrane and
extend the filament. Retraction of the pilin filament is dependent on the retraction ATPase (yellow). The base of
the pilin filament is associated with a core protein (orange), and accessory membrane proteins (platform
proteins; blue). In Gram-negative bacterial (left), a secretion channel (navy) is required to allow the filament
through the outer membrane. Minor pilins (purple or orange) may decorate along the pilin filament, which may

contribute to surface adhesion and filament capping. Adapted from Melville and Craig (2013).



Pilins

The type IV pilus filament is assembled by protein subunits, which are known as pilins. There
is one type of pilin making up the main structure, known as major pilin. Some various types of
minor pilins present seldom and decorate the pilus filament. They play a variety of roles in the

TFP system (Giltner et al., 2010a). The nomenclature of pilins is variable between species.

Type IV pilins share a basic structure but have been classed into either Type IVa or Type Vb,
depending on their size and sequence in Gram-negative bacteria. Type IVa pilins have a total
size of approximately 150 amino acids, while Type IVb pilins have a total size either
significantly shorter (less than 100 amino acids) or longer (approximately 200 amino acids)
(Craig et al., 2004). All Type IV pilins are initially synthesised as pre-pilins, which have a type
[l signal peptide at the N-termini (Giltner et al., 2012). The signal peptide ends with a glycine
residue and is positively charged (Pelicic, 2008). It is around 5-7 amino acids in length on Type
IVa pilins and approximately 15-30 amino acids long on Type Vb pilins (Craig et al., 2004). The

signal peptide is cleaved by pre-pilin peptidase(s) to produce the mature pilin.

Hypervariable

loop

7 G
Figure 1-6. Crystal structure of full-length PilE1 from N.
gonorrhoeae

D-region

The structure of full-length PilE1 has distinct domains: an N-
terminal hydrophobic helix (al; cyan), an a-p loop (green) and D-
region (blue). The al domain is responsible for polymerisation. The
D-region is delimited by a disulphide bond that links the termini of

the D-region (yellow), but also contains a hyper-variable loop

(Red). Adapted from Crawshaw et al. (2019)

Following the signal peptide at the N-terminal, an hydrophobic a-helix about 30 amino acids
in length is the most homologous domain between pilins (Craig et al., 2004). In Type IVa pilins,
the first residue of the N-terminal a-helix is phenylalanine (Craig et al., 2004), whereas in Type
IVb pilins, the first residue could be methionine, leucine, or valine (Craig et al., 2004). The

hydrophobic N-terminal helix targets pre-pilins into the Sec translocase system and inserts it



into the cytoplasmic membrane, which then forms a transmembrane structure (Francetic et

al., 2007).

Compared to the N-terminal, the C-terminal domain is much more variable across pilins
(Burrows, 2012a). The C-terminal generally shows a hydrophilic globular structure composed
of both a-helix and B-sheet (Craig et al., 2004). The aB-loops linking the structures are
extremely variable across species, and may have a wide diversity of functions (Giltner et al.,
2012). The D-region is the most variable part of the core structure, but it has a disulphide bond

generally conserved across Type IVa and Type Vb pilins (Giltner et al., 2012).

Type IV pilins assemble into pilus filaments via their hydrophobic N-terminal tails, which bind
together by hydrophobic forces (Craig et al., 2004). The hydrophilic C-terminal heads face out
and cover the hydrophobic tails in the central shaft. An individual pilus can be composed of

several thousands of major pilins (Giltner et al., 2012).

Minor Pilins

TFP systems also contain other proteins less abundant than the major pilin and therefore
termed minor pilis (Giltner et al., 2010b). Minor pilins can play various roles, and certain minor
pilins are required for TFP biosynthesis (Carbonnelle et al., 2005). Minor pilins may exist on
the tips or the base of TFP filament, or incorporated into the filament (Linke et al., 2010;
Quigley et al., 2009; Smith et al., 2010). Some are required in attachment and adherence, such
as PilC1, PilC2 and PilX in Neisseria meningitidis (Hélaine et al., 2005; Morand et al., 2009). An
example of different functions is the minor pilin ComP in Neisseria which binds to DNA at
species-specific DNA Uptake Sequences, so that the extracellular DNA is taken up into the
bacterial cell via TFP (Berry et al., 2013; Cehovin et al., 2013). A chemosensory Pill is found in
P. aeruginosa, which activates the Chp signalling cascade and results in retraction of TFP
(Persat et al., 2015). Some genes encoding minor pilins may be located elsewhere in the
genome, outside the main TFP operon, as has demonstrated in P. aeruginosa (Belete et al.,

2008; Burrows, 2012a; Leighton et al., 2015).

Pre-Pilin Peptidase
During the assembly of the pilus filament, the signal peptide of the pre-pilins is cleaved by the
10



pre-pilin peptidase, PilD. PilD proteins form a family of membranous aspartyl peptidases,
which sit at the cytoplasmic side of the cell membrane (LaPointe and Taylor, 2000). There are
two active sites found in most PilD peptidases, which function differently. One of the active
sites cleaves the type Il signal peptide pre-pilins, while the other methylates the
phenylalanine residue on the N-terminal of type IVa (Strom et al.,, 1993). It has been
demonstrated that the cleavage of signal peptides is essential for TFP biosynthesis, but the

methylation of N-terminal residues is not (Pepe and Lory, 1998).

Assembly ATPase

Pilins assemble into a pilus filament by pilin polymerisation, which is driven by an assembly
ATPase, PilB (PilF in Neisseria) (Turner et al., 1993). PilB is a Walker Box-containing ATPase,
and it presents as hexamers in the cytoplasm at the site of pilus biosynthesis (Crowther et al.,
2004). A crystal structure of PilB has been obtained from Geobacter metallireducens,
(McCallum et al., 2017). During pili biosynthesis, PilB may interact with the TFP platform
protein, PilC, at the conserved pore of the hexamer (McCallum et al., 2017) (Figure 1-7). PilB
rotates clockwise with ATP hydrolysis, which in turn leads to a rotation of PilC clockwise
(McCallum et al., 2017). PilAl1, the main pilin, directly binds to PilC and is pushed out of

membrane, where it polymerises to form the helical pili structure.

PP PilP
PilN PilO PilN PilO
PilA PilA
— — - w— e
D e ——— (e—
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Figure 1-7. Movements and functions of PilB and PilT ATPase
A model of the molecular mechanism of the PilB and PilT motor. PilB is proposed to thrust PilC upwards towards
the membrane and rotate to facilitate major pilin polymerisation. PilT is suggested to wrench downward towards

the cytoplasm and rotate to facilitate major pilin depolymerization. From McCallum et al. (2017).
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Retraction ATPase

The retraction of TFP is driven by the depolymerisation of the pili filaments, which is achieved
by a retraction ATPase, PilT (Sheetz et al., 2000). In Pseudomonas aeruginosa, there is a second
retraction ATPase, PilU, while, in Neisseria meningitides, there are 3 retraction ATPase, PilT,
PilU and PilT2 (Brown et al., 2010). However, some TFP (especially TFPb) are not able to retract

the pili filament due to the lack of retraction ATPases (Burrows, 2012b).

Retraction ATPases belong to the same family as the assembly ATPase, PilB, and contain
Walker boxes. Similarly, retraction ATPases are localised on the inner side of cytoplasmic
membrane as hexamers (Satyshur et al., 2007). A crystal structure of a PilT monomer from
Aquifex aeolicus shows that the N-terminal domain interacts with the C-terminal domain of
the next monomer when forming a hexamer (Satyshur et al., 2007). Although the crystal
structure of PilT indicates the ATPase forms a homohexamer, bacterial two-hybrid studies
show the three retraction ATPases of N. meningitides may interact with each other, and even

with the assembly ATPase (Georgiadou et al., 2012).

Similar to PilB, PilT also goes through rotation, but anticlockwise, which may turn PilC and

depolymerise the pili (McCallum et al., 2017) (Figure 1-7).

Platform Protein

PilC is known as a platform protein of TFP (PilG in Neisseria) (Figure 1-7). PilC is composed of
3 transmembrane helices, likely inserted at the cytoplasmic membrane, a cytoplasmic N-
terminus and a periplasmic/extracellular C-terminus (Berry and Pelicic, 2015). The role of PilC
can be varied across species and it was recently found to be necessary for surface-dependent

signalling in Pseudomonas aeruginosa (Kuchma and O’Toole, 2022).

Accessory Membrane Proteins

There are three or four other membrane-associated proteins forming a transmembrane
complex at the base of TFP (Figure 1-7). A cytoplasmic, actin-like protein, PilM, interacts with
PilN, which is a monotopic membrane protein (Karuppiah and Derrick, 2011). PiIN has a large

periplasmic/extracellular C-terminal domain, but a small cytoplasmic N-terminus
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(Sampaleanu et al., 2009). On the N-terminus, a conserved INLLP amino acid motif can interact
with PilM (Tammam et al., 2013). In some TFP systems, PilM and PilN are fused into a single
protein, such as BfpC from E. coli. PilM is shown to interact with the assembly ATPase and may

contribute to transmitting signals (Yamagata et al., 2012).

PilO is an accessory membrane protein. Similarly to PilN, PilO has a larger
periplasmic/extracellular domain and a short cytoplasmic domain (Sampaleanu et al., 2009).
PilO and PilN interact on their periplasmic domain and form heterodimers (Sampaleanu et al.,

2009).

Another accessory membrane protein, PilP, is a periplasmic inner membrane lipoprotein of
Gram-negative bacteria (Drake et al., 1997). PilP is not found in Gram-positive bacteria
(Melville and Craig, 2013). The N-terminal domain of PilP interacts with the PiINO complex and

forms a PiINOP heterotrimer (Tammam et al., 2011).

Secretin

The TFP systems in Gram-negative bacteria must reach out through the outer membrane
(Figure 1-5, navy). A multimeric protein complex, known as secretin, forms a pore on the outer
membrane to allow the pilus filament to pass through. Secretins are commonly found in the
inner and outer membrane of Gram-negative bacteria as part of the Type Il Secretion System
(Hodgkinson et al., 2009). In the TFP system, the secretin is known as PilQ. Each secretin
complexis composed of 12-15 PilQ monomers forming a symmetrical circle as the pore on the

outer membrane (Lieberman et al., 2015).

PilQ monomers interact with each other via their extracellular C-termini and form B-barrels in
the outer membrane (Lieberman et al., 2015). The periplasmic N-terminal contains four
discrete domains, two of them close to the N-terminal side vary across species, and are known
as ‘species specific’, SS1 and SS2, domains. The rest are highly conserved and known as NO
and N1 (Tammam et al., 2013). The NO domain can interact with the C-terminal B-domain of
PilP, while PilP interacts with PiINO by its N-terminus, therefore, a trans-envelope complex
PiIMNOPQ is comprised (Tammam et al., 2013). The study also shows that PilA can interact

with the N-terminal domains of PilQ.
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Because the width of the secretin pore may disrupt the integrity of the outer membrane in
the absence of pili, the pore is gated by two gates from a secretin complex (Gold et al., 2015).
Gate 1is at the outer membrane, while Gate 2 is at the base of the secretin. During the passage
of a pilus filament, the secretin undergoes conformational changes to open the gates and form

a pore (Gold et al., 2015).

Secretin Pilotin

Secretin pilotin is found in Gram-negative bacteria, known as PilF in P. aeruginosa, or PilW in
N. mengitidis. PilF is a lipoprotein at the outer membrane, which promotes the transport of
PilQ monomers to pass through the periplasm and formation of multimeric secretin

complexes (Koo et al., 2008).

1.2.2. Type IV Pili in Clostridia species

TFP was first identified and was initially thought to be exclusive to Gram-negative species
(Melville and Craig, 2013). The first TFP-like structures were observed on Gram-positive
species in Streptococcus sanguinis, in 1985 (Fives-Taylor and Thompson, 1985). However, due
to the lack of genome sequencing and bioinformatics tools at the time, TFP was not identified
from their works. The production of TFP by a Gram-positive species, Ruminococcus albus, was
finally confirmed in 2002 (Rakotoarivonina et al., 2002). Further, TFP was identified in
Clostridium perfringens, which became the model to study TFP in Clostridia species (Varga et
al., 2006a). C. perfringens is a pathogen that can also release toxins, causing food poisoning

and attacking the nerve system (Wioland et al., 2013).

Melville and Craig identified two TFP gene clusters in the C. perfringens genome: the primary
cluster encodes all key genes for TFP assembly while the secondary cluster encodes another
set of pilB and pilC and a pilin (Figure 1-8). A pilT gene is found in another independent locus
(Melville and Craig, 2013).
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Figure 1-8. Type VI Pili gene loci in C. perfringens
(A) Operon map of TFP primary gene cluster. (B) Operon map of TFP secondary gene cluster. (C) pilT gene is
located separately on an operon with ftsA and ftsZ. Genes encoding pilins are shown in blue, ATPases in orange,
core proteins in yellow, membrane platform proteins are coloured green, the peptidase is in purple and genes
not relevant to TFP in grey. Arrows indicate the location of promoters, circles and stems represent the p-

independent terminators. Adapted from Soncini et al. (2020).

Both PilA1 and PilA2 were observed on the cell surface of C. perfringens, PilA2 was
demonstrated to be the major pilin assembling the pilus filament, whereas PilA1l is predicted
to act more like a pseudopilin, which is a type |l secretion system with a piston-like structure
(Varga et al., 2006a). From a mutagenesis study, C. perfringens lost 84 % of adherence in a
pilA2 mutant, while a pilA4 mutant led to a loss of 42 %, but no reduced adherence was

observed in a pilA3 mutant (Soncini et al., 2020).

A study in C. perfringens revealed that PilB1 loses its pole localisation in cells in a pilC1 mutant
and suggests that PilC1 primarily localises on the poles and attracts PilB1 to export pilus
(Hartman et al., 2011). However, this dependency is not observed between PilC2 and PilB2

(Hendrick et al., 2017).

The bacterial secondary messenger 3’-5’ cyclic diguanosine monophosphate (c-di-GMP) plays
multiple roles in bacterial physiology and virulence, such as regulation of bacterial motility,
biofilm formation and virulence-related gene expression (Hengge, 2009; Pratt et al., 2007;
Romling et al., 2013). In Gram-negative bacteria, TFP ATPases are found to bind c-di-GMP and

up-regulate TFP polymerisation (Roelofs et al., 2015; Wang et al., 2016). In C. perfringens, PilB2
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binds to c-di-GMP at the N-terminal domain, but the efficiency of ATPase activity is not
affected when binding to c-di-GMP (Hendrick et al., 2017). However, in increased levels of c-
di-GMP, both PilB2 and PilC2 are essential for PilA2 polymerisation and exportation (Hendrick
et al., 2017).

Compared to TFP in Gram-negative species, TFP in C. perfringens have the same TFP assembly
genes, but miss pilF, pilP and pilQ (Varga et al., 2006a) as it is not necessary to sustain secretin
genes in Gram-positive species with one cytoplasmic membrane. Interestingly, transcription
of the retraction ATPase PilT is dependent on temperature: it increases at higher temperatures

and decreases in lower temperatures (Soncini et al., 2020).

1.3. TFPin C. difficile

1.3.1. C. difficile TFP Gene Clusters

Apart from TFP in C. perfringens, Varga et al demonstrated that TFP genes are encoded in
other Clostridial species (Varga et al., 2006b). Although there is some diversity between
species, they are all predicted to express TFP (Varga et al., 2006). C. perfringens, C. beijerinckii,
C. difficile and C. thermocellum contain genes that encode additional pilins and repeated TFP
proteins with the same function, whereas fewer genes encoding essential TFP proteins are
found in C. tetani, C. botulinum and C. acetobutylicum (Varga et al., 2006). Recent studies have
focused on TFP in C. perfringens and C. difficile, there is not much biological investigation on

TFP in other Clostridial species.

The first whole genome sequencing (WGS) for C. difficile strain 630 was done in 2006 (Sebaihia
et al., 2006). Genes encoding TFP in C. difficile were discovered by Varga et al., and gene names
were formalized by Maldarelli et al. (Maldarelli et al., 2014; Varga et al., 2006a). Like in C.
perfringens, two gene clusters were found (Figure 1-9). However, there are differences

between the two species.
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Figure 1-9. Type VI Pili gene loci in C. difficile

(A) Operon map of TFP primary gene cluster. (B) Operon map of TFP secondary gene cluster. Genes encoding the
pilins are shown in blue, ATPases in orange, core proteins are coloured yellow, membrane platform proteins in
green, peptidase in purple and genes non-relevant to TFP in grey. Arrows indicate the location of promoters,
triangle points the location of the c-di-GMP riboswitch (Cdi2_4), circles and stems represent the p-independent

terminators.

In the primary gene cluster, a gene encoding pilin, pilAl, at the start of this gene cluster is
predicted to be the major pilin (Maldarelli et al., 2014). A c-di-GMP riboswitch, regulating the

expression of PilAl, is found in the upstream region of pilA1.

The structure of PilAl from C. difficile R20291 and CD630 were previously determined in our
lab (Crawshaw, 2016). The constructs folded into distinct domains, characteristic of pilin
structures: an N-terminal helix that is involved in pili formation (Crawshaw et al., 2020), an a-
B loop that connects al helix and an antiparallel B-sheet. The variable D-region which is mostly

composed of flexible loops contains a shorter a-helix (Figure 1-10).
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Figure 1-10. Crystal structure of PilA1 from C. difficile

Cartoon representation of the structure of PilA1 from R20291 lacking
part of the N-terminal long helix characteristic of TFP pilins. N-
terminal helix (al; dark blue), a-B loop (orange), an antiparallel B-
sheet (green) and variable D-region (cyan). Adapted from Crawshaw

et al. (2020).

Following pilAl, genes encoding an assembly ATPase (pilB1), the core protein (pilC) and
platform proteins (pilMN, pilO) are located in the primary gene cluster (predicted protein
structures in Figure D-1, Appendix D). Gene pilMN was initially named pilM, however, this pilM
in C. difficile is much larger in size in other Gram-negative or Gram-positive species (1713 bp,
encoding a 510 amino acid protein in C. difficile 630, compared to 1155 bp/ 384 aa in C.
perfringens strain 13, 1065 bp/ 354 aa in P. aeruginosa strain PAO1 or 1116 bp/ 371 aa in N.
meningitidis strain ATCC 13091). C. difficile is claimed not to contain an independent pilN gene
in its genome. An analysis using TMHMM, a membrane protein topology prediction method
based on a hidden Markov model (Krogh et al., 2001), suggested that the C. difficile pilM gene
in the TFP primary gene cluster contains a transmembrane helix, whereas PilM is known to
locate in the cytoplasm in other species (Martin et al., 1995). As PilM attaches to the
cytoplasmic N-terminal domain of the monotopic membrane protein PilN and forms a
membrane-anchored complex, this primary cluster pilM gene in C. difficile is proposed to be a
pilM-pilN fusion (Ayers et al., 2009; Karuppiah and Derrick, 2011). The hypothesis was
confirmed by BLAST analysis as the gene product identifies both PilM (at the N-terminus) and
PilN (at the C-terminus) domains within the protein (Couchman, 2016; Melville and Craig,
2013). Interestingly, BLAST analysis also suggested that the C-terminus might contain an
amidase domain, which might help to re-order the peptidoglycan cell wall to allow TFP to pass

through (Couchman, 2016).
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Following genes encoding the platform proteins, three genes encoding minor pilins (pilV, pilU
and pilK), the retraction ATPase (pilT) and two pre-pilin peptidases (pilD2 and pilD1) are found

in the primary gene cluster (predicted proteins structures in Figure D-2 and D-3, Appendix D).

Mutagenesis studies of all primary cluster genes encoding TFP proteins, apart from pilD1,
showed that only PilT is not essential for PilAl filament biosynthesis, as assessed by presence
of extracellular PilA1 (Couchman, 2016). The assembly ATPase PilB1, membrane proteins PilC,
PiIMN and PilO and minor pilins PilK, PilV and PilU all led to failure to detect PilA in the

supernatant.

Three genes (pth, mfd and prsA) are found downstream of pilD1 gene but seem to be part of
the operon, even though they appear to have no relation to TFP. Gene pth encodes a peptidyl-
tRNA hydrolase protein, which hydrolyses the amide bonds between peptide and tRNA within
peptidyl-tRNA molecules released from stalled ribosomes (Das and Varshney, 2006). The
accumulation of peptidyl-tRNA inhibits protein synthesis, and pth is confirmed to be essential
for survival of E. coli (Das and Varshney, 2006). Gene mfd encodes the Mutation Frequency
Decline (Mfd) protein, which is a transcription-repair coupling factor, releasing RNA
polymerase complexes during transcription at locations of DNA damages and recruiting the
DNA repair factor UvrA (Hanawalt and Spivak, 2008). mfd gene is not essential for bacterial
survival, but the loss of this gene leads to an increased rate of mutation (Hanawalt and Spivak,
2008). Work carried out by our collaborators showed that mfd is not required for TFP
biosynthesis (Couchman, 2016). The final gene within the cluster is prsA, which encodes
lipoprotein PrsA a chaperone that catalyses the folding of exported proteins (Hyyryldinen et

al., 2010). It is unclear what, if any, these genes have in relation to TFP in C. difficile.

The secondary cluster contains genes encoding additional assembly ATPase (pilB2), the core
protein (pilC2), a second copy of the major pilin (pilA2) and platform protein (pilM) (Maldarelli
et al., 2014). The other three genes are predicted to encode monotopic membrane proteins
using TMHMM, and no homologue is identified using BLAST (Couchman, 2016). Interestingly,
the final two genes (CD3291 and CD3292) encode analogous to PilN and PilO, which indicates
the secondary cluster may encode a full complement of TFP membrane proteins (Couchman,

2016) (Predicted protein structures in Figure D-4, Appendix D). However, no study has further
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investigated these genes. PilB2 has been proved to not be required for TFP biosynthesis in the

mutagenesis studies carried out by our collaborators (Couchman, 2016).

Four other putative TFP-like genes were identified in the C. difficile ggnome: CD2305, known
as pilW, CD0O755 or pill, CD1242 - pilX and CD630_1245, labelled pilA3, based on predicted
secondary structure homologies with type IVa pilin structures of Neisseria gonorrhoeae,
Pseudomonas aeruginosa, and Dichelobacter nodosus, as well as the structure of pseudopilin
PulG from Klebsiella pneumoniae(Melville and Craig, 2013). These genes are proposed to
encode minor pilins. PilJ has been confirmed to be a minor pilin and forms heteropolymeric
pili, with the crystal structure solved by Piepenbrink et al. (2014) (Figure 1-11). A recent study
also determined the structure of PilW and suggested the protein assembly of PilA1, Pill and
PilW (Figure 1-11) (Ronish et al., 2022). The al-N helical regions of the three proteins are
similar in sequence and are modelled with identical backbone into the fibre. The conserved
interaction residues lysine in position 30 (K30) and its proposed equivalent residues, E75 on
PilA1, D85 on PilW, and E76 on Pill, are suggested to maintain certain structural motifs when
incorporating into TFP filament (Figure 1-11) (Ronish et al., 2022). PilW is nearly identical to
PilAl in size, but due to its extended af3 loop, is wider from the helical axis of the TFP filament,
while the C-terminal domain of Pil) extends out from the pilus filament (Figure 1-11). The
predicted protein structures of the rest of minor pilins are shown in Figure D-5 in Appendix D.
Additionally, although CD3297 on the TFP secondary gene cluster is not yet reported as a
predicted minor pilin, the predicted structure shows a similar shape to Pill, with an extended

C-terminal domain.

%‘w o 100 nm
i Figure 1-11. PilA1 and Pill localisation on C. difficile TFP

An electron micrograph with immunogold-labelled PilAl1 and
Pil) on a TFP filament of C. difficile. Detected PilAl is pointed
by grey triangles, Pill is pointed by black triangles. A C. difficile
R20291 cell can be observed on the bottom left. From

Piepenbrink et al. (2014).
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PilJ

PilW incorporation

Figure 1-12. Crystal structure and incorporation of subunits in C. difficile TFP

(A) Full-length models of PilA1, PilW, and Pill based on X-ray crystal structures of the soluble domains with al-N
regions removed (grey). (B) Superimposition of PilA1, PilW and Pill. Insets show zoomed region at the conserved
interaction residues K30 and its proposed salt-bridge residues: E75 on PilA1, D85 on PilW, and E76 on Pill. (C)
Heterologous model of TFP filaments showing the incorporation of PilW and PilJ into the filament. Blue indicates

PilA1, yellow indicates PilW, red indicates Pill. Adapted from Ronish et al. (2022).

1.3.2. Induction of TFP in C. difficile

The first direct evidence of c-di-GMP regulation of TFP-mediated twitching motility was found
in P. aeruginosa (Huang et al., 2003). In C. difficile, an increased level of c-di-GMP was
observed to regulate TFP-mediated motility and aggregation (Purcell et al., 2012). Twitching
motility is a form of surface-associated bacterial movement usually mediated by pili. Twitching

motility requires attaching the tip of a pilus to the surface and pulling the bacteria to move by
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retracting and shortening the pilus.

The levels of c-di-GMP are sensed by specific intracellular receptors (Chou and Galperin, 2016).
A c-di-GMP riboswitch (Cdi2_4), located directly upstream of the pilA1 gene regulates TFP
biosynthesis in C. difficile (Bordeleau et al., 2015).
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Figure 1-13. Predicted secondary structure of Cdi2_4 c-di-GMP-II riboswitch-mediated transcription regulator
The predicted terminator structure is shown in the box. Upon c-di-GMP binding, an anti-terminator forms
at P1 and P2 stems. Positions 231 and 146 correspond to the last nucleotides of the full-length transcript
and the predicted terminated transcript, respectively. GC nucleotides (underlined) were added to the

template for transcription priming using GC dinucleotides. Edited from Bordeleau et al., 2015.

Riboswitches are encoded in the 5’ leader sequence (untranslated region, UTR) of some
messenger RNAs (mRNAs), and fold to adopt a structure that binds a specific ligand (Sherwood
and Henkin, 2016). Ligand binding causes the formation of an alternate, exclusive RNA
structure that affects the accessibility of the ribosome binding site and influences the
translation of the downstream coding sequences. Therefore, riboswitches can act as ‘on’ or
‘off’ switches in the response to ligand binding, which promotes or prevents gene expression.

The predicted structures of Cdi2_4 is shown in Figure 1-13. The predicted terminator structure
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is shown in the box in Cdi2_4 under a c-di-GMP free condition. When c-di-GMP binds to the
aptamer, the P1 stem folds and sequesters nucleotides for the formation of the terminator,

which becomes an anti-terminator.

Two classes of c-di-GMP specific riboswitches have been identified: class | and class Il
(Sudarsan et al., 2008). While most riboswitches bind to ligands that typically play a role as
feedback mechanism for that specific metabolite, c-di-GMP riboswitches are unusual, as they
rarely control c-di-GMP metabolic genes. Instead, C-di-GMP riboswitches have been identified
upstream of genes known or predicted to be involved in motility, chemotaxis, adherence or

other processes.

The genome of C. difficile 630 contains 12 class | and 4 class Il c-di-GMP riboswitches, but only
11 of them are functional (Lee et al., 2010; Robert W. McKee et al., 2018; Soutourina et al.,
2013; Sudarsan et al., 2008).

The level of c-di-GMP is controlled by two groups of enzymes with antagonistic activities,
diguanylate cyclases (DGCs) and c-di-GMP phosphodiesterases (PDEs). The DGCs contain a
GGDEF amino acid sequence motif and synthesise c-di-GMP from two GTP molecules, whereas
the PDEs contain EAL or HDxGYP sequence motifs and hydrolyse c-di-GMP into linear 5'-
phosphoguanylyl-(3,5’)-guanosine (pGpG) or two GMP molecules (Ryjenkov et al., 2005;
Schmidt et al., 2005; Simm et al., 2004; Tamayo et al., 2005).

In the genome of C. difficile 630, 18 confirmed or putative DGCs and 17 confirmed or putative
PDEs have been determined (Bordeleau et al., 2011; Gao et al., 2014). This is considerably
more than in other Clostridial genomes such as in C. perfringens or C. botulinum, which has 9
predicted DGCs and 16 predicted PDEs (Mendez et al., 2008; Skarin et al., 2011). Gene CD1420
encodes the smallest DGC in C. difficile, and the product has been confirmed to have
enzymatic activity (Bordeleau et al., 2011). Purcell et al. demonstrated that the
overexpression of this gene results in elevated intracellular c-di-GMP levels. They also named

the gene as diguanylate cyclase from Clostridium A (dccA) (Purcell et al., 2012).
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The riboswitch regulating pilA1, Cdi2_4, is one of the functional class Il riboswitches, and PilAl
expression is increased in higher levels of intracellular c-di-GMP (Bordeleau et al., 2015).

Expression of dccA leads to higher c-di-GMP levels and production of TFP (Figure 1-14).

WT pDccA pilA1 pDccA pilB1 pDccA

Figure 1-14. c-di-GMP induces TFP formation

Transmission electron microscopy of C. difficile 630Aerm strain (wild type; WT pDccA), pilAl (pilA1 pDccA) and
pilB1 (pilB1 pDccA) mutants with elevated level of c-di-GMP achieved by expressing dccA from a plasmid.
Triangles point TFP. Scale bar indicated 1 um. Disappearance of TFP in both pilA1 and pilB1 mutants. Edited from

Bordeleau et al. (2015)

In the work presented in this thesis, dccA is used for elevating intracellular level of c-di-GMP
by introducing a plasmid carrying the dccA gene under an inducible promotor into C. difficile

cells.

1.3.3. Functions of TFP in C. difficile

Since it has been shown that high level of intracellular c-di-GMP can induce PilAl expression
and enhance twitching motility, biofilm formation and adherence, the link between TFP and

these biological functions has been investigated (Purcell et al., 2017).

Purcell et al. have shown that increased level of c-di-GMP promotes aggregation in C. difficile
R20291, a RT027 strain (Purcell et al., 2012). A study further reveals that pilA1 and pilB1
mutants show deficiencies in aggregation (Bordeleau et al., 2015). Both mutants lead to

disappearance of TFP from C. difficile cell surface, under the condition of elevated level of c-
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di-GMP (Figure 1-14) (Bordeleau et al., 2015). Later studies show that strains carrying both
mutations have a reduced adhesion to host epithelial cells in vivo (Robert W McKee et al.,

2018).

Twitching motility

From the first observation of TFP-mediated twitching motility in R20291 by Purcell et al.
(2016), branched, tendril-like shapes were observed on the edges of the colonies (Figure 1-
15). When the level of intracellular c-di-GMP increases, the branched shapes are enriched
compared to a normal colony and move further on the surface from the centre of the colony.
The branched shapes and surface mobility are lost in pilB1 mutant both with and without

elevated c-di-GMP levels (Purcell et al., 2016).

R20291 R20291
pilB1::erm Figure 1-15. TFP-mediated surface motility stimulated by c-di-GMP

Colony morphology of C. difficile R20291 wild type (R20291) and pilB1
mutant (R20291 pilB1::erm). Colonies in the top row bear empty
vectors (Vector), while the bottom row bears plasmid expressing
dccA (pDccA) to elevate the level of intracellular c-di-GMP. Disrupting
pilB1 gene results in loss of the branchy shapes on colony edges. The

branchy shapes are enhanced under DccA expression. The scale bar

indicates 5 mm. Edited from Purcell et al. (2016).

Biofilm formation

The relevance between TFP and biofilm formation in Gram-positive bacteria was firstly
revealed in C. perfringens (Varga et al., 2008). C. difficile also forms biofilm (Papa et al., 2013;
Dawson et al., 2012). The first investigation between C. difficile TFP and biofilm revealed that
pilAl and pill gene transcripts are remarkably increased during biofilm growth, including
aggregate biofilm and colony biofilm, compared to planktonic cell growth (Maldarelli et al.,
2016). The same study also observed a deficiency of initiating biofilm formation in a pilAl
mutant (Maldarelli et al., 2016). Later, higher levels of pilT, pilB2 and pilM transcripts were
detected in aggregate biofilms in contrast to colony biofilms (Brauer et al., 2021). Similar to

what was observed when investigating twitching motility, pilA1 and pilB1 mutants show a
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deficiency in biofilm formation under high levels of c-di-GMP (Purcell et al., 2016). A recent
study from Ronish et al. (2022) also reveals loss and deficiency in biofilm formation when

mutating pilA1, pilW and pilJ genes (Figure 1-16).

pilAl pilW pilJ

Figure 1-16. Biofilm formation by C. difficile R20291 and mutants

Confocal laser scanning microscopy images of in vitro biofilms of C. difficile R20291 (WT) and pilin mutants (pilA1,
pill, and pilW). Less biofilm signals are detected from mutants compared with WT. 3D reconstructions of biofilms
generated from z-stacks. Cells were incubated with stainless washers for 7 days prior to imaging. On the 7th day,
stainless washers were washed and cells stained aerobically, followed with 48h freezing as preparation for

imaging. Adapted from Ronish et al. (2022).

1.4. c-di-GMP and flagella ON-/OFF-phase

As discussed in section 1.3.2., higher levels of intracellular c-di-GMP switch on PilAl expression
via a class Il riboswitch Cdi2_4, which leads to increased level of twitching motility,
aggregation, and biofilm formation. C. difficile also encodes for flagella and shows flagella-
mediated motility, adherence, and colonisation (Baban et al., 2013; Dingle et al., 2011; Stabler
et al., 2009; Stevenson et al., 2015; Twine et al., 2009). Therefore, as the aim of this project
was to investigate TFP-mediated biological features, it was important to compare it with

flagella-mediated motility.

The proteins involved in the early steps of flagellar biosynthesis, such as flagellar hook, basal
body, MS ring, motor and other assembly proteins are encoded in the flgB operon (Twine et
al., 2009). A class | riboswitch, Cd1 (also named Cdil_3), is found in the 5° UTR of the flgB
operon (Sudarsan et al.,, 2008). It has been demonstrated that the increased level of
intracellular c-di-GMP inhibits flgB operon expression (Purcell et al., 2012). Later, a truncated

RNA corresponding to the riboswitch-mediated termination product was detected by
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northern blot (Anjuwon-Foster and Tamayo, 2017; Soutourina et al., 2013).

Together with the studies on TFP (Anjuwon-Foster and Tamayo, 2017; Purcell et al., 2016,
2012; Soutourina et al., 2013), this indicates that, under increased level of c-di-GMP, TFP
expression is activated by a class Il riboswitch, Cd2_4, while the expression and biosynthesis

of flagella is inhibited by a class | riboswitch, Cd1_3 (Figure 1-17).

Figure 1-17. Model for c-di-GMP-
Low [c-di-GMP] High [c-di-GMP]

Pngsl—>Cd1 % Pmﬁm flagella ‘on’ and ‘off’ states in C.
flgB flgB

W L—gﬁ/l\” difficile

Cd1 Cd1£§k9U

Phia1 I—>

mediated transition between

(Left) Under low intracellular c-di-
GMP conditions, the riboswitch

Cd1 forms a structure conducive

to transcription of the
downstream flgB operon.
Riboswitch Cd2_4 assumes a
structure  that includes a
transcription terminator,

precluding  transcription of

downstream TFP genes.
Together, low level of c-di-GMP favours flagellated, free-living and swimming bacteria, producing toxins TcdA
and TcdB (red and orange symbols). (Right) Increased level of intracellular c-di-GMP (black dots) binding to
riboswitches Cd1 and Cd2_4 results in mRNA conformational changes and termination of the transcription of the
flgB mRNA but promotion of the transcription of pilAl. High levels of c-di-GMP results in non-flagellated, non-

toxigenic, piliated bacteria with increased aggregation and biofilm formation. From Tamayo (2019).

A sigma factor, oD, is also encoded in flgB operon. oD is found in many Gram-negative and
Gram-positive bacteria, and positively regulates the expression of flagellar genes, allowing the
assembly of the flagellum (Chilcott and Hughes, 2000; Colland et al., 2001; Helmann and
Chamberlin, 1987; Prouty et al., 2001). In C. difficile, oD not only coordinates flagellar gene
expression but also activates the transcription of tcdR, which encodes another sigma factor
required for toxin TcdA and TcdB expression (McKee et al., 2013). Increased level of c-di-GMP
inhibit flgB expression and lead to an inhibition of the expression of toxins. Therefore, under

a lower level of intracellular c-di-GMP, C. difficile expresses flagella and toxins, while the cells
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have higher abilities in swimming motility and disease development, which is identified as
flagella ‘on’ phase. In the opposite, flagella ‘off’ phase, C. difficile expresses TFP instead and
shows higher abilities in twitching motility and biofilm formation (Figure 1-17). In terms of
disease development, during the early stage of CDl infection, C. difficile are under flagella ‘on’
phase and relies on flagella for swimming motility. C. difficile cells are ‘free’ to move in the gut
lumen, towards intestinal cells. As they approach the mucus-rich layers, a signalling cascade
leads toan increased level of c-di-GMP, switching flagella ‘off’ phase and decreasing swimming
motility. C. difficile cells use TFP to attach to other host and bacterial cells and initiate
colonisation and biofilm formation, which protects them from gut movement and antibiotic

treatment (Frostid et al., 2021).

To identify the roles of switching ‘on’ and ‘off’ phases in infection stages, some work has
investigated flagella and TFP adhesion to host cells. McKee et al. infected mice with C. difficile
630Aerm pilAl and pilB1 mutants and counted spores from patient mice faeces (Robert W
McKee et al., 2018). The results show that pilA1 and pilB1 mutants do not lead to phenotypes
during the first 3 days of infection, however, no spore was detected on the 7™ day of infection
(McKee et al., 2018). This indicates that TFP is a crucial factor in long-term infection and could
help to strengthen colonisation and biofilm (McKee et al., 2018). Studies on flagella
demonstrated that fliC and fliD mutants of C. difficile R20291 shows decreased adherence to
Caco-2 cells, whereas these mutants in C. difficile 630Aerm shows increased adherence to
Caco-2 cells (Baban et al.,, 2013; Dingle et al., 2011). These studies suggest that the factor

mediating adhesion may vary from strain to strain (Dingle et al., 2011).

To distinguish TFP-mediated twitching motility from flagella-mediated swimming motility,
previous studies have used motility assays. Flagella-mediated motility of C. difficile is generally
studied using 0.3% motility agar on petri dish plates or glass test tubes (Anjuwon-Foster and
Tamayo, 2017; Purcell et al., 2012). Purcell et al. (2016) optimised a protocol to investigate
TFP-mediated motility in C. difficile with a range of concentration of agar in the media (Figure
1-18), which demonstrated incubation on 1.8% agar gives the most appropriate observation
of TFP-mediated twitching motility. Along with gRT-PCR to measure the pilA1 transcription

abundance, they confirmed that the motility is TFP-mediated.
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Figure 1-18. C. difficile migrates across agar surface using TFP-mediated twitching motility

The figure shows the migration of C. difficile on varying concentrations of agar (0.6 %, 0.9 %, 1.2 %, 1.5 %, 1.8%
and 2.1%) after 120h incubation at 37°C. The white scale bars indicated 5mm. Edited from Purcell et al. (2016).

Further, work published by Garrett et al. (2016) suggested that restreaked colonies from
branched edges of twitching motility colonies on 1.8% agar shows more branched shapes than
the colonies restreaked from the centre (Figure 1-19, panel A) (Garrett et al., 2019).
Conversely, colonies restreaked from 0.3% agar no longer show branched colony

morphologies on 1.8% agar (Figure 1-19, panel B) (Garrett et al., 2019).

K] o

Figure 1-19. Distinct colony morphotypes with different motility phenotypes

(A) C. difficile R20291 was spotted on 1.8% agar and allowed to spread (panel 1). Bacteria collected from the
centre of a spot yielded mostly smooth colonies (panel 2), whereas bacteria from the edge yield almost
exclusively rough colonies (panel 3). (B) Rough and smooth colony isolates obtained as in (A) were passaged in
0.3% agar (panel 4). Both rough and smooth colony isolates only gave rise to smooth colonies (panels 5 and 6).

Adapted from Garrett et al. (2016).

This study proposes that branched colony morphologies are characteristic of twitching

motility and can be used to distinguish it from swimming motility.
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1.5. Aims and objectives

To contribute to further the understanding of TFP in C. difficile, this work aimed to investigate
the effects of c-di-GMP in TFP expression and related flagella-linked motility. Optimisation of
dccA induction to appropriate increased levels of c-di-GMP was undertaken to then study the
effects on TFP and flagella expression, cell and colony morphology, twitching and swimming
motility.

We also aimed to complete and revisit previous mutagenesis studies on individual pilins. The
roles of C. difficile major pilin PilA1, the pre-pilin protease PilD1 and the minor pilin Pil) were

investigated.
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Chapter 2: Materials and Methods

2.1. Bacterial strain and Growth Conditions
2.1.1. Culturing Escherichia coli

E. coli strains were grown on LB agar (VWR) or in LB broth (VWR). All media were
supplemented where appropriate with antibiotics chloramphenicol (15 pug/ml). E. coli NEB5a
cells (NEB) were used as recipient strain in cloning procedures. E. coli CA434 (provided by Dr
Anna Barwinska-Sendra in Dr Salgado’s lab) was used as the donor strain for conjugation of

plasmids into C. difficile. Cultures were grown O/N with agitation (180 rpm) at 37°C.

2.1.2. Culturing C. difficile

Plated cultures of C. difficile strains were grown on BHIS agar (brain-heart infusion (Oxoid)
agar supplemented with 0.1% L-cysteine (Sigma) and 5 mg/ml yeast extract (Bacto)) or
Clostridioides difficile Defined Medium (CDMM) (Karasawa et al., 1995). A list of CDMM

component recipe is shown in Table 2-1

Liquid cultures were grown in BHIS or TY broth (3% tryptose, 2% yeast extract (Bacto)).
Cultures were supplemented where appropriate with antibiotics thiamphenicol (15 pg/ml),
cycloserine (250 pg/ml). Cultures were grown in an anaerobic cabinet (Don Whitley Scientific)
at 37 °C, in an atmosphere of 10% CO», 10% H> and 80% N,. Media were pre-reduced in the

anaerobic cabinet before inoculation.

31



Table 2-1. Clostridioides difficile Defined Medium (CDMM) composition

Component
Amino acids (5X)

Stock concentration (mg/ml)

Final concentration (mg/ml)

Casamino acids 50 10
L-Tryptophan 2.5 0.5
L-Cysteine 2.5 0.5
Salts (10X)

Na2HPO4 50 5
NaHCOs3 50 5
KH2PO4 9 0.9
NaCl 9 0.9
Glucose (20X)

D-Glucose 200 10
Trace salts (50X)

(NH34)2S04 2 0.04
CaCl>. H.0 13 0.026
MgCl2. 6H20 1 0.02
MnCl> . 4H,0 0.5 0.01
CoCl2.6H20 0.05 0.001
Iron (100X)

FeSO4 0.4 0.004
Vitamins

D-Biotin (1000X) 1 0.001
Calcium-D-panthothenate (1000X) 1 0.001
Pyridoxine (1000X) 1 0.001

2.1.3. Storage of Strains

All strains produced as part of this thesis were catalogued in the Salgado lab strain collection.
1 ml of an overnight LB or BHIS culture for E. coli strains and C. difficile strains, respectively, of

the sequence-verified isolate was mixed with 1 ml of sterile 50% glycerol and frozen at -80 °C.

2.1.4. Transformation of E. coli

Plasmid DNA were transformed into competent E. coli cells by heat-shock in strain

constructions. Competent cells (15 pl of NEB5a, 50 pl of CA434) were thawed on ice. 40-200
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ng of intact plasmid DNA or ligation/Gibson assembly reaction mixture was added to the cells
which were then incubated on ice for 30 mins. Cells were heat-shocked for 45 sec at 422C and
returned on ice for incubation 5 mins. 150 pl of LB broth was then added to the cells which
were then incubated at 379C for 1 hr, following which 100 ul of the transformation product

was spread onto LB-agar plates supplemented with appropriate antibiotic.

2.1.5. Plasmid DNA Conjugation into C. difficile

pMTL960-based shuttle plasmids were transformed into E. coli CA434 (described in 1.1.4) and
conjugated into C. difficile as described previously (Purdy et al., 2002). Briefly, 1 ml of E. coli
O/N culture (donor) was spun down (1 min at 3,000 x g), washed gently with sterile phosphate-
buffered saline (PBS) and mixed with 200 pl of O/N C. difficile culture (recipient). The resulting
mixture was spotted onto nonselective BHIS agar and incubated anaerobically for 8h. The
resulting growth was resuspended in 1 ml of sterile PBS and spread out on BHIS agar
supplemented with thiamphenicol (15 pg/ml) to select for pMTL960-based plasmids and
either cycloserine (250 pg/ml) or cefoxitin (16 pg/ml) to counterselect against E. coli.
Transconjugants were re-streaked onto selective BHIS and CDDM plates. Colonies were patch-
plated on selective and nonselective BHIS plates, growing on only nonselective plates were
screened as the final constructs. A detailed list of C. difficile strains used or constructed

throughout this project is provided in Table 2-2.

Table 2-2. C. difficile 630 strains used in biological assays in this study

Strain Descriptive Source/Reference

630 Wild-Type Strain Mullany et al., 1990

630ApilAl pilA1 deleted from 630 using codA Allele | Dr. E Couchman (Imperial
Exchange Mutagenesis College London)

630ApilD1 pilD1 deleted from 630 using codA Allele | This work

Exchange Mutagenesis

630ApilJ pill deleted from 630 using codA Allele This work

Exchange Mutagenesis
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2.2. Bioinformatics

2.2.1. DNA, Gene and Protein Analysis

C. difficile genome sequences were obtained from NCBI. Plasmid and DNA fragment maps
were constructed and visualised using Geneious Prime 2019 (Biomatters Ltd., New Zealand).
Genes encoding TFP proteins in C. difficile strains were determined by mapping C. difficile 630
TFP genes to C. difficile genomes in Geneious Prime 2019. C. difficile TFP genes throughout

strains were compared by NCBI BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi). Phylogenetic

trees were generated in Geneious Prime 2019 and edited in iTOL (https://itol.embl.de/). All

DNA sequencing was performed by Sanger sequencing from Eurofins Genomics. Sequences
were aligned using Geneious Prime 2019. Protein molecular mass is predicted by ExPASy

ProtParam (https://web.expasy.org/protparam/).

2.3. DNA Manipulation

2.3.1. Genomic DNA Extraction

Genomic DNA (gDNA) of C. difficile was extracted from the cells using DNA Mini Kit (QlAamp),
according to the manufacturer’s guidelines. Briefly, 15 — 20 ml of overnight culture was
centrifuged at 4,000 rpm for 15 min, followed by resuspending in Buffer ATL and incubating
with Proteinase K at 56 °C for an hour, treated by vortex every 10 min. Buffer AL was added
and vortexed, followed by incubating at 70 °C for 10 min and mixed with ethanol. The sample
was transferred into a column and span down at 6,000 xg for 1 min. After the column being
washed in Buffer AW1 and AW2, gDNA was eluted in 50 ul of Buffer AE twice at centrifuge
6,000 xg for 1 min.

2.3.2. Purification of Plasmid DNA

DNA preparations for routine colony screening were extracted using 5% (w/v) Chelex 100 resin
(Bio-Rad). Colonies were suspended in 5 % Chelex, boiled for 10 min at 100 °C and pelleted at
10,000 xg for 1 min. Supernatants containing DNA were used further analysis.

Plasmid DNA was extracted from E. coli using a mini-prep kit (Sigma or NEB) according to
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manufacturer’s protocol. Briefly, 5 ml cultures were centrifuged at 4,000 xg for 15 min and
the resulting pellets were re-suspended in 200 ul of Resuspending buffer. An equal volume of
Lysis buffer was added, and mixture was incubated for 1 min at room temperature. 350 ul of
Neutralise buffer was added, the sample was centrifuged at 13,000 xg for 10 min. The
supernatant was applied to a column and centrifuged at 13,000 xg for 1 min. The column was
washed with 700 pl of washing buffer. Residual buffer was removed by centrifuging once more
at 13,000 xg for 2 min. DNA was eluted by adding 30 - 50 ul of nuclease-free water, incubating

for 1 min at room temperature and centrifuging at 10,000 xg for 1 min.

2.3.3. Polymerase Chain Reaction (PCR) and Primers

Routine screening PCR and colony PCR were carried out using Quick-Load Taq polymerase Mix
(NEB) according to manufacturer’s guidelines in a total volume of 20 ul (1x Quick-Load Taq
polymerase Mix, 0.2 uM forward and reverse primers, 1 ul of plasmid DNA from Chelex
extraction). Initial denaturation was at 95 °C for 3 min followed by thirty cycles of denaturation
at 95 °C for 30 s, annealing at the lower primer temperature for 30 sec and extension at 68 °C
for 1 min per kb. A final extension at 68 °C for 5 min was included to ensure completion of
DNA synthesis.

PCR reactions requiring higher stringency for inverse PCR and amplification of gDNA fragments
during cloning were carried out using Phusion polymerase (NEB) according to manufacturer’s
guidelines in a total volume of 50 pl (1x Phusion HF, 0.2 mM dNTPs, 0.5 uM forward and
reverse primers, 3 % DMSO, 0.4 ng — 0.6 ng of template DNA). Initial denaturation was at 98
°C for 30 sec followed by 30 cycles of denaturation at 98 °C for 10 s, annealing at the lower
primer temperature for 30 s and extension at 72 °C for 15 s per kb. A final extension at 72 °C
for 10 min was included to ensure completion of DNA synthesis. Primers used throughout this

study were synthesised by Euorfins Genomics and are listed in Appendix A, Table A-1.

2.3.4. Agarose Gel Electrophoresis

Agarose gels were prepared by melting 1.5 % (w/v) agarose powder (Invitrogen) in 1 x TAE (40

mM Tris-Acetate, 2 mM NazEDTA pH 8.3). Agarose gel was cast on a horizontal perspex plate
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supplemented with 1/ 10,000 volume of SybrSafe DNA stain (NEB). DNA samples were mixed
with 1/4 volume of DNA loading buffer (NEB) and loaded into the gel wells. Electrophoresis

was performed at approximately 10V cm™ in 1 x TAE buffer. DNA was visualised by Bio-Rad.

2.3.5. Purification of PCR Products

PCR-amplified DNA fragments were purified using the PCR Clean-up kit (Sigma-Aldrich)
according to manufacturer’s guidelines. PCR reaction was mixed with Binding Solution in 1:5
of volume and centrifuged at 13,100 xg for 1 min. Following with washing in Wash solution,
DNA was finally eluted with 30 — 50 ul of water.

DNA was extracted from agarose gels using the PCR Gel Extraction kit (Sigma-Aldrich)
according to manufacturer’s guidelines. Briefly, bands were excised using a scalpel, weighed
and mixed with 3 volumes of neutralise buffer. Following 10 min incubation at 56 °C. 1 volume
of isopropanol was added, and the resulting samples were applied onto a column and
centrifuged at 13,000 xg for 1 min. The column was washed with 800 ul of washing buffer
(13,000 x g for 1 min). DNA was eluted by adding 30 - 50 ul of nuclease-free water, incubating

for 1 min at RT and centrifuging at 13,000 xg for 1 min.

2.3.6. Restriction Digests

All restriction endonuclease digest were carried out using enzymes provided by New England
Biolabs (NEB) according to manufacturer’s guidelines. Vector plasmid was then mixed with 2
ul of Dpnl and 4 ul of CutSmart buffer in a final volume of 40 ul and incubated at 37 °C for 2
hours, followed by PCR clean-up. DNA inserts and digested vector were then incubated with
1 ul each BamHI-HF, Sphl, and 1X CutSmart buffer in a final volume of 34 pl at 37 °C for 1-2

hours.

2.3.7. DNA Ligation

Digested vector plasmid was dephosphorylated by Antarctic phosphatase (NEB), according to

manufacturer’s guidelines. Ligation reactions were carried out for 15 min at RT using
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QuickStick ligase (Bioline) as per manufacturer’s guidelines in a total volume of 20 ul (50 ng of
DNA in nuclease-free water, 1x Quick Stick ligase buffer, 1 ul QuickStick ligase). For routine
cloninga2:1or 3:1 or 5:1 insert:vector molar ratio was used, the amounts of DNA inserts were

calculated by NEBioCalculator (http://nebiocalculator.neb.com). Restriction digested

enzymes were phosphorylated using 1 ul of T4 polynucleotide kinase (NEB) prior to ligation.

2.3.8. Gibson Assembly

Assembly of vector plasmid and DNA inserts in some mutant cloning was performed using
Gibson Assembly Master Mix (NEB). Primers used to amplify DNA inserts were designed using

NEBuilder (http://nebuilder.neb.com/). Linearised vector and DNA inserts were mixed in 1:2

or 1:3 or 1:5 molar ratio, using 100 - 200 ng of vector and the amounts of inserts was calculated
according to manufacturer’s instructions. DNA mixture was incubated with 1X Gibson
Assembly Mater Mix at 50 °C for an hour, followed by transforming in to NEB5a cells as

described in 1.1.4.

2.3.9. Allele Exchange Mutagenesis

ACE mutants were generated in C. difficile 630 as described by Ng et al. (2013) (Ng et al., 2013).
Briefly, mutated alleles carrying in-frame deletions were generated by cloning PCR-amplified
750 bp upstream and downstream homology regions into pMTL960 derived plasmids using
Gibson Assembly or restriction sites according to manufacturer’s instructions. The resulting
plasmids were conjugated into C. difficile as described in 1.1.5. Following two passages on
BHIS agar supplemented with 5 ug ml?, 15 pg ml! thiamphenicol and 250 ug ml* cycloserine
or 16pg ml? cefoxitin, colonies that were noticeably larger (indicative of plasmid integration)
were screened by colony PCR to identify single-crossover mutants using primers flanking the
upstream and downstream homology regions and one of these primers in conjunction with a
plasmid-specific primer to amplify across the integration junction. Single crossover mutants
were streaked onto C. difficile minimal medium (CDMM) supplemented with 5 pg ml? uracil
and 2 mg ml? 5-fluoroorotic acid (FOA) to select for plasmid excision. The isolated FOA

resistant colonies were screened by PCR. Double-crossover mutants in which the mutated
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allele was successfully integrated yielded products smaller than those seen in WT revertants.
The resulting colonies were then patch plated onto non-supplemented and selective BHIS agar
to select for thiamphenicol prototrophic indicating successful allele exchange, as plasmid-
borne thiamphenicol resistance released from the gDNA. Thiamphenicol-sensitive colonies

were screened by colony PCR and sequenced by Eurofins Genomics for confirmation.

2.3.10. Vector Construction

As explained in 1.3.9, construction of plasmids for allele-exchange mutagenesis started from
inserting amplified gene homology regions into a linearised pseudo-suicide vector pMTL-
SC7315, or pJAK112 by Gibson Assembly or BamHI/Sacl restriction sites.

A pilD1 deletion plasmid was constructed using primers 0ZGW030/0ZGWO031 to amplify the
upstream region and 0ZGW032/0ZGWO033 to amplify the downstream region. Vector pMTL-
SC7315 was linearised by primers 0ZGW028/0ZGW029. Amplified upstream and downstream
regions of pilD1 were assembled into the linearised vector, yielding plasmid pZGWO001.
Assembly clones were screened by colony PCR using primers 0ZGW001/0ZGW002.

A pilD1 complementation plasmid was constructed using primers 0ZGW058/ 0ZGWO059 to
amplify pilD1, which was inserted into linearised vector pECC76 via BamHI/Sphl restriction
sites, yielding plasmid pZGWO007. Assembly clones were screened by colony PCR using primer
0ZGWO056/0ZGWO057. Vector pECC76 was linearised using primers 0ZGW062/0ZGWO063.

A pill deletion plasmid was constructed using primers 0ZGW040/0ZGW041 to amplify the
upstream region and 0ZGW042/0ZGW043 to amplify the downstream region, which were
then assembled into vector pJAK112 using BamHI/Sacl restriction sites, yielding plasmid
PZGW002. Assembly clones were screened by colony PCR using primers 0ZGW001/0ZGW002.
A pill complementation plasmid was constructed using primers 0ZGW060/ 0ZGWO061 to
amplify pill, which was inserted into linearised pECC76 via BamHI/Sphl restriction sites,
yielding plasmid 0ZGW008. Assembly clones were screened by colony PCR using primers
0ZGWO056/0ZGWO057.

pilA1 complementation plasmids pZGWO005 and pZGWO006 were synthesised by GENEWIZ
(Azenta Life Sciences, US). Plasmid pZGWO005 contains Ptet promoter regulating dccA,
followed by a terminator and pilA1 with its own promoter region from C. difficile 630 gnomic

DNA. Plasmid pZGWO0O06 is based on pZGWO0O05, but contains a riboswitch Cdi2_4 between the
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terminator and pilA1 promoter region. Both plasmids were transformed into NEB5a and
clones confirmed by colony PCR using primers 0ZGW077/0ZGW078.
A full list of plasmids used in this study can be found in Table A-2 in Appendix A.

2.4. Protein Manipulation

2.4.1. Protein Expression in C. difficile

Overnight growth was sub-cultured into pre-reduced BHIS to a resultant ODeoo of 0.1 and grow
until reaching late log-phase (ODsoo of approximately 1.8). The culture was centrifuged at
17,000 xg for 10 min in Eppendorf tubes. The supernatant was kept for TCA extraction. The

cell pellets were washed in PBS and centrifuged once again, followed by freezing at -20 °C.

2.4.2. Tri-Chloroacetic Acid Precipitation of Protein

C. difficile culture supernatant was harvested by centrifugation (17,000 xg for 10min). Tri-
chloroacetic acid (TCA) was added into C. difficile culture supernatant to a final concentration
of 10 %. Samples were vortexed briefly, incubated on ice for 30 min on shaker and centrifuged
at 4,000 for 10 min. The sample was precipitated with ice-cold 90 % acetone for 15 min on
shaker and centrifuged at 17,000 xg for 3 min and vortex, followed by repeating precipitate
and centrifuge two more times. Protein pellets were incubated at room temperature

overnight to evaporate any residual liquid and resuspended to ODeggo of 100.

2.5. SDS-PAGE and Immunoblotting

2.5.1. Cell lysate Preparation

Cell pellets were thaw on ice and resuspended to ODego of 100, followed by incubation with
12 ug ml! of DNase and 20 pg ml* of CD27L for 1 hour. 60 % w/v of 0.1 mm beads were added
into the cell pellets, vortexed for 10 min and mixed with 10 % SDS. Both cell proteins and TCA
extracted proteins were mixed with 1X Loading buffer (100 mM Tris base pH 8.8, 4 % SDS, 20
% glycerol, 0.2 % bromophenol blue, 200 mM DTT).
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2.5.2. SDS-PAGE and Coomassie Staining

Denaturing sodium dodecyl sulphate (SDS) polyacrylamide gel electrophoresis (PAGE) was
used throughout to identify and verify the quality of protein samples. Samples were mixed
with 2X SDS-sample buffer prior to loading on a 12% SDS-PAGE gel (12% Bis-acrylamide,
375mM Tris base (pH8.8), 0.1% SDS, 0.1% ammonium persulphate, 0.05% TEMED). SDS-PAGE
was performed at 180 V for 45 - 60 mins depending upon the mass of the sample. Proteins
were stained with InstantBlue (Expedeon), followed by destaining in water overnight. Gels
were scanned using Bio-Rad ChemiDoc and verified molecular weight using PageRuler protein

ladder (ThermoFisher Scientific).

2.5.3. Immunoblotting

Following SDS-PAGE, proteins were transferred onto nitrocellulose membranes by semi-dry
transfer. The transfer stack was assembled as follows. Two pieces of Whatman 3 mm filter
paper soaked in Anode buffer | (300 mM Tris-HCl in 10 % methanol, pH 10.4), followed by one
piece of filter paper soaked in Anode buffer Il (25 mM Tris-HCl in 10% methanol, pH 9.4),
followed by nitrocellulose membrane wet with Anode buffer Il, followed by the gel soaked in
Cathode buffer 40 mM glycine; 25 mM Tris-HCl in 10 % Methanol, pH 9.4) followed by three
pieces of filter paper soaked in Cathode buffer. Transfer was carried out for 20 - 25 min at a
constant voltage of 15V. Following protein transfer, membranes were blocked in TBSTM
buffer (3 % milk, 0.01 % Tween-20, 1X TBS) for 1 hour at 4 °C and incubated with primary
antibodies in TBSTM buffer for 1 hour in 4 °C. After washing the membrane with TBST buffer
(0.01 % Tween-20, 1X TBS) for 10 min and repeating twice, secondary antibodies were applied
in TBSTM buffer and incubated as above. The membranes were washed with TBST buffer two
more times and rinsed by 1X TBS buffer and developed using chemiluminescence substrate
(Bio-Rad). Signal was detected using Bio-Rad ChemiDOC. Immunoblots were performed in at
least biological triplicates. Data for quantitative analysis was collected with Fiji and processed
in Excel. A complete list of primary and secondary antibodies used throughout this study is

provided in Appendix A, Table A-3.
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2.6. Phenotypic Analysis

2.6.1. Growth Curves

Overnight cultures of C. difficile were sub-cultured into pre-reduced BHIS to resultant ODeoo
at 0.05. The cultures were incubated for several hours, and ODsgo was measured hourly either
manually in a spectrometer or using a Cerillo plate reader. For statistical analysis, each assay

was performed in technical duplicates with biological triplicates.

2.6.2. Flagella Motility Assays

Overnight cultures of C. difficile were sub-cultured into pre-reduced BHIS to resultant ODeoo
at 0.1, and grow until reaching log phase (ODeoo ~ 0.8). Flagella motility was assessed by
inoculating a plate of 0.3 % motility agar (0.5X BHIS, 0.3 % agar) with 1 pl of cultures. The rest
of culture was used for western blot analysis as described in 2.4. Motility zones were
measured 24 and 48 hours after inoculation. Each assay was performed in technical duplicates

with biological duplicates.

2.6.3. Twitching Motility Assays

Overnight cultures of C. difficile were sub-cultured into pre-reduced BHIS to resultant ODeoo
at 0.1, and grow until reaching log phase (ODsoo ~ 0.8). Twitching motility was assessed by
spotting 5 ul of cultures onto plates of 1.8 % agar (1X BHIS, 1.8 % agar) supplemented with
antibiotics. Colony size was measured every 24 hours for 7 days. When harvesting from the
plate, cells were resuspended in 1 ml of BHIS by L-spreader and transferred in to Eppendorf

tubes by pipetting. Assays were performed in technical triplicates with biological triplicates.

2.6.4. Biofilm Assays

Overnight cultures were inoculated in 1:100 into pre-reduced BHIS in 24-well plates. After

incubation in cabinet for 7 days, culture liquid was taken out by pipettes and washed by PBS,
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followed by staining in 0.2 % of crystal violet for 30 min. Biofilm in each well was then washed
in PBS twice. Stains on biofilm were dissolved in absolute methanol for 30 min and absorbance
at 595nm was measured by using plate reader (Biotek, UK). Assays were performed in

technical triplicates with biological triplicates.

2.6.5. Phase Contrast Microscopy

Overnight growth was sub-cultured into pre-reduced BHIS to a resultant ODego of 0.1 and
grown until reaching late log-phase (ODeoo of approx. 1.8). Cells were harvested by centrifuging
at 4,000 xg for 3 min and washed in PBS buffer and repeat centrifuge. Cells were resuspended
in PBS buffer to ODego 10 and 1 pl was spotted onto an agarose pad (1.5 % agarose, 1 pg ml?
FM 4-64, 1 pg mlt Hoechst, 0.5 % DMSO) on a microscope slide (VWR), covered with cover
glass after agarose pad absorbing the culture. Cells were visualised in a Nikon Ti microscope.
Microscopy images were taken at 4 random fields from biological triplicates. Cell lengths were

measured with 10 random cells from each image.

2.6.6. Statistical analysis

Statistical analysis was carried out in GraphPad Prism v.12. For cell length, biofilm formation
and motility diameters one-way ANOVA tests were used, while for cell growth a two-way
ANOVA was carried out. Significance is indicated as * (p < 0.1), ** (p < 0.01), *** (p < 0.001)
and **** (p <0.0001).
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Chapter 3: c-di-GMP Impact on Cell Growth and TFP Expression

3.1. Introduction

At a high intracellular level of c-di-GMP, c-di-GMP binds to riboswitch Cdi2_4 and induces pilA1
expression. To control the level of c-di-GMP in our experiments, dccA, the diguanylate cyclase
(DGC) responsible for c-di-GMP synthesis, was introduced into C. difficile via an inducible

plasmid vector.

The overexpression of dccA when under the control of Pewp2, a constitutively active promoter,
resulted in an uncontrolled high level of c-di-GMP, which lead to elongated cell shapes
(Couchman, 2016). Therefore, a tetracycline-inducible promoter, P::, was used to control
dccA expression (Appendix Figure A-1). When supplementing anhydrotetracycline (ATc)
during incubation, the Pt promoter is activated to induce dccA expression, which increases

the level of c-di-GMP and triggers pilA1 expression via binding to the riboswitch Cdi2_4.

The first aim in this chapter was to optimise DccA levels by investigating a range of ATc
concentrations. An ideal level of induction to elevate intracellular c-di-GMP should switch on
pilAl expression but avoid leading to long abnormal cell morphologies, as reported for

constitutive dccA expression (Couchman, 2016).

In previous work, genes encoding TFP proteins in the primary gene cluster, apart from one of
the pre-pilin peptidases, pilD1, had been deleted for mutagenesis studies. In this chapter,
strains lacking pilD1 and pill were constructed and characterised, in order to complete that
work (Couchman, 2016). Investigation of cell growth and morphology, pilA1 expression and

biofilm formation in these strains was the second aim of the work described in this chapter.
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3.2. Effects of c-di-GMP on C. difficile Cell Growth and TFP expression

3.2.1. dccA induction and CD630 growth and cell morphology

As described above, expression of C. difficile TFP requires a high level of intracellular c-di-GMP,
while avoiding forming long-chain cell shape phenotype. An inducible copy of the dccA gene
was introduced into cells via plasmid pECC17 with a regulatory promoter Pe:. First, a range of
anhydrotetracycline (ATc) concentrations, from 0 to 100 ng ml?, was supplemented into C.
difficile growth culture and cell growth was examined in the wild-type strain 630 (CD630),
vector control 630 _pASF85 and dccA inducible strain 630 _pECC17. The vector pASF85

contains the Pt promoter region and sIpA terminator without the dccA gene.

Cell growth was followed from 0 to 11 hours of culture growth by manually collecting a sample
at one-hour intervals and measuring the ODsoonm in a spectrometer, as described in section
2.6.1. There was no phenotype observed in strains CD630 (Figure 3-1, panel A and B) and
630_pASF85 (Figure 3-1, panel C and D). However, in 630_pECC17, addition of ATc to the
culture lead to slower growth rates, particularly at 75 and 100 ng ml? of ATc (Figure 3-1, panel

E and F).

During growth measurements, microscopy samples were taken from incubated cultures
after 7 hours of growth, which is in the middle of log phase approximately. From the results,
CD630 (Figure 3-2) and vector control 630_pASF85 (Figure 3-3) do not show obvious
difference in cell morphology under 0 — 100 ng ml* of ATc supplementation. This indicates
neither addition of ATc from 0 — 100 ng ml* nor introducing the empty vector have any
effect on cell morphology. When inducing dccA expression in 630_pECC17, longer cell shapes

are observed as ATc concentration increases (Figure 3-4).
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Figure 3-1. C. difficile growth under varying ATc concentrations

Growth curves of C. difficile strain CD630 (A), vector control 630_pASF85 (C) and dccA inducible strain
630_pECC17 (E) were measured hourly by spectrometry absorbance at 600nm during 11 h incubation in BHIS
with 0, 25, 50, 75 or 100 ng ml! of ATc supplementation. The corresponding growth rates are shown in panels B,

D and F. Data analysed via 2-way ANOVA performed by GraphPad Prism.
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100 ng/ml

Figure 3-2. C. difficile CD630 cell morphology under varying ATc concentrations
Phase contrast microscopy showing CD630 cells incubated in BHIS culture for 7 hours with 0, 25, 50, 75, 100 ng

ml? (A-E) of ATc supplementation. Red bar indicates 10 um.
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630_pASF85

100 ng/ml

Figure 3-3. C. difficile 630_pASF85 cell morphology under ATc concentrations
Phase contrast microscopy figures showing C. difficile 630_pASF85, the vector control strain, cells incubated in

BHIS culture for 7 hours with 0, 25, 50, 75, 100 ng ml™* (A-E) of ATc supplementation. Red bar indicates 10 um.
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630_pECC17

75 ng/ml

100 ng/ml

Figure 3-4. C. difficile 630_pECC17 cell morphology under ATc concentrations
Phase contrast microscopy figures showing C. difficile 630_pECC17, dccA inducible strain, cells incubated in BHIS
culture for 7 hours with 0, 25, 50, 75, 100 ng ml™* (A-E) of ATc supplementation. Red bar indicates 10 um.

Analysis of the growth curves and examination of cell morphology showed that
concentrations higher than 50 ng ml of ATc lead to significant defects in 630_pECC17 so

this was the concentration used to analyse the effects of dccA induction in more detail.
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Growth of the three C. difficile strains, CD630, vector control 630_pASF85 and dccA inducible
strain 630_pECC17, under 0 or 50 ng ml* of ATc supplementation was further analysed (Figure
3-5). One-way ANOVA analysis showed no significant difference on growth rates in the
presence or absence of 50 ng ml* of ATc in all three strains, confirming that this is a suitable

concentration of ATc to use in our studies (Figure 3-5).
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Figure 3-5. C. difficile growth with and without ATc supplementation

The growth of C. difficile strains CD630 (grey), vector control 630_pASF85 (blue) and dccA inducible strain
630_pECC17 (ECC; yellow) with O (circle) or 50 (triangle) ng ml of ATc supplementation from 0 — 11 hours of
growth are presented by growth curves (A) and growth rates (B). OD is measured by absorbance at 600nm. Figure

and one-way ANOVA analysis performed using GraphPad Prism.

The cell morphology was investigated in more detail by phase contrast microscopy, and cell
length was measured. In CD630 and vector control 630 pASF85, there is no significant
difference in cell length when adding 0 or 50 ng ml* of ATc (Figure 3-6, panel A, B and D).
There is also no significant difference between these two strains. This confirms that addition
of 50 ng ml? of ATc or introducing the empty vector does not lead to changes in cell
morphology. Compared to CD630 and 630_pASF85 or absence of ATc, 630 _pECC17 cells grow
to a longer cell shape when dccA expression is induced (Figure 3-6, panel C and D), suggesting
that higher c-di-GMP levels lead to a phenotype related to cell division/growth. It should be
noted that strain 630_pECC17 contains multiple copies of the inducible plasmid and the effect
of addition of ATc is therefore amplified when compared to insertion of an inducible gene on
the chromosome.
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Figure 3-6. C. difficile cell morphology with and without ATc supplementation

Phase contrast microscopy figures showing C. difficile CD630 (A), 630_pASF85 (B) and 630_pECC17 (C). Samples
were incubated in BHIS for 7 hours with (+ ATc) or without (- ATc) 50 ng ml™* ATc supplementation. Red bar
indicates 10 um. (D) Dot plots show the data of measured cell lengths of CD630 (grey), 630_pASF85 (blue) and
630_pECC17 (ECC yellow). 120 cells were randomly picked and measured. Horizontal lines indicate the median.

“*¥*x* indicates P<0.0001. Figure generated and one-way ANOVA analysis performed by GraphPad Prism.

3.2.2. TFP expression in C. difficile 630 under optimised ATc concentration

After selecting the optimised concentration of ATc, we then investigated whether TFP
expression is up regulated by induction of dccA, by immunoblot analysis of cell extracts and

supernatant fractions of CD630, 630_pASF85 and 630 _pECC17 cultures. After harvesting cells
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as described in section 2.4.2., the culture supernatants were kept for tri-chloroacetic acid
(TCA) protein precipitation to investigate the proteins exported on cell surfaces, while cells
were lysed for investigating the cytosolic proteins. Each strain was incubated with and without
50 ng ml! of ATc supplementation, and samples were run side by side on western blots, as

described in section 2.5.3.

Comparing the western blot results shown in Figure 3-7, no PilAl signal is detected from
CD630 cultures, from neither TCA nor lysate samples with only a very faint signal observed in
secreted fractions (Figure 3-7, panel A). In 630_pASF85 vector control, small amounts of PilAl1
are detected from lysate samples in both plain and ATc supplemented conditions (Figure 3-7,
panel B). However, very enhanced pilA1 expressions are detected in ATc-induced 630_pECC17
samples from both cell lysate and culture supernatant (TCA samples), and PilA1 polymers are
clearly observed in the TCA sample, while smaller amount of PilAl signals is also detected in

uninduced 630_pECC17 but no PilA1 polymers were detected. (Figure 3-7, panel C).

The results indicate that PilA1l is efficiently expressed and exported to assemble into polymers
only when dccA is induced by supplementing with ATc. As DccA is a key enzyme in c-di-GMP
synthesis, these results indicate that pilAl expression is regulated by the level of c-di-GMP.
The PilA1 signals detected in uninduced 630 _pECC17 might be due to leakage of the Pt

promoter, which is also observed by other groups (Loew et al., 2010).
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Figure 3-7. Immunoblot detection of PilA1l in C. difficile extracts

PilA1 signals detected by western blots using anti-PilA1 antibodies in cultures from strains CD630 (A, D), vector
control 630_pASF85 (B, E), and dccA inducible strains 630_pECC17 (C, F) after 7 hours growth in BHIS with 0 (')
or 50 (‘+') ng ml! of ATc. Secreted proteins present in the culture supernatant were extracted with TCA, while
cytosolic proteins were analysed from the cell lysate. Quantified intensity of bands is shown in (D), (E), and (F),
slash colours indicate ATc supplementation, raw data presented in Appendix E-1. Predicted molecular weight of
pre-pilin PilAl is 18.2 kDa (black arrow), mature pilin PilA1 (green arrow) is 17.2 kDa. PilA1 polymers (blue arrow)
were detected in TCA fractions of induced 630_pECC17.

3.3. Impact of TFP Proteins on Cell Growth

3.3.1. pilAl expression in ApilA1 mutant and complement strains

PilAl is known as the major pilin assembling into pili filaments and is therefore a surface
protein being exported and functioning outside the cell. A pilA1 mutant (ApilA1) and
complemented strain where the pilA1 gene was inserted via a pECC17-derived plasmid,
downstream of dccA regulated by Pt promoter (Pt — dccA — pilA1 — plasmid pECC109, see
Appendix Figure A-2) had successfully been constructed by our collaborator Dr Couchman as
detailed in section 2.1.5. Both deletion and complemented strains were confirmed by PCR

(Appendix Figure A-3 and A-4).
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In the plasmid pECC109, both dccA and pilAl genes are under direct regulation of the Pt
promoter, rather than pilA1 being under c-di-GMP riboswitch control. This means that
characterisation of the 630 _pECC109 under ATc supplementation corresponds to an
artificially high pilAl1 expression. Therefore, we designed two other complementation
plasmids, based on pECC109 but containing a terminator sequence between the dccA and
pilAl sequences. In one plasmid, pZGWO006, we also included the riboswitch Cdi2_4 and
predicted promoter regions of CD630 genomic pilA1 (Ptet— dcCA — term — cdi2_4 — Ppiia1— pilAl,
Appendix Figure A-5). In this plasmid, dccA expression is regulated by the P:: promoter, the
level of c-di-GMP is increased and it then binds the Cdi2_4 sequence, switching on pilAl

expression from the plasmid.

Complementation plasmid pZGWO0O05 contains the terminator between dccA and pilA1 without
the riboswitch or pilA1 promoter regions (Ptet— dcCA — term — pilA1), and the pilA1 expression is

not expected to be up regulated by increased level of c-di-GMP (Appendix Figure A-6).

A §5° B SQQ‘O Figure 3-8. Colony PCR for pZGWO005 and
M © M © ;
Q Q pPZGWO006 plasmids
H Agarose gel to analyse products of colony PCR
g using primers 0ZGWO077/0ZGWO078. Lane ‘M’
2.54 .
o - Z&Lm : ' indicates marker. Both plasmids were synthesised

and used as ApilA1 complementation. (A) PCR
product of pZGWO0O05, expected band size is

m
il

2145bp. (B) PCR product of pZGWO006, expected
band size is 2253bp.

To confirm if ApilA1 and complemented strains are aligned with our hypothesis when
designing our complement vectors, levels of PilA1 were analysed by immunoblotting as
described above. As we had previously established that expression of detectable levels of
PilAl requires increased c-di-GMP via dccA induction (section 3.2.), all further investigations
were done in the 630_pECC17 strain background, where we can control c-di-GMP levels by

addition of ATc.
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Expression of PilA1 in CD630 with dccA-inducible plasmid (630 _pECC17), ApilAl
(630ApilA1_pECC17) and complement strains 630ApilA1_pECC109, 630ApilA1_pZGWO005 and
630ApilA1_pZGWO006 were studied (Figure 3-9). When dccA expression is not induced by
addition of ATc, no PilAl signal can be detected from cell lysates or supernatants from any of
these strains. Upon dccA induction, PilAl signals are detected in the cell lysates from
630_pECC17 and 630ApilA1_pZGWO006 (Figure 3-9, panel A) and in culture supernatants from
630_pECC17, 630ApilA1_pECC109 and 630ApilA1_pZGWO0O06 (Figure 3-9, panel B and C).

The complement strain 630ApilA1_pZGWO006 was expected to show similar levels of PilAl as
630 _pECC17, as pilAl gene expression is regulated by increased binding of c-di-GMP to Cdi2_4
riboswitch. However, in the western blots, 630ApilA1_ pZGWO006 expresses a much higher
amount of PilA1, as indicated by the strong signal detected (Figure 3-9, panel B). This could be
due to the multiple copies of plasmids pZGWO006 containing cdi2_4 and pilAl genes in a
630ApilA1_ pZGWO0O06 cell, where only a single copy of cdi2_4 and pilAl genes are present in
the genome of a 630_pECC17 cell.

To better compare the levels of PilA1 detected in 630_pECC17 and 630ApilA1_pECC109, the
membrane was imaged at higher contrast and the strong signals of 630ApilA1_ pZGW006
were omitted from the analysis (Figure 3-9, panel C). Higher levels of PilA1 were detected in
630ApilA1_pECC109 than in 630 _pECC17 as the P+ promoter induces pilAl expression
directly as well as indirectly by induction of dccA and subsequent binding of c-di-GMP to the

riboswitch, further increasing pilAl expression.
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Figure 3-9. Immunoblot detection of PilAl in C. difficile 630 ApilA1 and complement strains

PilA1 signals detected by western blots using anti-PilAl antibodies in cultures from strains 630_pECC17 (ECC),
630ApilA1_pECC17 (AA1_E) and complement strains 630ApilA1_pECC109 (109), 630ApilA1_pZGWO005 (005) and
630ApilA1_pZGWO006 (006) after 7 hours growth in BHIS with (+ ATc) or without induction (- ATc) of dccA
induction by ATc supplementation. (A) Secreted proteins present in the culture supernatant were extracted with
TCA. (B) Cytosolic proteins were analysed from the cell lysates. (C) High exposure of the membrane seen in (A)
to better analyse the bands for samples from 630_pECC17 (ECC), 630ApilA1_pECC17 (AA1_E),
630ApilA1_pECC109 (109) and 630ApilA1_pZGWO005 (005) cultures, with lanes corresponding to
630ApilA1_pZGWO006 samples removed for clarity. Quantified PilA1 signals are shown for samples in TCA (D) and
lysates (E), slash colours representing ATc supplementation, raw data presented in Appendix E-2. Predicted
molecular weight of pre-pilin PilAl is 18.2 kDa (black arrow), mature pilin PilAl (green arrow) is 17.2 kDa. PilA1
polymers (blue arrow) were detected in TCA fractions of induced 630 pECC17, 630ApilA1_pECC109 and
630ApilA1_pZGWOO06.
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Conversely, pilAl expression in 630ApilA1_pZGWO0O05 is similar to that seen in CD630, as this
plasmid lacks both the riboswitch, the pilAl promoter regions and the gene is found after the

terminator sequence within the plasmid.

These results confirm that dccA regulates PilA1 expression via the c-di-GMP riboswitch Cdi2_4
and that little to no of PilAl are produced when c-di-GMP levels are low. Moreover, it shows
that, in order to analyse complementation of a pilA1 deletion, careful plasmid design is needed
to replicate gene regulation mechanisms. It should be noted that complementation in the

chromosome would have been ideal, but this was beyond the scope of this work.

3.3.2. Effect of PilA1 in growth and cell morphology

After analysing pilA1 expression in C. difficile ApilA1 and complement strains, the impact of
the lack of PilA1 in cell growth and morphology were investigated in both CD630, 630 _pECC17
and 630_pASF85 background. Growth measurements were performed at an OD of 595nm
using a plate reader. From the growth curves shown on Figure 3-10, there is no significant
difference between CD630 and ApilA1 (Figure 3-10). Similarly, no difference is seen between
630_pECC17 and 630ApilA1_pECC17 or when introducing the empty vector pASF85 (Appendix
figure B-1).

We then compared the effect of addition of ATc in the growth of strains lacking pilA1 and
complemented with the different plasmids described above. When dccA is induced by adding
ATc, neither deletion nor re-introduction of the pilAl gene leads to a phenotype when
compared to the parent strain (Figure 3-10). Therefore, pilA1 expression does not affect
growth under increased levels of c-di-GMP. Complementation of the pilAl deletion with the
pZGWO006 plasmid seems to have a slower growth than other strains under both uninduced
and induced conditions (Figure 3-10) but two-way ANOVA analysis shows that this not a

statistically significant difference.
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Figure 3-10. CD630 and ApilA1 growth curves and rates

Growth of CD630 (grey), 630ApilAl (AA1; cyan), 630_pECC17 (ECC; yellow), 630ApilA1_pECC17 (AA1_E; pink) and
complementation strains 630ApilAl_pECC109 (109; orange), 630ApilAl_pZGWO0O05 (05; green) and
630ApilA1_pZGWO006 (006; blue) was measured hourly by spectrometry absorbance at 595 nm in a plater reader
during 12 hour incubation in BHIS. (A) Growth curves without ATc supplementation. (B) Growth curves under 50
ng ml! of ATc supplementation. (C) Growth rates of all strains under either O (-, dots) or 50 ng ml! (+, triangles)
of ATc supplementation. No significant difference reported after one-way ANOVA analysis performed by

GraphPad Prism.
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Figure 3-11. Effects of pilA1 in cell morphology

CD630 (grey), 630ApilA1 (AA1; cyan), 630_pECC17 (ECC; yellow), 630ApilA1_pECC17 (AA1l_E; pink) and
complementation strains 630ApilA1_pECC109 (109; orange), 630ApilA1_pZGWO005 (05; green) and
630ApilA1_pZGWO006 (06; blue) incubated either with (+) or without (-) ATc supplementation. Samples were
collected after incubating in BHIS for 7 hours. (A) Phase contrast microscopy. Red bar indicates 10 um. (B) Dot
plots show the data of measured cell length. 120 cells were randomly picked and measured. Data from samples
under ATc supplementation is coloured in darker shades. Horizontal lines indicate the median. ‘*’ represents

P<0.1, “****’ represents P<0.0001. Figure generated and one-way ANOVA analysis performed in GraphPad Prism.
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To investigate whether pilA1 expression affects cell morphology, C. difficile cells were
examined by phase contrast microscopy and cell length was measured (Figure 3-11). There
was no difference in cell morphology or length between CD630 and ApilA1 cells (Figure 3-11).
Therefore, deleting pilA1 gene has no significant effect on CD630 cell growth and morphology.
Similarly, introducing the empty vector pASF85 or pECC17 plasmid into ApilA1 shows no
phenotype when compared to the strains containing an intact pilAl gene or CD630 (Appendix
Figure B-2). Moreover, complementation of the pilA1 deletion with pECC109, pZGWO005 or

pZGWO0O06 also did not cause any changes in the absence of ATc.

As reported in section 3.2.1., upon dccA induction, 630_pECC17 shows longer cell shapes.
Interestingly, these long cell shapes were not observed in ApilA1 upon dccA induction (Figure
3-11). When pilA1 was re-introduced into cells by complementation, the long cell shapes are
not restored in 630ApilAl_pECC109 and 630ApilAl_pZGWO005 but are observed in
630ApilA1_pZGWO0O06 strain (Figure 3-11). PilA1 expression in 630ApilA1_pZGWO006 strain is
regulated by riboswitch Cdi2_4, while the other two complement strains are either regulated
by P:t promoter or not activated. This result confirms that increased level of c-di-GMP leads
to the long cell shapes, but also suggests that pilA1 expression could be linked to the changes

in cell morphology.

3.3.3. TFP expression in 630ApilD1

In the C. difficile 630 genome, genes encoding TFP proteins are mainly located into two gene
clusters, the primary and secondary gene clusters. In the primary gene cluster, two peptidases,
PilD1 and PilD2, were predicted to modify pre-pilin PilAl to generate the mature major pilin.
As discussed in section 1.3.1., in the previous study from our collaborators all genes in the TFP
primary gene cluster of CD630 have been deleted and their role in pilin formation investigated,
apart from PilD1 (Couchman, 2016). Here, a pilD1 mutant (ApilD1) was successfully
constructed, as detailed in 2.3.10. (Figure 3-12, panel A). The mutant was also complemented
with plasmid pZGWO007 and the dccA-inducible plasmid pECC17 also introduced in the
630ApilD1 strain, as described in 2.3.10. (Figure 3-12, panel B).
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Figure 3-12. Screening of ApilD1 mutants and complementation

(A) Colony PCR using primer pair 0ZGW036/0ZGWO037 to confirm deletion of pilD1. PCR product band size of
CD630 strains is 2423bp. A smaller band of 1895bp is seen in 630ApilD1, confirming successful deletion. (B)
Colony PCR using primers 0ZGW001/0ZGW002 to confirm complementation of 630 ApilD1 with plasmid
pZGWO0O07 (expected size 1932bp). Lane ‘M’ indicates marker, lane ‘1-7’ indicate PCR products of assembly clones.

Clones of lane ‘2-7’ contain the plasmid for pilD1 complementation.

After confirming deletion, the strains 630ApilD1 and 630ApilD1_pASF85 (vector control) were
firstly tested under conditions of without and with ATc supplementation, results are shown in
Appendix figure B-3. The dccA inducible plasmid was then introduced into the ApilD1 mutant
strain, and a complement plasmid was constructed and introduced into the mutant as

described in 2.3.10.

We then investigated if deletion of pilD1 would affect the levels of detectable PilAl. Proteins
on the cell surface were extracted by TCA precipitation, whereas cytosolic proteins were
examined from the cell lysates, as described above for the ApilA1 and complement strains.
Figure 3-13 shows the western blots of supernatant extracts and cell lysates from
630_pECC17, ApilD1 (630ApilD1_pECC17) and the  complemented strain
(630ApilD1_pZGWO007). PilA1 signal was detected in both cell lysates and supernatant extracts
from all strains when dccA expression is induced, although at seemingly lower levels in the
ApilD1 and complement strains. PilA1 polymers are detected from supernatant extracts,

which shows PilAl is assembled into pilin filaments.
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Figure 3-13. Immunoblot detection of PilA1l in C. difficile 630 pilD1 mutant and its complement strain

PilA1 signals detected by western blots using anti-PilA1 antibodies from strains 630_pECC17 (ECC),
630ApilD1_pECC17 (AD1_E) and 630ApilD1_pZGWO0O07 (ApilD1c) cultures after 7 hours growth in BHIS with (+
ATc) or without (- ATc) dccA induction by ATc supplementation. (A) Secreted proteins present in the culture
supernatant were extracted via TCA extraction, signal bands were quantified (C), slash colours representing ATc
supplementation, quantification data in Appendix E-3. (B) Cytosolic proteins were analysed from the cell lysates,
signal bands were quantified (D), slash colours representing ATc supplementation, quantification data presented
in Appendix E-3. Cathode/Anode buffers were applied in western blot, transfer was performed at 15V for 23
minutes onto nitrocellulose membranes. Predicted molecular weight of pre-pilin PilAl is 18.2 kDa (black arrow),
mature pilin PilAl (green arrow) is 17.2 kDaPilA1 polymers (blue arrow) were detected in TCA fractions of all

strains with dccA induced background.

Interestingly, a small amount of PilAl is detected in the cell lysate of 630_pECC17 without
induction, but this is not seen in cell lysates from either ApilD1 or the complemented strains.
As previously mentioned, P is a leaky promoter and some induction of dccA is likely to occur
even without the addition of ATc, which would explain the detection of PilAl in uninduced
630 _pECC17. Together with lower levels of PilAl detected upon dccA induction in ApilD1

strains, including in pilin polymers, this suggests that, although not essential for expression
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and export of PilA1, PilD1 might play a role in full processing of the pre-pilin. As demonstrated
by Couchman in his previous work, the other pre-pilin peptidase in the primary gene cluster,
PilD2, is essential for detection of PilA1 and therefore TFP biosynthesis. Taken together, these
results suggest that PilD1 is not the main pre-pilin peptidase, although some level of
redundancy is possible, and it could be implicated only under certain conditions. Further work

is required to fully understand the role of this peptidase.

3.3.4. Effect of pilD1 in cell growth

We then investigated the role of pilD1 in cell growth. ApilD1 was examined in both CD630 and
630 _pECC17 backgrounds, together with the complemented strain (Figure 3-14). Comparing
pilD1 mutant (630ApilD1) with wild type CD630 or 630_pECC17, no significant difference is
observed, which indicates deleting pilD1 gene does not lead to a change in growth (Figure 3-
14). It was also tested whether introducing the vector and supplementing ATc lead to any
changes in cell growth, results show there is no significant phenotype (Appendix figure B-3).
Similarly, under dccA induced conditions, no significant phenotype was observed in
630ApilD1_pECC17 and the complement strain 630ApilD1_pZGWO007 (Figure 3-14). These
results indicate that absence of pilD1 does not affect cell growth, even at higher levels of c-di-

GMP.
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Figure 3-14. CD630 and ApilD1 growth curves and rates
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Growth of CD630 (grey) and 630ApilD1 (orange), 630_pECC17 (ECC; yellow), 630ApilD1_pECC17 (AD1_E; purple)

and 630ApilD1_pZGWO007 (ApilD1c; navy) was measured hourly by spectrometry absorbance at 595 nm in a plate

reader, for 12h incubation in BHIS. (A) Growth curves without ATc supplementation. (B) Growth curves under 50

ng ml! of ATc supplementation. (C) Growth rates under either 0 (dots) or 50 ng ml?t (triangles) of ATc

supplementation. No significant differences were reported after one-way ANOVA analysis in GraphPad Prism.

3.3.5. Role of pilD1 in cell morphology

As with the ApilA1, the cell morphology was examined in ApilD1 strains by phase contrast

microscopy and cell length measurements (Figure 3-15). Interestingly, the longer cell shapes

seen in 630_pECC17 are occasionally observed in 630ApilD1, even though this phenotype was

not observed in ApilA1 (Figure 3-15). No phenotype was shown by introducing the empty

vector (Appendix Figure B-4).
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Figure 3-15. Effect of pilD1 in cell morphology

CD630 (grey), 630ApilD1 (AD1; orange), 630_pECC17 (ECC; yellow), 630ApilD1_pECC17 (AD1_E; purple) and
630ApilD1_pZGWO007 (navy) incubated either with (+, darker shades) or without (-) ATc supplementation.
Samples were collected after incubating in BHIS for 7 hours. (A) Phase contrast microscopy. Red bar indicates 10
um. (B) Dot plots representing measured cell length of 120 cells were randomly picked for each strain. Horizontal
lines indicate the median. “****’ indicates P<0.0001. Figure generated and one-way ANOVA analysis performed

in GraphPad Prism.

Further, CD630, ApilD1and its complement strain were then assessed upon induction of dccA.
Surprisingly, the extended cell length seen in 630_pECC17 strain and hypothesised to be due
to high c-di-GMP levels, is also observed in the corresponding ApilD1 mutant strain
(630ApilD1_pECC17), where pilAl is expressed and exported to form TFP (see section 3.3.3.
above). As discussed above, the longer cell length phenotype seen in 630_pECC17
supplemented with ATc is likely due to an increased level of c-di-GMP. However, this

phenotype is not observed in 630ApilA1_pECC17, even upon dccA induction, suggesting a
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direct effect of pilD1 rather than an effect on pilA1 maturation, as immunoblotting showed

this is not affected in these strains (see above).

Unexpectedly, this phenotype was also observed in ApilD1 complement strain, where cell
lengths are even longer than those detected in 630_pECC17 and 630ApilD1_pECC17 (Figure
3-15). It should be noted that the plasmid to complement pilD1 deletion was designed in a
similar way to pECC109: the pilD1 gene was introduced in the pECC17 plasmid, downstream
of dccA, under direct control of the P:.: promoter, as well as indirectly upregulated by the
elevated c-di-GMP levels due to dccA induction. Together with the fact that pZGWO007 is a
multi-copy plasmid, pilD1 complement strain is likely to express PilD1 at considerably higher

levels than CD630 and 630_pECC17.

Taken together, these results suggest that both absence and overexpression of pilD1 can lead
to longer cell shapes and further work is required to understand the effect of pilD1 on cell

division.

3.3.6. TFP expression in 630Apil)

As discussed in section 4.1., previous work has shown that a higher level of pilJ transcription
was found in biofilm culture than in planktonic culture (Maldarelli et al., 2016). PilJ is known
as a minor pilin, but the encoding gene is not located in either the primary or secondary TFP
clusters. Previous work showed by immunogold-labelled microscopy that Pill decorates the

PilA1 filament (Piepenbrink et al., 2014).

Here, a pill mutant (630Apil/) was constructed and investigated. The dccA inducible plasmid

was also introduced into ApilJ, and a complement plasmid was constructed and introduced

into Apill strain, as described in 2.3.10 (Figure 3-16).
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Figure 3-16. Screening of ApilD1 mutants and complementation

(A) Colony PCR using primers 0ZGW038/0ZGW039 to confirm deletion of pilD1. PCR product band size of CD630
strains is 2606 bp. A smaller band of 1821bp is seen in 630ApilJ, confirming successful deletion. (B) Colony PCR
using primers 0ZGW001/0ZGWO002 to confirm complementation of 630 ApilD1 with plasmid pZGWO008 (expected
size 2073 bp). Lanes ‘1-7’ indicate PCR products of assembly clones. Clones of lane 2 and 7 contain construct

plasmid for pil/ complementation. Lane ‘M’ indicates marker.

PilAl expression in Apil/ and the complement strains containing the inducible dccA plasmid
was then analysed, using the same procedures as described above. For completion, strains
lacking the plasmid were also tested (Figure 3-16). From the results shown in Figure 3-17, no
obvious difference was detected in the cell lysate across all strains. However, PilAl1 polymers
were not detected in the complemented strain in the supernatant fraction, while they were
found in both 630 _pECC17 and Apill. As the complementation plasmid is derived from
pPECC17, pilJ is under direct activation of AT, so it is possible that there is an excess Pill which

might disrupt PilAl assembly into polymers.

These results indicate Pill is not required for expression and export of PilAl to form TFP
filaments.
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Figure 3-17. Immunoblot detection of PilA1 in CD630 ApilJ mutant and its complement strain

PilAl signals detected by anti-PilA1 western blots from strains 630_pECC17 (ECC), 630Apil)_pECC17 (ApilJ) and
630Apill_pZGWO0O08 (Apill_c) cultures after 7 hours growth in BHIS with (+ ATc) and without (- ATc) dccA induction
by ATc supplementation. (A) Secreted proteins present in the culture supernatant were extracted via TCA
extraction, signal bands were quantified and plotted in (C), slash colours representing ATc supplementation,
quantification data can be found in Appendix E-4. (B) Cytosolic proteins were analysed from the cell lysates, signal
bands were quantified and plotted in (C), slash colours representing ATc supplementation, quantification data
can be found in Appendix E-4. Cathode/Anode buffers were applied in western blot, transfer was performed at
15 V for 23 minutes onto nitrocellulose membranes. Predicted molecular mass of pre-pilin PilA1 (black arrow) is
18.2 kD, mature pilin PilA1 (green arrow) is 17.2 kDaPilA1 polymers (blue arrow) were detected in TCA fractions

of all strains with dccA induced background.

3.3.7. Effect of Pill in growth

Following our workflow for other strains, we then investigated if deletion would affect cell
growth. CD630, Apill and its complement strain with and without inducible dccA were

analysed over 12 h incubation.
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The resulting growth curves and corresponding growth rates show no significant difference
among any of the strains, regardless of the presence or absence of the plasmid, with and
without ATc supplementation (Figure 3-18 and Appendix Figure B-5). These results indicate

that deleting pilJ does not lead to a change in growth.
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Figure 3-18. CD630 and Apill growth curves and rates

Growth of CD630 (grey) and 630ApilJ (orange), 630_pECC17 (ECC; yellow), 630Apill_pECC17 (AJ_E; blue) and
630Apill_pZGWO008 (Apilic; pink) was measured hourly by spectrometry absorbance at 595nm using a plate
reader during 12h incubation in BHIS without (A) and with (B) ATc supplementation. (C) Growth rates of all strains
under either 0 (- ATc, dots) or 50 ng ml! (+ ATc, triangles) of ATc supplementation. No significant difference

reported after one-way ANOVA analysis performed using GraphPad Prism.

3.3.8. Effects of Pill in cell morphology

Cell morphology was then examined by phase contrast microscopy and cell length measured.
There is no significant phenotype observed when comparing CD630 to 630ApilJ (Figure 3-19)

which indicates deleting pilJ does not cause a phenotype in cell morphology.

CD630, Apill and its complement strain with inducible dccA background were then examined,

after confirming introducing the empty vector and adding ATc caused no phenotype
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(Appendix figure B-6). Interestingly, in Apil/ and complement strains, cell shapes are slightly
longer under dccA induction, although this phenotype is less pronounced in these strains than

in 630_pECC17.

x10 cell length (cm)

Figure 3-19. Effects of Pill in cell morphology

CD630 (grey), 630ApilJ (green), 630_pECC17 (ECC; yellow), 630Apill_pECC17 (AJ_E; blue) and 630Apill_pZGWO008
(pink) incubated either with (+) or without (-) ATc supplementation. Samples were collected after incubating in
BHIS for 7 hours. (A) Phase contrast microscopy images. Red bar indicates 10 um. (B) Dot plots of cell length of
120 cells randomly picked and measured for each strain. Data from samples under ATc supplementation is
coloured in darker shades. Horizontal lines indicate the median. ‘*’ represents P<0.1, “**’ represents P<0.01,

*¥*¥**’ represents P<0.0001. Figure generated and one-way ANOVA analysis performed by GraphPad Prism.
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3.4. Effects of c-di-GMP induction and TFP proteins in biofilm formation

3.4.1. Biofilm formation in CD630

TFP may contribute to biofilm formation which allows C. difficile to survive under antibiotic
treatments and causing longer term disease. After optimising dccA induction and examining

cell growth and morphology, biofilm formation assays were carried out.

Following the protocols described in 2.6.4., CD630 was first tested, compared with vector
control (630_pASF85) and dccA-inducible plasmid 630 _pECC17 (Figure 3-20). Our assays
showed that supplementing ATc or introducing the vectors has no effect on CD630 biofilm

formation.

Based on previous work, we hypothesised that inducing dccA would lead to increased biofilm
formation by raising TFP and we would observe higher absorbance from 630 _pECC17 upon
dccA induction. However, expression of dccA induced in 630_pECC17 had no significant effect
on biofilm formation, which suggests a high level of c-di-GMP does not contribute to biofilm
formation, in contradiction to previous work (Purcell et al., 2007). It is worth noting that
despite extensive protocol optimisation with a range of plates, media and washup volumes,
there was considerable variability across assay replicates, which could mask biological

significant differences.

g

Figure 3-20. CD630 biofilm formation

Biofilm formation was quantified by absorbance at 595

»

nm of CD630 (grey), 630_pASF85 (blue) and 630_pECC17
(ECC; yellow) upon cell culture precipitation after 7-day
incubation in 24-well plates either without (- ATc) or with

(+ ATc) 50 ng ml™* of ATc supplementation. Strip shades

Absorbance at 595 nm
N

1-
indicated samples under ATc supplementation.
0 . \ ' \ : \ Significance analysed with one-way ANOVA in GraphPad
ATc - + - + - + Prism.
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3.4.2. Biofilm formation in ApilAl

According to previous studies discussed in 1.3.3., a deficiency of biofilm formation is observed
in ApilA1 from C. difficile strain R20291 (Maldarelli et al., 2016; Ronish et al., 2022). We wanted

to examine whether the same phenotype is observed in CD630.

The biofilm formation assay was carried out on ApilA1 mutants in CD630 and 630 _pECC17
background and three complement strains described in section 3.3.1. From the result, there
is no significant phenotype between the wild type and respective ApilA1 strains (Figure 3-21),

which suggests deleting pilA1 does not lead to a phenotype in biofilm formation.

Figure 3-21. CD630 and ApilA1 biofilm formation
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Similarly, no statistically significant phenotype was detected despite the observation of a
minor deficiency in the mutant, which was not restored in any of the complement strains
(Figure 3-21). A similar minor, not statistically significant, reduction of biofilm formation upon
dccA induction was observed. Unlike the observation in C. difficile strain R20291, absence of

pilAl in CD630 does not seem to lead to a significant deficiency in biofilm formation.

Biofilm assays were also carried out for ApilD1 and Apill strains, but the results were even

more variable and no clear conclusion could be drawn from this work, as shown in Appendix

Figure B-7 and B-8.
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3.5. Discussion

To investigate TFP, the dccA gene was introduced into C. difficile cells via plasmid vectors, in
order to induce higher levels of intracellular c-di-GMP and ‘switch on’ pilA1 expression as
excess c-di-GMP binds to Cdi2_4 riboswitch upstream of pilAl. In these plasmids, the

expression of dccA is regulated by the P:: promoter, which is activated by ATc.

In this chapter, the ATc supplementation was optimised. When the level of c-di-GMP is
increased by inducing dccA expression, we observed long C. difficile cells indicating that cell
division might be influenced under a higher level of c-di-GMP. Lately, studies of C. difficile
riboswitches suggest that Cdi6 regulates an operon, which contain genes related to colony
and cell morphologies (Garrett et al., 2019; Sekulovic et al., 2018). Those genes encode
proteins which were named as colony morphology regulator RST (CmrRST) (Garrett et al.,
2019). The study demonstrated CmrRST expression is regulated by c-di-GMP, and that CmrR
and CmrT are responsible for forming bacterial chains (Garrett et al., 2019). The observed
phenotype in our work when inducing dccA and increasing c-di-GMP is likely due to activation
of these genes. This could be investigated by qRT-PCR of these genes in our strains, with and
without ATc supplementation, to confirm if CmrRST genes are elevated in our experimental

conditions.

C. difficile cell growth and morphology were examined in ApilAl, ApilD1 and Apil) mutants.
Interestingly, mutagenesis studies of PilA1 and PilD1 show phenotypes in cell length, with the
long cell shapes observed in wild type under a higher level of c-di-GMP not detected in ApilAl
mutant. Conversely, cells grow to even longer size in pilD1 mutant and complement strains.
To our knowledge, this cell size phenotype associated with specific TFP proteins has not been
reported before and it would be important to further investigate a potential link between TFP

and cell division.

PilA1 expression was investigated in CD630 under dccA induction, and in ApilA1, ApilD1 and
Apill strains. It was confirmed that CD630 only expresses PilAl and forms PilAl polymers on
the cell surface under a higher level of c-di-GMP. The three pilA1 complement strains show

different levels of PilAl. As predicted, when complementing without Cdi2_4 riboswitch, PilA1
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is not being expressed even under an increased level of c-di-GMP, confirming that Cdi2_4

riboswitch is involved in pilAl expression control.

Interestingly, one of the pre-pilin peptidases in the TFP primary gene cluster, PilD1, is not
required for pilAl expression and polymer assembly, which is different to the other pre-pilin
peptidase, PilD2, in the same operon. There is a possibility that PilD1 functions as a pre-pilin
peptidase cleaving PilA2, which is encoded in the TFP secondary cluster and contains an N-

terminal signal peptide. Future work would require exploring the function of PilD1.

Pil) had been observed to decorate the PilAl filament, although the absence of Pill does not
affect PilA1 assembling into polymers. Surprisingly, complementation of pil/ gene in a multi-
copy, inducible plasmid, leads to a failure in detecting PilA1 polymers. There might be a higher
level of Pill in the complemented strain than the wild type and pilJ mutant and PilA1 assembly
might be affected by excess levels of Pill. To confirm this hypothesis, anti-PilJ] western blot
could be applied in future studies. It is not clear what signals induce pilJ expression as it does
not possess a c-di-GMP riboswitch so it would be interesting to explore regulation of this

minor pilin and its role in TFP in more detail.

In this chapter, biofilm formation assays were carried but due to considerable experimental
variability, only limited interpretation of the results is possible. Compared to previous work by
Purcell et al., biofilm formation assays were carried out in 24-well culture plates and stained
with 0.1% crystal violet (Purcell et al., 2017, 2015). C. difficile R20291 culture was incubated
for 24 or 48 hours before staining to investigate the early phase of biofilm formation in this
previous work, whereas C. difficile 630 was incubated for 7 days in this work. While 24-well
culture plates were pre-reduced in the anaerobic cabinet for 72 hours in previous work, they
were pre-reduced for overnight in this work. Interestingly, pH 7.5 sodium phosphate buffer
was introduced in one of Purcell et al.’s work (Purcell et al., 2017), which may also help with
the stability of biofilm in the assays. Confocal laser scanning microscopy has been recently
applied to study C. difficile biofilm formation (Ronish et al., 2022) and it would be interesting

to apply this method to the strains studied in this work.
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Chapter 4: Motility in C. difficile

4.1. Introduction

C. difficile expresses both TFP and flagella, which both contribute to bacterial motility. The
expression of PilAl, as the major pilin of TFP, and the flgB operon to assemble flagella are
regulated by c-di-GMP specific riboswitches (Bordeleau et al., 2015; Purcell et al., 2012).
Expression of PilAl is regulated by a class Il c-di-GMP specific riboswitch, Cdi2_4, located
upstream of pilA1 gene. Like other class Il riboswitches, gene transcription is ‘switched on’
under a higher intracellular level of c-di-GMP by binding of the ligands and subsequent
conformational changes (Sherwood and Henkin, 2016). Conversely, flgB operon is regulated
by a class | c-di-GMP specific riboswitch, Cdil_3, which ‘switches off’ gene transcription under
a higher level of c-di-GMP (Purcell et al., 2012; Sudarsan et al., 2008). Therefore, when we
elevate the level of c-di-GMP by inducing dccA expression, PilAl is expected to be expressed
and assembled into TFP, while the expression of flgB operon is downregulated. When
investigating the motility features of C. difficile, it should be considered that TFP motility can
be observed under a higher level of c-di-GMP, whereas under a lower level of c-di-GMP,

flagella-mediated swimming motility takes place.

The expression of flgB operon also activates the expression of toxins TcdA and TcdB in C.
difficile (McKee et al., 2013) indicating that at a lower level of c-di-GMP, C. difficile moves in
the host gut lumen via flagella and enters host intestinal tissue with toxin secretion. As the
bacterial cell invades the tissue, it no longer needs swimming motility and twitching

movement using TFP is preferred.

In this chapter, both twitching and swimming motilities were investigated and distinguished
by using different densities of agar. A rigid agar (1.8%) is used to observe TFP-mediated
twitching motility, which allows the TFP to attach and grab, then retract the pili filament by
disassembly of the pilin polymers and pull the bacteria toward the attaching site. Conversely,
a soft agar (0.3%) is used to observe flagella-mediated swimming motility, which allows
flagella to rotate, and bacteria can penetrate the agar to move. The expression of TFP and

flagella under different c-di-GMP conditions were examined in C. difficile strain 630 and TFP
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mutants by immunoblotting.

4.2. Motility in C. difficile 630

4.2.1. Twitching Motility of CD630

From the results in the previous chapter, in wild type CD630, PilAl is only expressed under
elevated levels of c-di-GMP, which is achieved by inducing dccA from the plasmid vector
pECC17. We hypothesised that we would observe a higher level of motility in CD630 with

induced dccA than the wild type strain.

In order to investigate twitching motility, the diameter of colonies spotted on 1.8% agar was
monitored over time. Changes in diameter between day 1 and day 3 where calculated and
analysed, as these two time points were representative of the biggest difference in colony

expansion.

Comparing CD630, vector control 630 _pASF85, and 630 pECC17, there is no significant
difference across the strains. Similarly, no significant difference was detectable after ATc
supplementation (+ ATc), which indicates induction of dccA does not seem to increase

twitching motility, contrary to our hypothesis (Figure 4-1).

Observation of colony morphology shows branching on the edges of the colonies of all strains
(Figure 4-1, panel C), which is characteristic of twitching motility mediated by TFP (Purcell et
al., 2016). Interestingly, even though the overall diameter is similar, the branches seem to be
more pronounced in 630_pECC17 in the presence of ATc when compared to absence of
inducer. This suggests that increasing c-di-GMP is indeed producing an enhanced twitching

phenotype, despite the lack of significant changes in colony diameter.
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Figure 4-1. CD630 colony size and morphology on 1.8% agar

C. difficile CD630 (grey), vector control 630_pASF85 (blue) and 630_pECC17 (yellow) samples were incubated
with (+ ATc) or without (- ATc) 50 ng mlt of ATc on 1.8% agar plates. (A) Colony diameters were measured every
24 hours for 7 days. (B) Changes in colony diameter between Day 1 and Day 3 post-inoculation, with (solid colour)
and without ATc (strips). Values from each replicate (diamonds) are included. One-way ANOVA analysis
performed by Graphpad Prism. (C) Examples of colony morphology on 1.8% agar plates. Red bars indicate 0.6

cm. Images of the entire plates are shown in Appendix B-9.

4.2.2. Expression of PilAl in 1.8% agar

We then tested if pilAl is expressed by extracting bacteria from 1.8% agar 3 days after
inoculating the plates and analysing them via immunoblotting. Samples were treated as

described in sections 2.4.2 and 2.5.1.
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The results show signal for PilA1 monomers and trimers detected in 630_pECC17 upon dccA
induction in the extracellular fraction, while no signal was detectable without induction nor in
CD630 (Figure 4-2). This indicates that, as hypothesised, C. difficile 630 can express PilAl and

assemble into trimers on the cell surface when grown on 1.8% agar under an elevated level of

c-di-GMP.
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Figure 4-2. Immunoblot detection of PilA1 in CD630 on 1.8% agar

PilA1 signal detected by western blot using anti-PilA1 antibodies in cultures from CD630 and 630_pECC17 after
growth on 1.8% agar. (A) Surface protein samples via TCA extraction. (B) Cytosolic protein samples obtained by
cell lysis. Cathode/Anode buffers were applied in western blot, transfer was performed at 15V for 23 minutes
onto nitrocellulose membranes. Predicted molecular weight of pre-pilin PilA1 is 18.2 kD (not detected), mature

pilin PilA1 (green arrow) is 17.2 kDa. PilA1 polymers (blue arrow) can be detected in the supernatant (TCA).

However, the effect of increased expression of PilAl on twitching motility of CD630 seems to
be less pronounced than previously reported in R20291, (Purcell et al., 2016), with the radius
of motility not significantly different, despite the slightly more pronounced branching

observed upon dccA induction in 630_pECC17 (Figure 4-1, panel C).
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4.2.3. Flagella Expression in CD630 in 1.8 % agar

We then investigated if inducing the expression of dccA and subsequent increased c-di-GMP
levels would lead to a decreased level of expression from flgB operon via the regulatory Cdil_3
riboswitch when grown in 1.8 % agar. Samples were treated as described above, with surface
proteins extracted by TCA precipitation and cytosolic proteins presented in the cell lysates

analysed using anti-FliC antibodies (see section 2.4.2 and 2.5.1. for details).

FliC is detected both with and without ATc supplementation in CD630 and the empty vector
control (Figure 4-3). There is a slight reduction in external FliC and corresponding increase in
cytosolic protein in these strains, possible due to a natural reduction of flagella production

when swimming motility is not possible or required.

Importantly, there is a clear reduction in FliC detectable in the TCA samples and even almost
missing in the cell lysate upon ATc supplementation of 630 _pECC17. This indicates that
increasing c-di-GMP level causes a reduction in fliC expression and assembly of flagella at the

surface, as reported previously (Purcell et al., 2016; Sudarsan et al., 2008).
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Figure 4-3. Immunoblot detection of FliC

FliC signal detected using anti-FliC antibodies on samples isolated from CD630, 630_pASF85 and 630_pECC17,
grown on 1.8% agar either with (+) or without (-) ATc supplementation (A). Signal bands were quantified and
plotted in (B). ATc supplementation is represented by slash in graph, quantification data can be found in
Appendix E-5. Surface proteins were extracted by TCA precipitation, while cytosolic proteins were analysed from
the cell lysates. Cathode/Anode buffers were applied in western blot, transfer was performed at 15V for 23

minutes onto nitrocellulose membranes. Predicted molecular weight of FliC is 30.8 kDa.
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4.2.4. Swimming Motility of CD630

Next, we investigated motility in 0.3 % agar to see if the reduction of fliC expression leads to
a decrease in C. difficile swimming motility. Samples were applied in the agar, as described in
section 2.6.2 and the colony diameter was measured over time (Figure 4-4). In general, due to
highly variable and uneven spread of the colonies in this semi-soft media, the experiments

were stopped after 48h.
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Figure 4-4. Colony diameter variation in 0.3% agar

Flagella-mediated swimming motility assay, performed on 0.3% agar, either with (+) or without (-) ATc
supplementation. Changes in colony diameter from 24" to 48" hour of incubation were measured and analysed
in CD630 (grey), 630_pASF85, (blue) and 630_pECC17 (ECC; yellow) strains. Strip shades indicated samples under
dccA induction (+ ATc). Each replicate is represented as a diamond. “**” indicates P value < 0.01. Significance

analysed with one-way ANOVA in GraphPad Prism.

Measurements of colony diameter showed no significant differences in CD630 with and
without ATc supplementation nor compared with the empty vector control (Figure 4-4). When
dccA is induced in 630_pECC17, a significantly reduced diameter was observed as clearly seen

in Figure 4-5 (bottom right), indicating reduced motility, as hypothesised.
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630 + ATc 630_pASF85 + ATc 630_pECC17 + ATc

Figure 4-5. Colony morphology on 0.3% agar
CD630, 630_pASF85 and 630_pECC17 colonies inoculated into 0.3% agar and incubated for 48 hours with (+ ATc)
or without (- ATc) 50 ng mIt of ATc supplementation. The diameters were measured every 24 hours for statistical

analysis. Red bars indicate 2.5 cm.

Since bacterial cultures disseminated into the semi-solid agar, it was not possible to extract
cells from the 0.3% agar plates and perform western blots. However, taken all observations
together, we can conclude that increased levels of c-di-GMP repress fliC expression, which

leads to deficiency in flagella-mediated swimming motility.

4.3. Motility in CD630 ApilA1 mutant
4.3.1. Effects of PilA1 in CD630 Twitching Motility

Here, we investigated the twitching motility in ApilA1 and complement strains as we
hypothesised that the absence of pilA1 would result in a deficiency in twitching motility. The
strains were spotted on 1.8% agar with or without ATc and colony diameter monitored as

described above.
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Surprisingly, analysis of diameter changes over time suggests that ApilA1 and complement

strains show an increased diameter compared to 630_pECC17, regardless of dccA induction

(Figure 4-6).
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Figure 4-6. Effect of PilA1 on colony diameter in 1.8% agar

C. difficile CD630 (grey), 630ApilA1 (630AA1; cyan), 630_pECC17 (ECC; yellow), 630ApilA1_pECC17 (AA1_E; pink)
and the complement strains 630ApilA1_pECC109 (109; orange), 630ApilA1_pZGWO005 (05; green) and
630ApilAl_pZGWO006 (06; blue) samples were incubated on 1.8% agar plates. Colony diameter was measured
every 24 hours for 7 days without (A) or with 50 ng ml! of ATc supplementation (B). Changes in colony diameter
between Day 1 and Day 3 post-inoculation in the absence (C) or presence (D) of ATc. Each replicate is represented
as a diamond. One-way ANOVA analysis performed by Graphpad Prism. “***’ indicates P value < 0.001. “****’

indicates P value < 0.0001.

However, closer inspection of the colony morphology revealed that the increased diameter in
ApilA1 does not have the characteristic branching of twitching motility (Figure 4-7), suggesting

this is more colony diffusion than active motility. Moreover, this lack of branching is also not
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observed in the complement strains, which show a similar wider colony size, with only
630_pECC109 possibly showing some faint branching at the edges of the colony (Figure 4-7,

right, bottom line).

630ApilAl 630_pECC17 AA1_E

AA1_E + ATc

109 + ATc 05 + ATc 06 +ATc

Figure 4-7. Effect of pilA1 on colony morphology on 1.8% agar

Example of colonies from 630ApilA1, 630ApilA1_pECC17 (AA1_E) and complement strains 630ApilA1_pECC109
(109), 630ApilA1_pZGWO0O05 (05) and 630ApilA1_pZGWO006 (06) incubated for 7 days on 1.8% agar plates with (+
ATc) or without 50 ng ml! of ATc supplementation, displayed and compared with CD630 and 630_pECC17

colonies. Red bars indicate 0.6 cm. Images of the entire plates are shown in Appendix B-10.

This suggests that, as hypothesised, PilAl is essential for twitching motility but that our
different complement constructs were not able to restore the phenotype under solid media

growth.
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4.3.2. TFP and flagella Expression in ApilA1 mutant and complement strains grown on 1.8%

agar

To further investigate if the diffuse growth observed for ApilA1 and complemented strains
correlated to changes in the expression of pilA1 and fliC, samples collected 3 days post

inoculation were examined by western blot as described above.

Interestingly, PilAl signals were only detected in 630_pECC17 and 630ApilA1_pZGWO006, with
a stronger signal detected in 630ApilA1_pZGWO006 under dccA induction (Figure 4-8). This

strain also shows an accumulation of PilAl in the cytosol.
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Figure 4-8. Immunoblot detection of PilAl in ApilA1 and complement strains on 1.8% agar

PilA1 signals from 630 _pECC17 (ECC), 630ApilAl_pECC17 (AA1_E) 630ApilA1_pECC109 (109),
630ApilAl_pEZGWO005 (005) and 630ApilA1_pEZGWO006 (006), either with (+) or without (-) ATc
supplementation. (A) Surface proteins were extracted by TCA precipitation, signal bands were quantified and
plotted in (C). (B) The cytosolic proteins analysed from the cell lysates, signal bands were quantified and plotted
in (D). Cathode/Anode buffers were applied in western blot, transfer was performed at 15V for 23 minutes onto
nitrocellulose membranes. Predicted molecular weight of pre-pilin PilAl (black arrow) is 18.2 kD, mature pilin
PilAl (green arrow) is 17.2 kDa. Blue arrow indicates PilAl polymers. ATc supplementation is represented by

slash in graph, quantification data can be found in Appendix E-6.
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The same set of samples extracted from 1.8% agar was then inspected using anti-FliC
antibodies. We hypothesised that deleting and complementing pilA1 would not affect fliC
expression and no phenotype across strains would be observed, apart from a reduction in FliC
signal under dccA induction, as observed in previous sections. Interestingly, only 630_pECC17
has FliC signals in the culture supernatant, while 630ApilA1 pECC109 and
630ApilA1_pZGWO0O0S5 express FliC, but FliC is not exported to the cell surface. As flagella is not
proposed to be involved in motility in 1.8 % agar, it is not surprising that there is no export of
FIiC in these strains and that any expressed protein accumulates in the cytoplasm. The
presence of FliC in the supernatant but absence in the lysate observed in 630_pECC17 further
confirms that induction of dccA inhibits expression of FliC and swimming motility.
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Figure 4-9. Immunoblot detection of FliC in 630ApilA1 mutant and complement strains on 1.8% agar

FliC signals from 630_pECC17 (ECC), 630ApilA1_pECC17 (AA1_E), pilA1 complement strains 630ApilA1_pECC109
(109), 630ApilA1_pEZGWO005 (005) and 630ApilAl_pZGWO006 (006), either with (+) or without (-) ATc
supplementation. (A) Surface proteins were extracted by TCA precipitation, signal bands were quantified and
plotted in (C). (B) The cytosolic proteins analysed from the cell lysates, signal bands were quantified and plotted
in (D). Cathode/Anode buffers were applied in western blot, transfer was performed at 15V for 23 minutes onto
nitrocellulose membranes. Predicted molecular weight of FliC is 30.8 kDa. ATc supplementation is represented

by slash in graph, quantification data can be found in Appendix E-7.
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The absence of FliC in ApilA1 mutant (Figure 4-9) is puzzling and further work is required to
understand if a possible expression control loop exist between FliC and PilAl, beyond the c-

di-GMP induced riboswitches.

4.3.3. Effects of PilA1 on Swimming Motility

We then investigated whether deleting pilA1 affects swimming motility on 0.3% agar. From
the previous result in CD630, a deficient swimming motility is observed under a higher level
of c-di-GMP. If PilAl is indeed not involved in swimming motility, there should be no

phenotype in ApilAl or complement strains.
As expected, no changes in swimming motility were detected when comparing CD630 and
630 _pECC17 or the ApilA1 mutant or the complemented strains without ATc supplementation

(Figure 4-10).
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Figure 4-10. ApilA1 and complement strains colony diameter variation in 0.3% agar

Flagella-mediated swimming motility assay, performed on 0.3% agar, either with (+) or without (-) ATc
supplementation. CD630 (grey), 630ApilA1 (630AA1; cyan) 630_pECC17 (ECC; yellow), 630ApilA1_pECC17 (AA_E;
pink), 630ApilA1_pECC109 (109; orange), 630ApilA1_pZGWO0O05 (05; green) and 630ApilA1_pZGWO006 (06; blue).
Strip shades indicated samples under dccA induction (+ ATc). Each replicate is represented as a diamond.
Asterisks “**’ indicate P value <0.01, “****’ indicate P value < 0.0001. Significance analysed with one-way ANOVA

in GraphPad Prism.
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Addition of ATc seems to lead to a small reduction in diameter in all strains containing an
inducible dccA, due to repressed expression of fliC under a higher level of c-di-GMP, as
described for wild type strains (section 4.2.3. above). However, this does not appear to be
statistically significant, likely due to the considerable experimental variations associated with

these measurements.

As expected from previous observations, all strains containing the plasmid showed significant
reduction in swimming motility after induction of dccA when compared to CD630 (Figure 4-
10). It is worth noting that this effect was most obvious when complementing with pZGWO005,
which does not contain the pilAl promoter region. Motility on 1.8 % and 0.3 % agar involving

vector control strains can be found in Appendix Figure B-11 and B-12.

4.3.4. Flagella Expression in ApilA1l mutant and complement strains

To confirm that the observed reduction in swimming motility was due to reduced FIliC levels,
immunoblotting with anti-FliC antibodies of ApilA1 and complement strains was then
performed. As 0.3% agar is semi-solid, extraction of bacterial cells from the plates was
technically challenging. Therefore, the different strains were incubated in liquid media, prior

to analysis as previously described (section 2.6.2).

A reduced level of FliC signal was detected when dccA was induced in strain 630_pECC17 with
ATc supplementation. This is due to the regulation led by a class 1 riboswitch Cdil_3, as
explained before. We hypothesised that deleting and complementing pilA1 would not affect
the expression of fliC, nor the riboswitch regulation under increased levels of c-di-GMP.

As expected, reduced levels of FliC signal where observed in all strains upon induction of dccA.
This confirms our hypothesis that deleting PilA1 does not affect the expression of fliC or its

regulation under higher levels of c-di-GMP (Figure 4-11).
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Figure 4-11. Immunoblot detection of FliC in ApilA1 mutant and complement strains

Protein signal intensity (%)
Protein signal intensity (%)

FIiC signals from C. difficile 630_pECC17 (ECC), 630ApilAl_pECC17 (AA1_E), 630ApilA1_pECC109 (109),
630ApilA1_pEZGWOO0S5 (005) and 630ApilA1_pZGWO006 (006), either with (+) or without (-) ATc supplementation.
(A) Surface proteins were extracted by TCA precipitation, signal bands were quantified and plotted in (C). (B)
Cytosolic proteins analysed from the cell lysates, signal bands were quantified and plotted in (D). Predicted
molecular weight of FliC is 30.8 kDa. ATc supplementation is represented by slash in graph, quantification data

can be found in Appendix E-8.

No FliC signal is detected in the cell lysates when dccA is induced in all strains, confirming that
increased levels of c-di-GMP halt FliC expression, and any remaining protein has been

exported to the cell surface.

4.4. Motility in CD630 ApilD1 mutant
4.4.1. Effects of PilD1 on Twitching Motility

In chapter 3, we showed that PilD1 doesn’t seem to be required for TFP biosynthesis, but that

deletion of pilD1 leads to long cell shapes. Here, we investigated the effects of lack of pilD1 on
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twitching motility by measuring the diameter of colonies over time, as well as the changes

between day 1 and day 3, as described in section 2.6.3. above.

No statistically significant difference in colony diameter was observed among CD630 and
ApilD1 strains, regardless of the presence or even induction of dccA (Figure 4-12, compare 630
and 630_pECC17, with or without induction). Interestingly, complementation of pilD1 deletion
leads to increased colony diameter when compared to 630 pECC17, even without ATc,

although the more significant changes are seen after dccA induction.
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Figure 4-12. Effect of PilD1 in colony diameter in 1.8% agar

CD630 (grey), 630ApilD1 (orange), 630_pECC17 (ECC; yellow), 630ApilD1_pECC17 (AD1_E; purple) and
630ApilD1_pZGWOO07 (ApilD1c; navy) samples with (+ ATc) or without (-ATc) 50 ng mI? of ATc supplementation
on 1.8% agar plates and diameters measured every 24 h for 7 days. (A) Colony diameters in plates without ATc
supplementation. (B) Colony diameters under ATc supplementation. (C) Changes in colony diameter between
Day 1 and Day 3 post-inoculation. One-way ANOVA analysis performed by Graphpad Prism. Samples under ATc
induction is shaded in strips. Each replicate is represented as diamonds. ‘*’ indicates P value < 0.1. ‘“***’ indicates

P value < 0.001. “****” indicates P value < 0.0001.

As described for ApilA1 strains, measurement of colony diameter might lead to
misinterpretations, as it can be a result of colony expansion/diffusion rather than twitching
motility. We therefore examined colony morphology carefully (Figure 4-13). In this case, the
characteristic branching was observed in all strains, with more pronounced branching in the

complement strain, particularly after dccA induction. It should be noted that in this
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complementation strain, pilD1 is directly upregulated by ATc, together with dccA, which will
also indirectly induce the primary gene cluster (see 1.3.1. for more details). Therefore, there
is likely to be a significant higher level of D1 in the complement strain than in 630_pECC17,

where only the indirect effect on expression of TFP is present.

Figure 4-13. Effect of PilD1 and
complement colonies on 1.8% agar
630ApilD1, 630ApilD1_pECC17
(AD1_E) and 630ApilD1_pZGWO007

6304pilD1 (ApilD1c) colonies incubated to 7
days on 1.8% agar plates with (+
ATc) or without 50 ng ml? of ATc
supplementation, displayed and
compared with CD630 and 630-
_pECC17 colonies for comparison.

630 + ATc 630ApilD1 + ATc Red bars indicate 0.6 cm. Images of

the entire plates are shown in

Appendix B-13.
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ApilDIc
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These observations seem to suggest that, under normal circumstances, pilD1 is not required
for twitching motility, confirming our earlier result that it does not seem to be needed for

PilA1 expression or assembly into pilin filaments (see section 3.3.3.).
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4.4.2. Expression of pilAl in ApilD1 and complement strains on 1.8% agar

We then examined if absence of pilD1 affects expression of pilA1 in cells growing on 1.8% agar.
Surprisingly, and contrary to what was observed in liquid cultures in Chapter 4, PilAl signal is
detected in the wild type after induction of dccA, but not in ApilD1 (Figure 4-14). This suggests,
that under conditions that stimulate switching motility mediated by TFP (1.8% agar), pilD1

might be required for expression and/or stability of PilA1.
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Figure 4-14. Immunoblot detection of PilAl in 630ApilD1 and complement strains on 1.8% agar

PilA1 signals from C. difficile 630_pECC17 (ECC) and 630ApilD1_pECC17 (AD1_E) and 630ApilD1_ pZGWO007
(ApilD1c), either with (+) or without (-) ATc supplementation. (A) Surface proteins were extracted by TCA
precipitation, signal bands were quantified and plotted in (C). (B) The cytosolic proteins analysed from the cell
lysates. Cathode/Anode buffers were applied in western blot, transfer was performed at 15V for 23 minutes onto
nitrocellulose membranes. Predicted molecular weight of pre-pilin PilAl is 18.2 kD (not detected), mature pilin
(green arrow) PilAl is 17.2 kDa. PilA1 polymer (blue arrow) is detected in the supernatant (TCA). ATc

supplementation is represented by slash in graph, quantification data can be found in Appendix E-9.
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Interestingly, complementation using a plasmid where both dccA and pilD1 are under direct
control of ATc does not seem to restore pilA expression, despite the observed branching of
the colonies. This raises the possibility that the regulation mechanisms of the primary TFP
cluster might be more complicated than previously proposed. Alternatively, PilD1 might be
involved in stability of PilAl or the filaments. It is also possible that there is more than one
phenomenon being observed when growing C. difficile in 1.8% solid media, not just twitching

motility.

These results suggest that the role of PilD1 could be different when C. difficile grows in liquid
culture or on 1.8% agar. PilD1 seems to be required for the biosynthesis of PilA1 filament when

cells grow on solid agar, but not when cells grow in liquid culture.

We also examined expression of fliC in (Figure 4-15) and a signal is detected in the cell
supernatants in all strains, although the reduction observed in wild type upon dccA induction
is not as obvious in the ApilD mutant or complement (Figure 4-15, panel A). Similarly, the levels
of FliC in the cytosol are much lower in the wild type than in the other two strains without
induction of dccA. Conversely, addition of ATc and subsequent increase in c-di-GMP levels

leads to a halt in expression of FliC, as no protein is detected in the cytosol.

This confirms the previous observations that increased levels of c-di-GMP repress fliC

expression and further suggests that TFP genes are not involved in this regulation.
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Figure 4-15. Immunoblot detection of FliC in C. difficile 630ApilD1 and complement strains on 1.8% agar

FIiC signals from C. difficile 630_pECC17 (ECC) and 630ApilD1_pECC17 (AD1_E) and 630ApilD1_pZGWO0O07
(630ApilD1c), either with (+) or without (-) ATc supplementation. (A) Surface proteins were extracted by TCA
precipitation, signal bands were quantified and plotted in (C). (B) Cytosolic proteins analysed from the cell lysates,
signal bands were quantified and plotted in (D). Cathode/Anode buffers were applied in western blot, transfer
was performed at 15V for 23 minutes onto nitrocellulose membranes. Predicted molecular weight of FliC (green
arrow) is 30.8 kDa. Purple arrow indicates FliC polymers. ATc supplementation is represented by slash in graph,

quantification data can be found in Appendix E-10.

4.4.3. Effects of PilD1 on Swimming Motility

Flagella-mediated swimming motility was also examined in ApilD1 and the complement strain
and no statistically significant phenotype was observed, even after induction of dccA (Figure
4-16). Although it was expected to observe a deficient flagella-mediated motility in each strain
under dccA induction, it should be noted that measurements are highlight variable as colonies
disseminate in 0.3% agar, which is also less stable. This gives raise to considerable
experimental error, particularly evident in these experiments (Figure 4-16), that could mask

biologically relevant differences. Due to these technical challenges, these plates were not
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imaged after measurement. Motility on 1.8 % and 0.3 % agar involving vector control strains

can be found in Appendix Figure B-14 and B-15.
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Figure 4-16. Variations in colony diameter for 630ApilD1 and complement strains grown in 0.3 % agar

Flagella-mediated swimming motility is performed on 0.3% agar, either with (+) or without (-) 50ng ml of ATc
supplementation. Changes in colony diameter between day 1 and day 2 post-inoculation for strains CD630 (grey),
630ApilD1 (orange), 630_pECC17 (ECC; yellow), 630ApilD1_pECC17 (AD1_E; purple) and 630ApilD1_pZGWO007
(ApilD1c; blue). Strip shades indicated samples under dccA induction (+ ATc) conditions performed by ATc
supplementation. Each replicate is represented as a rectangle point. Significance analysed with one-way ANOVA

in GraphPad Prism.

4.4.4. Flagella Expression in pilD1 mutant and complement strains

Due to the technical challenges of accurately measuring swimming motility in 0.3 % agar, the
level of fliC expression was analysed via immunoblotting from liquid cultures, as previously

described (section 2.6.2.).

There is a clear reduction in FliC signal in the supernatant samples under dccA induction in all
strains (Figure 4-17, panel A). In the cell lysates, there is no FliC signal detected in 630_pECC17
and 630ApilD1_pZGWO007 (AD1_E) under dccA induction, and a very low level of FliC signal in
630ApilD1_pECC17 (Figure 4-17, panel B). It should be noted that higher bands of possible FIiC

polymers are detected, as well as possible partial degradation.
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Figure 4-17. Immunoblot detection of FliC in C. difficile 630ApilD1 and complement strains

FliC signals from C. difficile with inducible dccA, 630_pECC17 (ECC) and 630ApilD1_pECC17 (AD1_E), ApilD1
complement strains 630ApilD1_pZGWO007 (ApilD1c), either with (+) or without (-) ATc supplementation. (A)
Surface proteins were extracted by TCA precipitation, signal bands were quantified and plotted in (C). (B)
Cytosolic proteins analysed from the cell lysates, signal bands were quantified and plotted in (D). Cathode/Anode
buffers were applied in western blot, transfer was performed at 15V for 23 minutes onto nitrocellulose
membranes. Predicted molecular weight of FliC is 30.8 kDa. ATc supplementation is represented by slash in

graph, quantification data can be found in Appendix E-11.

Interestingly, although overall we see the expected effect of reduction of FliC expression at
higher c-di-GMP levels, there are differences between liquid culture and 1.8 % plate samples,
shown in the previous section (compare Figure 4-15 above with Figure 4-17). This suggests
that the expression of FliC may also be affected by the incubation time and/or media type
(solid vs liquid). Whether or not this is also related to the presence of pilD1 is not clear,
although it seems unlikely as no clear difference is observed between the mutant and the

complemented strain.
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4.5. Motility in CD630 ApilJ mutant

4.5.1. Effects of Pill on Twitching Motility

Twitching motility and swimming motility were also investigated in our Apil/ mutagenesis
study. In chapter 4, we showed that pilJ does not seem to be required for the assembly of the

PilAl filament and deleting pil/ does not affect the cell growth, morphology, and biofilm

formation.
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Figure 4-18. Effect of Pill on colony diameter in 1.8 % agar

C. difficile CD630 (grey), 630Apill (green), 630_pECC17 (ECC; yellow), 630Apill_pECC17 (A)_E; blue) and
630Apill_pZGWO008 (Apilic; pink) samples were incubated with (+ ATc) or without (- ATc) 50 ng ml! of ATc
supplementation on 1.8% agar plates and diameters measured every 24h for 7 days. (A) Colony diameters
without ATc supplementation. (B) Colony diameters under ATc supplementation. (C) Changes in colony diameters
between Day 1 and Day 3 post-inoculation. Samples under ATc induction is shaded in strips. Each replicate is

represented as diamonds. One-way ANOVA analysis performed by Graphpad Prism.

As expected, when analysing colony diameter and changes between day 1 and day 3 post-
inoculation, neither the mutant itself nor strains with inducible dccA showed a significant

difference (Figure 4-18).
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Similarly, inspection of the colony morphology showed branching in all strains, regardless of

mutation or dccA induction (Figure 4-19).
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Figure 4-19. Apill and complement colonies on 1.8% agar plates
Examples of 630ApilJ, 630Apill_pECC17 and 630Apill_pZGWO008 colonies incubated to 7 days on 1.8% agar plates
with (+ ATc) or without (-ATc) 50 ng ml™* of ATc supplementation, displayed and compared with CD630 and 630-

_pECC17 colonies. Red bars indicate 0.6 cm. Images of the entire plates are shown in Appendix B-16.

These results suggest that pil/ does not seem to have a noticeable effect on the ability of

CD630 strain to expand on 1.8 % agar using twitching motility.
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4.5.2. Expression of pilAl in Apil) and complement strains on 1.8% agar

To confirm the twitching motility result, anti-PilA1 and anti-FliC western blots were performed
with samples incubated on 1.8 % agar plates (Figure 4-20). There is a similar level of PilAl
signal detected in the supernatants of 630_pECC17 and 630Apill_pECC17 under dccA
induction, with both PilA1 monomers and trimers. Interestingly, there is a lower level of PilAl
signal detected in 630Apill_pZGWO008 (Apil/c) under dccA induction, with only monomers

visible in the western blot.
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Figure 4-20. Immunoblot detection of PilAl in 630A4pill and complement strains on 1.8% agar

PilA1 signals from C. difficile 630_pECC17 (ECC), 630ApilJ_pECC17 (AJ_E) and 630Apill_ pZGWO0O0S (ApilJc), either
with (+) or without (-) ATc supplementation. (A) Surface proteins wee extracted by TCA precipitation, signal bands
were quantified and plotted in (C). (B) The cytosolic proteins analysed from the cell lysates. Cathode/Anode
buffers were applied in western blot, transfer was performed at 15V for 23 minutes onto nitrocellulose
membranes. Predicted molecular weight of pre-pilin PilAl is 18.2 kD (not detected), mature pilin PilAl (green
arrow) is 17.2 kDa. PilAl1 polymer (blue arrow) is detected in the supernatant (TCA). ATc supplementation is

represented by slash in graph, quantification data can be found in Appendix E-12.
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Similar to what was observed for ApilD1, in Apill and complement strains, there is a less
pronounced reduction of FliC in the supernatant when compared to wild type (Figure 4-21,
panel A). Interestingly, FliC signals are detected, even though at low levels, in the cell lysates
even after increasing c-di-GMP. However, it is hard to say if this is related to an effect of pilJ
in FliC regulation. One possibility is that Pill is somehow linked to export of FliC to the cell
surface. However, considering the very subtle differences observed, it is possible that any
variation is due to experimental conditions and variations. Further analysis, namely looking at

PilJ levels both in these strains and in a AfliC mutant, could provide some new insights.
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Figure 4-21. Immunoblot detection of FliC in 630Apil/ and complement strains on 1.8% agar

FliC signals from C. difficile 630_pECC17 (ECC), 630Apill_pECC17 (AJ_E) and 630ApilJ_pZGWO00S8 (630Apilic),
either with (+) or without (-) ATc supplementation. (A) Surface proteins were extracted by TCA precipitation,
signal bands were quantified and plotted in (C). (B) Cytosolic proteins analysed from the cell lysates, signal bands
were quantified and plotted in (D). Cathode/Anode buffers were applied in western blot, transfer was performed
at 15V for 23 minutes onto nitrocellulose membranes. Predicted molecular weight of FliC (green arrow) is 30.8
kDa. Purple arrow indicates FliC polymers. PilAl polymer (blue arrow) is detected in the supernatant (TCA). ATc

supplementation is represented by slash in graph, quantification data can be found in Appendix E-13.
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4.5.3. Effects of Pil) on Swimming Motility

We then investigated the flagella-mediated swimming motility in the ApilJ strains and found a
reduced colony diameter upon deletion of pil/ when compared to wild type CD630 (Figure 4-
22). In the presence of an inducible dccA gene (all ECC17 derived strains), there was a
significant reduction of colony diameter, as expected from earlier observations that higher c-
di-GMP leads to reduced swimming motility (section 4.2.4). Importantly, there is no significant

difference between these strains, while they all differ from their wild type equivalent.
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Figure 4-22. Effect of pill on colony diameter in 0.3 % agar

Colony diameter changes for strains grown in 0.3% agar, with (+) or without (-) ATc supplementation. (A) Changes
in colony diameter between day 1 and day 2 post-inoculation for strains CD630 (grey), 630Apill (green),
630_pECC17 (ECC; yellow), 630Apil/l_pECC17 (A)_E; green) and 630Apil/l_pZGWO0O08 (Apilic; pink). Strip shades
indicated samples under dccA induction (+ ATc). Each replicate is represented as diamonds. Significance analysed
with one-way ANOVA by GraphPad Prism. ‘* indicates P value < 0.1, “**’ indicates P value < 0.01, ‘“***’ indicates

P value < 0.001. (B) Colony morphology in 0.3 % agar, with and without ATc, after 48h.
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As previously discussed, the dissemination of the colonies in the soft agar led to considerable
variation (Figure 4-22, B) and it is possible subtle biologically relevant effects are not easily
detectable. Motility on 1.8 % and 0.3 % agar involving vector control strains can be found in

Appendix Figure B-17 and B-18.

4.5.4. Flagella Expression in Apil) mutant and complement strains

As in previous sections, anti-FliC immunoblotting could provide a more detailed analysis of
how deleting pilJ affects the flagella. FliC signals detected in the cell lysates in ApilJ are similar
and follow the pattern shown for 630_pECC17 (Figure 4-23, panel B): detectable without dccA
induction, and not observed after increasing c-di-GMP levels. This confirms that a higher level
of c-di-GMP represses the expression of fliC and this is not affected by the presence or absence

of Pill.

However, the complement strain 630Apill_pZGWO008 (Apil/c) shows a lower level of FliC signal
even without dccA induction, compared to the other two strains (Figure 4-23, panel A) and no
FliC signal is detectable under dccA induction. This indicates that there might be differences
related to the media used, as this is not what had been observed in samples recovered from

cultures grown in 1.8 % agar (section 4.5.2 above).
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Figure 4-23. Immunoblot detection of FliC in C. difficile 630Apill and complement strains

FIiC signals from C. difficile 630_pECC17 (ECC), 630Apill_pECC17 (A)_E) and 630Apill_pZGWO00S (Apilic), either
with (+) or without (-) ATc supplementation. (A) Surface proteins were extracted by TCA precipitation, signal
bands were quantified and plotted in (C). (B) The cytosolic proteins analysed from the cell lysates, signal bands
were quantified and plotted in (D). Cathode/Anode buffers were applied in western blot, transfer was performed
at 15V for 23 minutes onto nitrocellulose membranes. Predicted molecular weight of FIiC is 30.8 kDa. ATc

supplementation is represented by slash in graph, quantification data can be found in Appendix E-14.

4.6. Discussion

In this chapter, the two different types of motility were studied in C. difficile 630 under
different levels of c-di-GMP. The effects on motility of the main pilin, PilA1, one of the pre-
pilin peptidases, PilD1 and a minor pilin, Pill, were also investigated. Different media was used
to assess two different types of motility, as previously described (Garrett et al., 2019; Purcell
et al., 2016): 1.8% agar plates for twitching and 0.3 % agar for swimming motility. Additionally,

the expression of PilA1 and FliC under different conditions was screened by immunoblotting.
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Firstly, analysis of colony migration in 1.8 % agar clearly shows that CD630 twitching motility
is less pronounced than in C. difficile R20291 strain (Purcell et al., 2016). Moreover, high levels
of c-di-GMP seem to only result in a moderate motility increase.

As hypothesised, absence of pilA1 seems to result in reduced twitching but this was only
obvious upon careful inspection of the colony morphology as ApilA1 produced more diffused
colonies that lacked the characteristic branching seen upon twitching. Curiously,
complementing the mutation with plasmids containing the promoter region or even the
complete riboswitch did not seem to complement this phenotype, even when detectable

levels of PilA1 were present (Figure 4-7).

From the previous studies on cmr genes discussed in chapter 3, cmr genes may not only
influence cell shape, but also be relevant in colony morphology and motility. Colony
morphology was examined in cmr gene mutants, and results show cmrT mutant loses rough-
edge colony morphology (Garrett et al., 2019). Furthermore, to investigate whether swimming
and surface motility were relevant to cmr genes, cmrR and cmrT mutants were investigated in
motility tests. In their work, the twitching motility on 1.8% agar were referred as surface
motility. The cmrT mutant loses surface motility on 1.8% agar, while cmrR mutant does not
(Garrett et al., 2019). No phenotype was observed in swimming motility in 0.5% agar (Garrett
et al., 2019). The results also indicated overexpression of either cmrR or cmrT leads to
increased surface motility, even in pilB1 mutants (Garrett et al., 2019). Overexpression also
reduced swimming motility (Garrett et al., 2019). These results lead to a question whether the
surface motility examined in this work is driven by cmr genes. This could be a possible

explanation to the increased surface motility of pilA1 and pilD1 mutants in this study.

In twitching motility assays, we also observed a colony morphology phenotype in pilAl
mutant, however, this was not observed in other mutants. pilA1 mutant and complemented
strains show larger and translucent colonies compared to wild strain and other mutants. This
phenotype is also observed in an investigation on Lysobacter enzymogenes TFP. (Xia et al.,
2017) while deleting each gene encoding TFP pilins and proteins. Similarly to what was seen
in our work only the mutation of major pilin pilA1 showed larger and translucent colonies
compared to other mutant strains (Xia et al., 2017). It would be interesting to look at whether

pilA1 drives the aggregation on agar surface and the extracellular component changes under
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deletion of pilAl. In the study by Xia et al., twitching motility was also examined by colony
microscopy. By looking at the edges and margins of the colonies, it is possible to distinguish
rough and smooth colonies and the migration of bacteria on colony edges. This can be an
efficient improvement for twitching motility examinations carried out here in future work.

Conversely, deletion of PilD1 seemed to have a limited effect on twitching motility, with
branching detected in all conditions (section 4.4.1.). Interestingly, complementation with a
plasmid where pilD1 is under direct induction by ATc seems to somewhat increase motility,
despite no detectable PilAl levels. From the result discussed in chapter 4, deleting pilD1 does
not affect PilAl expression and export. However, based on results when analysing the sample
collected from 1.8 % agar plates, pilD1 could be essential for PilA1 expression and/or stability,

as levels of PilA1 were not restored in the complement strain.

Similarly, no clear effect was observed in the absence of pill, neither on colony size and
morphology, nor on detectable PilAl levels, suggesting twitching motility is not affected by
the absence of the minor pilin. These results confirm previous observations that neither PilD1
nor PilJ are essential for PilA1 expression, export to the cell surface or assembly into filaments

(Chapter 3).

Further investigation is required to fully understand the mechanisms regulating TFP gene
expression, pili assembly and motility and how growth conditions affect these mechanisms.
One key aspect would be to investigate levels of PilD1 and PilJ in the strains studied,
particularly to confirm that gene complementation is functional and that the proteins are

indeed expressed, alongside PilA1.

Analysis of the effect of the three TFP genes under study in swimming motility was technically
challenging, despite considerable optimisation attempts, due to the uneven and vary variable
dissemination of the bacterial colonies in the semi-solid 0.3% agar. This also prevented

investigation of pilin and flagellin expression in these growth conditions.

Despite these difficulties, combining analysis of colony morphology, diameter changes and
FliC immunoblotting clearly shows repression of FliC expression when levels of c-di-GMP are
elevated (Figures 4-3, 4-11, 4-13 and 4-23), as expected.
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One of the most interesting observations is the fact that deleting pilA1 might lead to a
deficiency in the export of FliC when grown on 1.8 % agar plates, but not on liquid cultures.
Surprisingly, complementation of pilA1 does not restore the level of FliC export to the cell
surface in these conditions. This suggests that there might be some interplay between TFP

and flagella, not previously reported in C. difficile.

These results suggest that the expression of TFP and FliC, and the role of PilD1 can be affected
by incubation time and/or on solid or liquid media. Although we cannot exclude that this is
due to stability of ATc in solid plates over longer periods, it would be important to investigate
this further. The effects on FliC export observed from plate samples, by deleting pilA1, pilD1
and pill, raises several new possibilities. Is PilA1 required for FliC exportation? If pilD1 becomes
essential for PilA1 expression on 1.8 % agar, does the accumulation of cytosolic PilAl increase
FliC expression? And what is the role of Pill in FliC expression and polymerisation? These are
unanswered questions that raise interesting new possibilities that will require further

investigation.
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Chapter 5: Discussion and future work

C. difficile is a multi-drug resistant pathogen and healthcare burden, associated with hospital
outbreaks. CDI treatments remain limited and antimicrobial resistance means they can
potentially lose their efficiency over time. New therapeutic strategies are required, especially

those that do not affect the rest of the microbiota.

TFP has been shown to contribute to adhesion and colonisation (Robert W McKee et al., 2018),
motility (Garrett et al., 2019; Purcell et al., 2016) and biofilm formation (Brauer et al., 2021;
Maldarelli et al., 2016; Purcell et al., 2016) during pathogenesis, and may be considered as a
novel drug target to prevent and treat CDI. This work investigating TFP in C. difficile contributes

to our further understanding of TFP and is a basis of future developments in this field.

5.1. c-di-GMP effects on pili, flagella and cell division

Interestingly, we also observed long cell morphology phenotypes in ApilD1 mutant even in the
absence of dccA induction to increase c-di-GMP (section 3.3.5.), but not when pilA1 was
deleted (section 3.3.2.). This suggests that the phenotype observed is not due to changes in
CmrRST induced by c-di-GMP and that there might be other molecular pathways that involve

crosstalk between TFP gene expression and cell division.

Studies suggest that pili, flagella and cell cycle are also regulated by c-di-GMP in other bacteria.
In Caulobacter crescentus, phase switching between TFP and flagella motility are also reported
but they are named ‘swarmer’ and ‘stalked’ (Duerig et al., 2009; Romling et al., 2013).
Caulobacter pili are mainly observed in stalked cells, which are attached to surfaces by pili,
whereas more flagella are observed in planktonic swarmer cells (Romling et al., 2013).
Depending on the intracellular level of c-di-GMP, C. crescentus switches from swarmer cells to
stalked cells and undergoes cell division (Duerig et al., 2009; Mignolet et al., 2018). In this
bacterium, during cell division, c-di-GMP binds to an effector protein (PopA), which activates

degradation of a replication initiation inhibitor (CtrA) and allows cells to enter S-phase and

106



undergo cell division (Duerig et al., 2009). It is also suggested some pili accessory proteins are

responsible for flagella exportation in C. crescentus (Mignolet et al., 2018).

In our work, we suggest c-di-GMP represses flagella biosynthesis and swimming motility, but
also observed a deficiency in flagella exportation from the ApilA1 mutants when grown on 1.8
% agar. Would it be possible that some genes in the TFP gene cluster of C. difficile are also
involved in flagella exporting pathways? There could be complex signal pathways and crosstalk
between TFP and flagella in C. difficile beyond c-di-GMP. To our knowledge, this has not yet

been reported and would be an interesting new research avenue.

To investigate the potential crosstalk between TFP and flagella and the differences depending
on media type, our workflow using motility assays and immunoblotting, should be expanded
to study mutants in other TFP genes as well as FliC and other genes in the flagella operon.
Fluorescently labelling of PilA1, PilJ and/or FliC to detect localisation on the pilus and
flagellum, respectively, would also provide important insight. This labelling strategy can also

be expanded to other TFP and flagella genes to identify exporting sites of the target proteins.

Finally, electron microscopy and/or tomography could be used to directly observe pili
filaments and flagella in the cells. Studying different mutant strains with these techniques

would provide unique insights on assembly and organisation of the two motility filaments.

Additionally, a recent study shows that long cell chains, repressed flagella gene transcriptions,
reduced motility, but increased adhesion and biofilm formation are detected under
metronidazole antibiotic treatments to C. difficile (Doan et al., 2022). These biological changes
are similar to the effect observed with higher levels of c-di-GMP. It has been demonstrated
that some antibiotics can trigger c-di-GMP signalling pathways by the activation of an inner
membrane phosphodiesterase (Hoffman et al., 2005). Therefore, it would be important to
explore the mechanism that triggers c-di-GMP signalling pathways upon metronidazole

treatment and if these relate to TFP and/or flagella as also observed here.

107



5.2. Genetic diversity of TFP genes in C. difficile

In our work, an increased level of c-di-GMP is shown to induce PilA1 expression. However, this
did not lead to significant increase in twitching motility on agar surface, which was found to
be limited in all conditions and strains tested. Previous studies suggested the c-di-GMP
elevated twitching motility in R20291, while deleting pilB1 results in loss of twitching motility
(Purcell et al., 2016). However, it should be noted that strains CD630 used here and R20291
tested in previous work have significantly different characteristics and virulence, with R20291
being often classified as hypervirulent (Griffiths et al., 2010). Twitching motility could be one
of the virulence traits that is significantly different in our lab strain CD630. Moreover, this
could be related to sequence variation of pilA1 across C. difficile strains, since PilAl contains

a hypervariable aB-loop, as discussed in Chapter 1.

To investigate if the different levels of twitching ability of CD630 and R20291 could relate to
differences in sequence, we briefly analysed gene similarity of TFP in these strains. For
completeness, we extended this analysis to include the TFP primary gene cluster from 47

isolates, using CD630 as the reference strain (Sebaihia et al., 2006).

From our analysis, pilA1 shows the highest level of variation in the locus across isolates (Figure
5-1). Furthermore, there is considerable differentiation between CD630 pilA1 and R20291
pilAl in the phylogenetic tree (Figure 5-2). As discussed in Chapter 1, R20291 is hypervirulent,

while CD630 is a reference strain and they belong to different clades, 2 and 1, respectively.
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Figure 5-1. Sequence similarity of riboswitch Cdi2_4 and primary TFP cluster genes from 47 C. difficile isolates

Sequence similarity is represented as a heat map, using CD630 as a reference. The gene names are labelled on

the top of the heat map, isolates are listed on the left (strains) with the related MLST (Clade) and RT (Ribotype).

Genes from CD630 (RT012, Clade 1) were used as template genes when analysed in BLAST. The BLAST data can

be found in appendix table C-1.
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Figure 5-2. Phylogenetic tree of C. difficile pilA1 genes

Neighbour-joining (N-J) tree of pilAl genes of 47 C. difficile isolates. The ribotype of strains are labelled in
brackets. MLST is represented by colour codes: Clade 1 in yellow, Clade 2 in green, Clade 3 in blue, Clade 4 in
purple and Clade 5 in pink. C. difficile isolate DH/NAP11/106/ST42 is represented by DH/NAP11. Isolate 630Aerm

is represented by 630Derm. CD630 and R20291 are highlighted in boxes.

The genetic diversity of pilAl may explain the different phenotypes of twitching motility
between CD630 and R20291. Additionally, a lower level of twitching motility is also observed
in CD630Aerm compared to R20291 (Purcell et al., 2016). This is not surprising as CD630Aerm
is derived from CD630 and they share 100% pilA1 genetic similarity in our analysis. As TFP is

one of virulent factors and has variable activation during infection, the different ability for
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twitching motility in vitro observed between the hypervirulent R20291 and less virulent CD630

and CD630Aerm may also be relevant for pathogenicity of each strain.

Another interesting observation from the sequence analysis is that pilA1 is highly conserved
in the analysed isolates from Clade 5 (Figure 5-2, pink). All isolates correspond to RT078, a
clinically relevant strain, also associated with animal infections that lacks a flagella operon and
was therefore found to be non-motile in soft agar (Schwanbeck et al., 2021). We can speculate
that TFP-mediated twitching motility could compensate for the lack of flagella-mediated
swimming motility and it would be interesting to investigate twitching motility in this ribotype.
A recent study suggests that the genes encoding FliC and two other flagella motility regulators,
FliW and CsrA, are all conserved in other Clade 5 strains, while FliW plays a key role in virulence
(Zhu and Britton, 2022). Comparing the TFP gene sequences in those strains in Clade 5 could

also provide new insights on the variation of the two motility types across strains.

In order to further our understanding of TFP genes and their role in twitching motility, motility

assays and immunoblotting of strains lacking the other TFP genes should be carried out.

5.3. Factors affecting colony and cell morphology

We observed that ApilA1 shows a dimmer, thinner and larger colony than the wild type, but
without branched and rough colony morphologies. This would indicate, that as predicted,

ApilA1 mutant loses twitching motility, and no branching was observed.

The study investigating CmrRST also reveals C. difficile cell morphology has impact on colony
morphology (Garrett et al., 2019). Long cell chains were found in rough colonies, at the edge
of colonies, whereas cells with normal cell morphology are found in smooth colonies (Garrett
et al., 2019). This is also observed in Listeria monocytogenes, where long chain cells results in
rough colonies (Kuhn and Goebel, 1989). In this work, long chain cell morphology was
observed in CD630 under high level of c-di-GMP and ApilD1 mutants, but not in ApilAl. This
could explain the branchy and rough colonies observed in the former strains (section 4.2.1

and 4.4.1), while smooth colonies were observed in the later (section 4.3.1).

111



Similar observations have been seen in other bacteria, such as Salmonella typhimurium and
Vibrio species were studies show that under a higher level of c-di-GMP, the signal triggers
biofilm formation and secretion of adhesive extracellular matrix components, such as
cellulose and curli fimbriae (Romling, 2005). The resulting bacterial cells have a firmer
attachment to the surface than planktonic cells, which can lead to opaque and rugose colony
morphologies, used to distinguish biofilm formation in Vibrio species (Beyhan et al., 2008;

Roémling, 2005; Yildiz and Visick, 2009).

Although there is no report observing whether biofilm affects colony morphologies in C.
difficile, studies on C. difficile biofilm formation may provide a hint on the different colony
morphology we observed in this work to previous twitching motility study in R20291 by Purcell
and colleagues (2016). As discussed in section 1.3.3., c-di-GMP triggers biofilm formation,
however, there are different phenotypes between CD630 and R20291 (Papa et al., 2013).
CD630 is suggested to show a better binding to extracellular matrix and biofilm formation than
R20291 (Santos et al., 2022; Valiente et al., 2016), which may be a potential factor to observe
a lower surface motility in CD630 than R20291. As ApilA1 mutant shows deficiencies in biofilm
formation, this could result in reduced attachment to the agar surface and therefore growth

into larger, thinner but smoother colonies than the wild type on 1.8 % agar.

To further understand colony morphology and the effect of TFP, confocal microscopy can be

used to study biofilm formation in more detail (Ronish et al., 2022).

5.4. The role of pre-pilin peptidases

Previous studies have shown that one of the pre-pilin peptidase, PilD2, is required for PilAl
biosynthesis when C. difficile is growing in liquid culture (Couchman, 2016). In this work, the
other pre-pilin peptidase, PilD1, does not appear to be required for PilAl biosynthesis in liquid
culture. Interestingly, PilD1 becomes essential when growing on 1.8 % agar even though
branchy colonies were observed in ApilD1 mutant, which lacks PilA1 signal in western blot.
Moreover, long-chain shapes in cell morphology were observed in PilD1 mutagenesis study,

suggesting absence of the protein affects cell division (section 3.3.5.).
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To complete the work presented here, it would be important to verify complementation of
pilD1 and pill by anti-PilD1 and anti-PilJ immunoblotting. The levels of these proteins, as well
as the other TFP proteins in the strains described here, would provide important information
on how c-di-GMP affects each TFP gene and might help explain the unexpected results

observed.

The exact role and activation of the two pre-pilin peptidases remains unclear. In other species,
PilD may contain a methyltransferase domain and act as a bi-functional peptidase and
methylase enzyme, which may be involved in more molecular activities (Pepe and Lory, 1998;
Strom et al., 1993). However, from protein domain prediction, neither PilD1 nor PilD2 contain
additional enzymatic domain. One possibility is that PilD1 might work co-operatively with
PilD2, depending on growth conditions. Another possibility is that the branched colonies may
be due to twitching motility driven by PilA2 in the secondary TFP gene cluster to compensate

for mismaturation of PilAl in the absence of PilD1.

To investigate the roles of PilD1 and PilD2, enzymatic assays can be carried out to confirm
whether either of them cleaves prepilin into mature PilA1 and/or PilA2. Further, genes in the

secondary TFP gene cluster can be investigated with the assays and analysis done in this work.

The key contributions of this work to our understanding of TFP and its role in C. difficile are
the possibility of a novel crosstalk between TFP and flagella and a potential role of at least
some TFP genes in cell division. These observations open a wider view of c-di-GMP signalling
pathways and the switch between TFP and flagella phases in C. difficile, opening novel
directions for future studies in C. difficile TFP, flagella, c-di-GMP riboswitches and signalling

pathways.
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Appendix A

Cloning

Table A-1. Primers used in this study

Primer |Sequence 5'to3' Description
0ZGWO001 |GAATTGATAAATAGTTAACTTCAGGTTTG pMTL-SC7315 sequencing primer F
0ZGWO002 |AGAAGATCCTTTGATCTTTTCTACG pMTL-SC7315 sequencing primer R
0ZGWO003 [AAACTCCTTTTTGATAATCTCATGAC pPMTL-SC7315 linearisation primer F
0ZGW004 |AAACTTAGGGTAACAAAAAACACC pPMTL-SC7315 linearisation primer R
To amplify pMTL-SC7315 from pJAKO80
0ZGWO005 |TAGGGTAACAAAAAACACCG (without restriction sites)
To amplify pMTL-SC7315 from pJAKO80
0ZGWO006 |CCTTTTTGATAATCTCATGACC (without restriction sites)
cggtgttttttgttaccctaGGAGTAAACTACAATGGATATTATA [Gibson Assembly: pMTL-SC7315 (from
0ZGWO011 [ATC pJAKOS80) ->pilD1 LHR
0ZGWO012 |taaatatattataCATAGTTTGTAGCACTTTAGTAATAG Gibson Assembly: pilD1 RHR -> pilD1 LHR
acaaactatgTATAATATATTTAATTTTTATTATAATTTGTTAT |Gibson Assembly: pilD1 LHR -> pilD1 RHR
0ZGW013 |[ACAAATTTATATAAC
tcatgagattatcaaaaaggAAATATCTTGAAAACCTAAATATT |Gibson Assembly: pilD1 RHR -> pMTL-
0ZGWO014 |CAAC SC7315 (from pJAKO80)
cggtgttttttgttaccctaGGTCCTTTAAATTAATATATCATGTT |Gibson Assembly: pMTL-SC7315 (from
0ZGWO015 ([TTATTAATC pJAKO80) ->pil) RHR
0ZGWO016 ([taaaaagggtCCTAAACTCTGGAAACTTTG Gibson Assembly: pilJ LHR -> pil) RHR
0ZGWO017 |agagtttaggACCCTTTTTATTCATAATAATCATTC Gibson Assembly: pilJ RHR -> pilJ LHR
Gibson Assembly: pMTL-SC7315 (from
0ZGWO018 (tcatgagattatcaaaaaggAGTTAAAATAAAGTGCGAATAC pJAKO80) ->pil) LHR
CAAAGTTTCCAGAGTTTAGGCCTTTTTGATAATCTCATGA |Gibson Assembly: pMTL-SC7315
0ZGWO021 |CCA linearisation primer with pil) LHR flank
TTTTAACTTCTGGATTTCTTTAGGGTAACAAAAAACACCG |Gibson Assembly: pMTL-SC7315
0ZGWO022 |TATTTC linearisation primer with pilJ RHR flank
CGGTGTTTTTTGTTACCCTAAAGAAATCCAGAAGTTAAAA |Gibson Assembly: pMTL-SC7315 (from
0ZGW023 ([TAAAG pJAKO80) ->pilJ LHR
TTAAAGGACATAATAATCATTCCCATTAAATAAAATTATA |Gibson Assembly: pil) RHR -> pilJ LHR
0ZGW024 |G
GATTATTATGTCCTTTAAATTAATATATCATGTTTTATTAA |Gibson Assembly: pilJ LHR -> pil) RHR
0ZGW025 ([TC
Gibson Assembly: pil) RHR -> pMTL-
0ZGW026 |[TCATGAGATTATCAAAAAGGCCTAAACTCTGGAAACTTTG [SC7315 (from pJAKO80)
TAATGGGAATGATTATTATGGAGGGATGGGGTCCTTTAA |Gibson Assembly: pil) LHR -> pill RHR
0ZGW027 [(A
AACGAGTAGTGATTTAGAAGCCTTTTTGATAATCTCATGA |Gibson Assembly: pMTL-SC7315
0ZGWO028 |CCAAAATC Linearisation primer with PilD1 link
TATCCATTGTAGTTTACTCCTAGGGTAACAAAAAACACCG |Gibson Assembly: pMTL-SC7315
0ZGWO029 |TATTTC Linearisation primer with PilD1 link
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Primer [Sequence 5'to3' Description
CGGTGTTTTTTGTTACCCTAGGAGTAAACTACAATGGATA |Gibson Assembly: pMTL-SC7315 ->pilD1
0ZGWO030 |TTATAATC LHR
AATTTGCTTTCTTATATCTACCATAGTTTGTAGCACTTTAG [Gibson Assembly: pilD1 RHR -> pilD1 LHR
0ZGWO031 |TAATAG
TAAAGTGCTACAAACTATGGTAGATATAAGAAAGCAAAT [Gibson Assembly: pilD1 LHR -> pilD1 RHR
0ZGW032 |TCC
TCATGAGATTATCAAAAAGGCTTCTAAATCACTACTCGTT [Gibson Assembly: pilD1 RHR -> pMTL-
0ZGWO033 |ATAAAAATC SC7315
0ZGW036 |GAAAACCTAAATATTCAACTTTATCTTCCATATA PilD1 630 gDNA Screening Primer
0ZGWO037 |[CTGACCAAGAGTTTATGACAAGAATG PilD1 630 gDNA Screening Primer
0ZGW038 |GATGTAAGAAATCCAGAAGTTAAAATAAAG pil) screening F
0ZGWO039 |[CTTGCAATACTTTATCCTAAACTCTG pill screening R
to amplify PilJ LHR from gDNA with Sacl
restriction site (for pJAK112 construct and
0ZGW040 |GATCCGCGAGCTCAGAAATCCAGAAGTTAAAATAAAG SOE PCR)
GATATATTAATTTAAAGGACCCCATCCCTC to amplify Pil) LHR from gDNA with flank
0ZGW041 |TCATAATAATCATTCCCATTAAATAAA binding to RHR (for pJAK112 construct)
AATTTTATTTAATGGGAATGATTATTATGA to amplify PilJ RHR from gDNA with flank
0ZGWO042 [GAGGGATGGGGTCCTTTAAA binding to LHR (for pJAK112 construct)
to amplify Pill RHR from gDNA with BamHI
restriction site (for pJAK112 construct and
0ZGW043 |GATCCGCGGATCCCCTAAACTCTGGAAACTTTG SOE PCR)
RF1065 To amplify pMTL-SC7315 from
0ZGWO048 |GATCGAGCTCTAGGGTAACAAAAAACACCG pJAKOS8O (with restriction sites)
RF1066 To amplify pMTL-SC7315 from
0ZGWO049 |GATCGGATCCCCTTTTTGATAATCTCATGACC pJAKOS8O (with restriction sites)
To amplify pECC109 with Sphl restriction
0ZGW052 |GATCGCATGCATAAAACTTTAAATAGAAAAAGGCT sites at both ends
GATCGCATGCACCACCACCAAGAGCTCCTTGTTGATCCAT |To amplify pECC109 with Sphl restriction
0ZGWO053 |[TACAATATTAT sites at both ends
NF793; pECC109 screening primer,
0ZGWO055 |CACCTCCTTTTTGACTTTAAGCCTACGAATACC upstream of Ptet promoter
NF1323; pECC109 screening primer,
0ZGWO056 |CTGGACTTCATGAAAAACTAAAAAAAATATTG downstream of Ptet promoter
0ZGWO057 [CACCGACGAGCAAGGCAAGACCG NF794; pECC109 screening primer
to amplify pilD1 from 630 and insert into
pPECC76 for constructing complement
0ZGW058 |GATCGGATCCATTATTATTAACCCTATTACT strain
to amplify pilD1 from 630 and insert into
pECC76 for constructing complement
0ZGWO059 |GATCGCATGCTTATATAAATTTGTATAACAAATTAT strain
to amplify pil) from 630 and insert into
pPECC76 for constructing complement
0ZGWO060 |GATCGGATCCTTTTATTTAATGGGAATGATTAT strain
to amplify pil) from 630 and insert into
pECC76 for constructing complement
0ZGW061 |GATCGCATGCTTAATTTAAAGGACCCC strain
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Primer |Sequence 5'to3' Description
GATCGCATGCATAAAACTTTAAATAGAAAAAGGCTTCTCT [NF3180; amplify pECC76 for constructing
0ZGW062 |C pilin complement strains
amplify pECC76 for constructin pilin
0ZGW063 |[GATCGGATCCTTAATGGTGATGGTGATGGTGCT complement strains
0ZGW064 [TTCATACTCTATAGGGTCTTCTATTG NF3091; pilA1 gDNA screening (2925bp)
0ZGWO065 |AGTTAATAGTTCTTGATACTATACAACTTC NF3092; pilA1 gDNA screening (2925bp)
to amplify pilT from 630 and insert into
pECC76 for constructing complement
0ZGW066 |GATCGGATCCTAGAAGATATGGAGAGTAAATATTAT strain
to amplify pilT from 630 and insert into
pECC76 for constructing complement
0ZGW067 |[GATCGCATGCTTAACGATTATAATATCCATTGTAGT strain
PilA1 complement plasmids (pZGWO005,
0ZGW068 [CGATGCCCTGGACTTCATGAAAAACTAAAAAAAATATTG [pZGWO006) screening primer
PilA1 complement plasmids (pZGWO005,
0ZGW069 [CGACGAGCAAGGCAAGACCG pZGWO006) screening primer
Bind to downstream of dccA on pilAl
complement plasmids (pZGWO005,
0ZGWO070 [GGATCCCCCTAGCGCCTACA pZGWO006)
0ZGWO071 |[GGATCCTATGTTCTGTAATGTGGGCA Bind to upstream of pilAl on pZGW005
GGATCCTTTTTGTATAGCATAATTTTTCTAGAAATTCTGTT |Bind to upstream of cdi2_4 riboswitch on
0ZGWO072 |[TCAATATGTAAAAAG pZGWO006
Reverse primer binding upstream of Ptet,
to sequence pZGWO005/006 backbone,
0ZGWO073 |[GGTATTCGTAGGCTTAAAGTCAAAAAGGA pair with No.495
Forward primer binding downstream of
oriV, to sequence pZGW005/006
0ZGWO074 (TTTTAACTTGTTTTAAAAAAGCACCTACTAATTAGGATT backbone, pair with No.494
Reverse primer binding downstream of
oriV, to sequence pZGWO005/006
0ZGWO075 |[AATCCTAATTAGTAGGTGCTTTTTTAAAACAAGTTAAAA | backbone, pair with No.497
Forward primer binding upstream of
inserted terminator, to sequence
pZGW005/006 backbone, pair with
0ZGWO076 |[CTTGCCTTGCTCGTCGGTGAT No.496
pilAl complement plasmid screening
0ZGWO077 |GCTTGATCGTAGCGTTAACAGAT primer
pilAl complement plasmid screening
0ZGWO078 |[CCTACTACTGACAGCTTCCAA primer

Underlined bases indicate restriction sites. Capital and lower cases distinguish aliments to the

plasmid or genomic DNA.
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Table A-2. Plasmids used in this study

Plasmid Descriptive name Description Source
name
pMTL- pMTL8000-pCB102-catP- used to introduce deletions into C. | (Cartman et al., 2012)
SC7315 ColeE1+tra-T1-codA-T2 difficile 630 via codA-based ACE
pJAK112 pMTL8000-pCB102-catP- BamHI/Sacl restriction sites into pMTL- | DrJ Kirk
ColeEl+tra-T1-codA-T2 SC7315
pASF85 pMTL960-Ptet Ptet empty vector. Derived from | DrR Fagan
pPRF185
pECC17 pMTL960-Ptet- CD630_dccA-His regulated by Ptet | Dr E Couchman
CD630_dccA-His promoter, derived from pRPF185
pECC76 pMTL960-Ptet- Strep-tag, Sphl/Sall restriction sites | Dr E Couchman
CD630_dccA-His-Strep inserted into pECC17
pZGWO001 pMTL-SC7315-ApilD1 used to introduce a 528 bp deletion (aa | This work
6-181) in C. difficile pilD1 (CD3503)
pZGWO002 pJAK112-ApilJ used to introduce a 776 bp deletion (aa | This work
2-261) in C. difficile pilD1 (CDO755)
pECC109 pMTL960-Ptet-dccA-His- pilAl cloned into the second site of | Dr E Couchman
pilA1 pECC76 (BamHI/Sphl) (3298/3299)
pZGWO005 pMTL960-Ptet-dccA-His- pilA1 complement: Promoter-pilA1l This work
Term-Ppilal-pilAl
pZGWO006 pMTL960-Ptet-dccA-His- pilAl complement: Cdi2_4-promoter- | This work
Term-Cdi2_4-Ppilal-pilA1 | pilAl
pZGW007 pMTL960-Ptet-dccA-pilD1 to complement pilD1 in 630ApilD1 This work
pZGWO008 pMTL960-Ptet-dccA-pill to complement pill in 630ApilJ This work
Table A-3. Antibodies used in this study
Antibody Host Working dilution Source
Anti-Cd3513 (PilA1) Rabbit 1:2,000 Prof. N Fairweather
Anti-CdFIliC Chicken 1:100,000 Dr. G Armstrong
Anti-rabbit IgG (H+L)-HRP conjugate | Goat 1:30,000 Promega
Anti-chicken IgY-HRP conjugate Goat 1:10,000 Fisher
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Figure A-1. Plasmid map of pECC17 containing inducible region
Figure represents plasmid pECC17 containing an inducible dccA (yellow) controlled by P:: promoter (green).

Restriction enzyme BamHlI (green triangle) allows insert TFP genes during TFP gene complementation.
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Figure A-2. Plasmid map of pECC109 containing inducible region
Figure represents plasmid pECC109 containing an inducible dccA (yellow) controlled by Pt promoter (green).

Restriction enzymes BamHI (green triangle) and Sphl (grey triangle) were used to insert pilAl (red) as a

complementation of ApilA1 mutant.
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Figure A-3. Screening of putative ApilA1 mutant
Colony PCR using primers 0ZGW064/0ZGWO065. Lane ‘M’ indicates marker. PCR product band size of wild-type

(WT) C. difficile 630 strains is 2921bp. A smaller band is seen in 630ApilA1 (2389bp). 630ApilAl strain was

constructed by Dr E Couchman (Couchman, 2016).

Figure A-4. Screening of pECC109 in ApilA1 mutant
Colony PCR using primers 0ZGW077/0ZGWO078. Lane ‘M’ indicates marker. PCR product band size of pECC109 is

1693bp. 630ApilA1 strain and pECC109 is constructed by Dr E Couchman (Couchman, 2016).
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Figure A-5. Plasmid map of pZGWO005 containing inducible region
Figure represents plasmid pZGWO005. Based on pECC109, a terminator (purple) is inserted upstream of pilAl
(red), yielding pZGWO0O05 as a control complementation of ApilA1 mutant missing Cdi2_4 riboswitch. dccA in

yellow controlled by P:r promoter (green).
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Figure A-6. Plasmid map of pZGWO006 containing inducible region
Figure represents plasmid pZGWO006. Based on pECC109, a terminator (purple) and Cdi2_4 riboswitch (brown) is
inserted upstream of pilAl (red), yielding pZGWO0O06 as an additional complementation of ApilA1 mutant. dccA in

yellow controlled by P:t promoter (green).
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Appendix B

Biological assays with vector controls and mutants
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Figure B-1.ApilA1 growth curves and rates with vector control

The growth of CD630 (grey), 630_pASF85 (blue), 630ApilAl (cyan), 630ApilA1_pASF85 (AA1_A; pink) was
measured hourly by spectrometry absorbance at 595 nm in a plater reader during 12 hour incubation in BHIS.
(A) Growth curves under (+ ATc; triangle dots) or without (round dots) 50 ng ml! of ATc supplementation. (B)
Growth rates of all strains under either 0 (-, dots) or 50 ng ml? (+, triangles) of ATc supplementation. No

significant difference reported after one-way ANOVA analysis performed by GraphPad Prism.
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Figure B-2. ApilA1 cell morphology with vector control

CD630 (grey), 630_pASF85 (blue), 630ApilAl (cyan), 630ApilA1_pASF85 (AA1_A; pink) incubated either with (+)
or without (-) ATc supplementation. Samples were collected after incubating in BHIS for 7 hours. Dot plots show
the data of measured cell length. 120 cells were randomly picked and measured. Data from samples under ATc
supplementation is coloured in darker shades. Horizontal lines indicate the median. Figure generated and one-

way ANOVA analysis performed by GraphPad Prism.
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Figure B-3. ApilD1 growth curves and rates with vector control
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The growth of CD630 (grey), 630_pASF85 (blue), 630ApilD1 (orange), 630ApilD1_pASF85 (AD1_A; green) was

measured hourly by spectrometry absorbance at 595 nm in a plater reader during 12 hour incubation in BHIS.

(A) Growth curves under (+ ATc; triangle dots) or without (round dots) 50 ng ml™? of ATc supplementation. (B)

Growth rates of all strains under either 0 (-, dots) or 50 ng ml? (+, triangles) of ATc supplementation. No

significant difference reported after one-way ANOVA analysis performed by GraphPad Prism.
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Figure B-4. ApilD1 cell morphology with vector control

CD630 (grey), 630_pASF85 (blue), 630ApilD1 (orange), 630ApilD1_pASF85 (AD1_A; green) incubated either with

(+) or without (-) ATc supplementation. Samples were collected after incubating in BHIS for 7 hours. Dot plots

show the data of measured cell length. 120 cells were randomly picked and measured. Data from samples under

ATc supplementation is coloured in darker shades. Horizontal lines indicate the median. Figure generated and

one-way ANOVA analysis performed by GraphPad Prism.
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Figure B-5. Apill growth curves and rates with vector control
Growth of CD630 (grey), 630_pASF85 (blue), 630Apill (green), 630Apill_pASF85 (AJ_A; yellow) was measured
hourly by spectrometry absorbance at 595 nm in a plater reader during 12 hour incubation in BHIS. (A) Growth
curves under (+ ATc; triangle dots) or without (round dots) 50 ng ml* of ATc supplementation. (B) Growth rates
of all strains under either 0 (-, dots) or 50 ng ml™ (+, triangles) of ATc supplementation. No significant difference

reported after one-way ANOVA analysis performed by GraphPad Prism.
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Figure B-6. Apill cell morphology with vector control

CD630 (grey), 630_pASF85 (blue), 630ApilJ (green), 630Apill_pASF85 (AJ_A; yellow) incubated either with (+) or
without (-) ATc supplementation. Samples were collected after incubating in BHIS for 7 hours. Dot plots show the
data of measured cell length. 120 cells were randomly picked and measured. Data from samples under ATc
supplementation is coloured in darker shades. Horizontal lines indicate the median. Figure generated and one-

way ANOVA analysis performed by GraphPad Prism.
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Figure B-7. ApilD1 biofilm formation

Biofilm formation is quantified by absorbance at 595 nm of CD630 (grey), 630ApilD1 (orange), 630_pECC17 (ECC;
yellow), 630ApilD1_pECC17 (AD1_E; yellow) and 630ApilD1_pZGWO007 (ApilD1; blue) cultures after 7-day
incubation in 24-well plates either without (- ATc) or without (+ ATc, strips) 50 ng ml of ATc supplementation.

No significant phenotype reported. Significance analysed with one-way ANOVA in GraphPad Prism.
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Figure B-8. Apill biofilm formation

Biofilm formation is quantified by absorbance at 595 nm of CD630 (grey), 630ApilJ (orange), 630_pECC17 (ECC;
yellow), 630Apil/_pECC17 (A)_E; yellow) and 630ApilD1_pZGWO008 (Apill; blue) cultures after 7-day incubation in
24-well plates either without (- ATc) or without (+ ATc, strips) 50 ng ml™ of ATc supplementation. No significant

phenotype is reported. Significance analysed with one-way ANOVA in GraphPad Prism.
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Figure B-9. C. difficile 630 colony size and morphology on 1.8 % agar
CD630 (top row), vector control 630_pASF85 (middle row) and 630_pECC17 (bottom row) samples were

incubated with (+ATc) or without 50 ng ml! of ATc on 1.8% agar plates. Red bars indicate 1.6 cm.
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Figure B-10. ApilA1 and complement colonies on 1.8 % agar plates
Example of colonies from 630ApilAl, 630ApilA1_pECC17 (AA1_E) and complement strains 630ApilA1_pECC109
(009), 630ApilA1_pZGWO0O05 (05) and 630ApilA1_pZGWO006 (06) incubated for 7 days on 1.8% agar plates with (+

ATc) or without 50 ng ml™ of ATc supplementation. Red bars indicate 1.6 cm.
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Figure B-11. Colony diameter in 1.8% agar of 630ApilA1 and vector control

C. difficile CD630 (grey), 630_pASF85 (blue), 630ApilAl (cyan) and 630ApilA1_pASF85 (AA1_A; pink) samples
were incubated on 1.8% agar plates. (A) Colony diameter was measured every 24 hours for 7 days without or
with 50 ng ml? of ATc supplementation. (B) Changes in colony diameter between Day 1 and Day 3 post-
inoculation in the absence or supplementation (strip-shades) of ATc. Each replicate is represented as a diamond.
One-way ANOVA analysis performed by Graphpad Prism. “****’ indicates P value < 0.0001. No significant
phenotype when introducing vector pASF85, but observing an increased motility when deleting pilA1 as

described in section 4.3.1.
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Figure B-12. Colony diameter variation in 0.3 % agar of ApilA1 and complement strains

Flagella-mediated swimming motility assay, performed on 0.3% agar, either with (+) or without (-) ATc
supplementation. CD630 (grey), 630_pASF85 (blue), 630ApilA1 (cyan) and 630ApilA1_pASF85 (AA1_A; pink).
Strip shades indicated samples under dccA induction (+ ATc). Each replicate is represented as a diamond.

Significance analysed with one-way ANOVA in GraphPad Prism. No significant phenotype is reported.
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Figure B-13. ApilD1 and complement colonies on 1.8 % agar plates
630ApilD1, 630ApilD1_pECC17 (AD1_E) and 630ApilD1_pZGWO007 (ApilD1c) colonies incubated to 7 days on 1.8%

agar plates with (+ ATc) or without 50 ng mlI™ of ATc supplementation. Red bars indicate 1.6 cm.
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Figure B-14. Colony diameter in 1.8 % agar of 630ApilD1 and vector controls

C. difficile CD630 (grey), 630_pASF85 (blue), 630ApilD1 (orange) and 630ApilD1_pASF85 (AD1_A; green) samples
were incubated on 1.8% agar plates. (A) Colony diameter was measured every 24 hours for 7 days without or
with 50 ng ml? of ATc supplementation. (B) Changes in colony diameter between Day 1 and Day 3 post-
inoculation in the absence or supplementation (strip-shades) of ATc. Each replicate is represented as a diamond.

One-way ANOVA analysis performed by Graphpad Prism. No significant phenotype is reported.
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Figure B-15. Colony diameter variation in 0.3 % agar of ApilD1 and complement strains

Flagella-mediated swimming motility assay, performed on 0.3% agar, either with (+) or without (-) ATc
supplementation. CD630 (grey), 630_pASF85 (blue), 630ApilD1 (orange) and 630ApilD1_pASF85 (AD1_A; green).
Strip shades indicated samples under dccA induction (+ ATc). Each replicate is represented as a diamond.

Significance analysed with one-way ANOVA in GraphPad Prism. No significant phenotype is reported.
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Figure B-16. Apill and complement colonies on 1.8 % agar plates
630Apill, 630Apill_pECC17 (AJ_E) and 630Apill_pZGWO007 (Apilic) colonies incubated to 7 days on 1.8% agar

plates with (+ ATc) or without 50 ng mI! of ATc supplementation. Red bars indicate 1.6 cm.
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Figure B-17. Colony diameter in 1.8 % agar of 630ApilJ and vector controls

C. difficile CD630 (grey), 630_pASF85 (blue), 630ApilJ (green) and 630Apill_pASF85 (AJ_A; yellow) samples were
incubated on 1.8% agar plates. (A) Colony diameter was measured every 24 hours for 7 days without or with 50
ng ml! of ATc supplementation. (B) Changes in colony diameter between Day 1 and Day 3 post-inoculation in the
absence or supplementation (strip-shades) of ATc. Each replicate is represented as a diamond. One-way ANOVA

analysis performed by Graphpad Prism. No significant phenotype is reported.
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Figure B-18. Colony diameter variation in 0.3% agar of ApilJ and complement strains

Flagella-mediated swimming motility assay, performed on 0.3% agar, either with (+) or without (-) ATc
supplementation. CD630 (grey), 630_pASF85 (blue), 630Apil (green) and 630Apill_pASF85 (AJ_A; green). Strip
shades indicated samples under dccA induction (+ ATc). Each replicate is represented as a diamond. Asterisks ‘*’

indicate P value < 0.1. Significance analysed with one-way ANOVA in GraphPad Prism.
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Appendix C

Sequence variation analysis

Table C-1. Nucleotide similarities of 47 C.difficile isolates by BLAST

Strain Gene cdi2_a pilAl pilu pilv pilK pilJ pilB1 pilT pilc1 pilMN pilo pilD1 pilp2
DSM29745 99.65 92.65 99.43 99.65 99.81 97.89 99.76 99.45 99.34 99.94 99.67 99.85 99.62
731 99.82 98.84 99.24 99.82 99.55 98.13 99.46 99.35 99.67 99.71 99.34 99.4 99.36
W0003a 99.65 93.23 99.62 99.65 99.74 99.5 99.7 99.45 99.59 99.77 99.67 99.55 99.36
CD105001 98.07 91.9 98.67 98.07 98.18 99.75 99.7 98.89 98.68 98.72 98.9 99.7 97.7
DSM29688 100 98.84 99.43 100 99.87 97.89 99.7 99.35 99.75 99.77 99.56 99.4 99.23
DSM27639 100 100 100 100 100 100 100 100 100 100 100 100 100
630 100 100 100 100 100 100 100 100 100 100 100 100 100
630Aerm 100 100 100 100 100 100 100 100 100 100 100 100 100
W0022a 99.3 91.68 99.62 99.3 99.68 99.75 99.64 99.54 DO 99.88 99.67 99.55 99.36
DSM29637 99.47 91.88 99.62 99.47 99.68 99.75 99.64 99.35 99.59 99.82 99.56 99.55 99.87
DSM28666 100 91.49 99.62 100 99.74 97.76 99.7 99.54 99.67 99.77 99.56 99.55 99.87
DSM29632 99.3 91.68 99.62 99.3 99.55 97.89 99.64 99.35 99.67 100 99.45 99.55 99.36
DSM28668 99.3 91.88 99.62 99.3 99.81 99.75 99.76 99.45 99.59 99.77 99.45 99.25 100
08-00495 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
09-00072 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
10-00071 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
10-00078 99.65 94 99.43 99.65 99155 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
10-00253 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
12-00008 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
12-00011 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
CD-10-00484 99.65 94 99.43 99.65 99.55 98.01 99.58 9935 99.67 99.82 9934 99.7 99.49
CD-17-01474 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
DSM27638 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
DSM27640 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
DSM28196 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
RO104a 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
BI1 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
CD196 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
2007855 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
R20291 99.65 94 99.43 99.65 99.55 98.01 99.58 99.35 99.67 99.82 99.34 99.7 99.49
DH/NAP11 99.47 93.42 99.43 99.47 99.68 99.38 99.58 99.54 99.34 99.88 99.67 99.85 99.62
W0023a 99.47 93.42 99.43 99.47 99.68 99.38 99.58 99.54 99.34 99.88 99.67 99.85 99.62
DSM102859 99.12 92.44 99.05 99.12 98.64 98.26 98.99 99.17 98.59 99.07 98.46 99.1 97.06
DSM102860 99.12 92.44 99.05 99.12 98.64 98.26 98.99 99.17 9859 99.07 98.46 99.1 97.06
BIO8 98.42 91.88 98.3 98.42 98.44 97.89 99.22 98.89 98.68 98.42 99.01 99.23 97.57
DSM29627 98.42 91.88 98.3 98.42 98.44 97.89 99.22 98.89 98.68 98.42 99.01 99.23 97.57
CF5 98.42 91.88 98.3 98.42 98.44 97.89 99.22 98.89 98.68 98.42 99.01 99.23 97.57
DsSM28669 98.42 91.1 98.67 98.42 98.38 97.76 99.11 98.89 98.68 98.6 99.01 99.23 97.06
DSM29629 9842 913 983 98.42 98.44 97.89 99.11 98.8 98.68 98.42 99.01 99.23 97.06
DSM28670 98.25 91.88 98.67 98.25 98.31 97.89 99.17 99.35 98.76 98.54 99.01 99.23 97.45
M120 95.96 91.88 95.64 95.96 95.84 95.52 97.61 98.43 97.85 98.07 98.46 97.54 94.89
12038 95.96 91.49 95.64 95.96 95.84 95.52 97.61 98.43 97.77 98.07 98.46 97.54 94.89
C€D10010 95.96 91.49 95.64 95.96 95.84 95.52 97.61 98.43 97.77 98.07 98.46 97.54 94.89
CD21062 95.96 91.49 95.64 95.96 95.84 95.52 97.61 98.43 97.85 98.07 98.46 97.54 94.89
DSM29747 95.96 91.49 95.64 95.96 95.84 95.52 97.61 98.43 97.85 98.07 98.46 97.54 94.89
TW11 95.96 91.49 95.64 95.96 95.84 95.52 97.61 98.43 97.85 98.07 97.53 97.54 94.89
DSM29020 95.96 91.49 95.64 95.96 95.84 95.52 97.61 98.43 97.85 98.07 98.46 97.54 94.89

TFP genes in C. difficile 630 (CD630; Sebaihia et al, 2006) were used as template for nucleotide similarity

alignments in this study, which are listing in Appendix Table C-2. References of the 47 isolates can be found

in Appendix Table C-3.
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Table C-2. Template genes for nucleotide similarity BLAST

GENE

LOCUS TAG

Cdi2_4

pilAl
pilB1
pilC1
pilMN
pilO
pilV
pilU
pilK
pil T
pilD2
pilD1

170 bp from 4,105,967

to 4, 105,798
CD630_35130
CD630_35120
CD630_35110
CD630_35100
CD630_35090
CD630_35080
CD630_35070
CD630_35060
CD630_35050
CD630_35040
CD630_35030
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Table C-3. References of isolates used in nucleotide similarity analysis

Clade

Ribotype

001

002
007
010

012

014
032
084
160
228

027

106

023
127

017
091

235
237

078

126

Strain name

DSM29745
731
W0003a
DSM105001
D5M29688
DSM27639
630

630Aerm

W0022a
DSM29637
D5M28666
DSM29632
DSM28668

08-00495
09-00072
10-00071
10-00078
10-00253
12-00008
12-00011
CD-10-00484
CD-17-01474
DSM27638
D5M27640
DSM28196
RO104a
BI1
CD196
2007855
R20291

DH/NAP11/106/ST-
42

W0023a
D5SM102859
DSM102860

BJO8
D5M29627
CF5
D5SM28669
DSM29629
DSM28670

M120

12038
CD10010
CD21062

D5M29747

TWi11

DSM29020

Genome in
GenBank
CPD19857.1
CP013196.1
CP025047.1
CPD28361.1
CP019858.1
CP011847.1
AM180355.1

LN614756.1

CP025046.1
CPO16106.1
CP012321.1
CP019860.1
CP012309.1
CP026594.1
CP026599.1
CP026596.1
CP026597.1
CP026598.1
CP026593.1
CP026595.1
CP026592.1
CP026591.1
CPO11846.1
CP011848.1
CP012320.1
CP025044.1
NC 0171791
CP059592.1
FN665654.1
CP029423.1

CP022524.1

CP025045.1
CP020378.1
CP020379.1
CP003939.1
CP016102.1
NC 0171731
CP012323.1
CP016104.1
CP012312.1

CP068555.1

CP033214.1
CP033213.1
CP033216.1
CP019864.1
CP045224.1
CP012325.1

Genome Reference

Riedel et al., 2017
Pereira et al., 2017
Yinet al, 2017

Riedel et al., 2017
Gross et al,. 2018
Sebaihia et al., 2006

Aslett and De Silva,
2014

Yinet al, 2017
Riedel et al., 2016
Riedel et al., 2015
Riedel et al., 2017
Riedel et al., 2015

Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al.,, 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Gross et al,. 2018
Gross et al,. 2018
Riedel et al., 2015
Yinet al, 2017
He et al., 2010

Masklankaet al., 2020

He et al., 2010
Riedel et al., 2018

Kociolek et al., 2017

Yinet al,, 2017
Riedel et al., 2017
Riedel et al., 2017
Cheng et al., 2012
Riedel et al., 2017

He et al., 2010
Riedel et al., 2017
Riedel et al., 2016
Riedel et al., 2015

te Vrugt and Minton,
2021

Wu, 2018
Wu, 2018
Wu, 2018
Riedel et al., 2017
Li, 2019
Riedel et al., 2017

PCR-ribotyping
Reference
Riedel et al., 2017
Pereila et al.,2016
Yinet al,. 2017

Schwanbeck et al., 2019Schwanbecket al, 2018

Riedel et al., 2017
Grop et al., 2017
Riedel et al., 2017

Riedel et al., 2017

Yinet al,. 2017
Riedel et al., 2017
Riedel et al.,, 2017
Riedel et al., 2017
Riedel et al., 2017

Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Steglich et al., 2018
Grof et al,, 2017
Grop et al., 2017
Riedel et al., 2017

Yinet al,. 2017
Kurkaet al., 2014
Grop et al., 2017
Grop et al., 2017
Grop et al., 2017

Kociolek et al., 2017

Yinet al,. 2017
Riedel et al., 2017
Riedel et al., 2017

Wuetal., 2019
Riedel et al., 2017
Grop et al., 2017
Riedel et al., 2017
Riedel et al., 2017
Riedel et al., 2017

Grop et al., 2017

Wuet al, 2019
Wu et al, 2019
Wu et al.,, 2019
Riedel et al., 2017
Lietal, 2020
Riedel et al., 2017
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Appendix D

C. difficile TFP predicted protein structures

PilO

PilMN

Figure D-1. C. difficile TFP platform proteins
Predicted TFP platform protein structures generated by AlphaFold (alphafold.ebi.ac.uk). (A) FliC1 according to
gene CD3511, core protein. (B) FiIMN according to gene CD3510. (C) FliO according to gene CD3509. C-termini

are labelled in orange, N-termini are labelled in green.
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PilK

Figure D-2. C. difficile TFP minor pilins

Predicted protein structures of TFP minor pilins generated by AlphaFold (alphafold.ebi.ac.uk). (A) FliV according
to gene CD3508, core protein. (B) FilU according to gene CD3507. (C) FliK according to gene CD3506, different
shape to other pilins, suggested to be the cap of TFP filament. C-termini are labelled in orange, N-termini are

labelled in green.

PilD2 PilD1

Figure D-3. C. difficile TFP pre-pilin peptidases
Predicted protein structures of TFP pre-pilin peptidases generated by AlphaFold (alphafold.ebi.ac.uk). (A) FliD2
according to gene CD3504. (B) FliD2 according to gene CD3503. C-termini are labelled in orange, N-termini are

labelled in green.
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CD3292 CD3291

Figure D-4. C. difficile predicted TFP platform proteins on the secondary gene cluster
Predicted protein structures of PilM (CD3293; A), CD3292 (B) and CD3291 (C) by AlphaFold
(alphafold.ebi.ac.uk). The three proteins are encoded in the TFP secondary gene cluster. CD3292 and CD3291

are analogous to PilN and PilO.

A B C D

g5 E L

o S

{ #, c ‘/g

C C

\ g

3

‘7

N .

s < N 4 N N
PilA2 PilA3 PilX CD3297

Figure D-5. C. difficile TFP minor pilins on other gene loci

Predicted protein structures of TFP minor pilins found in other gene loci by AlphaFold (alphafold.ebi.ac.uk). (A)
PilA2 (encoded by CD3294) in TFP secondary gene cluster. (B) PilA3 encoded by CD1245. (C) PilX encoded by
CD1242. (D) CD3297 in TFP secondary gene cluster shows extending out C-terminal domain like Pill. C-termini

are labelled in orange, N-termini are labelled in green.
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Table E-1. Quantified band intensity of PilA1 signals from C. difficile 630 in Figure 3-7

Appendix E

Quantification data of western blots

630
Lysate Lysate + ATc TCA TCA + ATc
-0.38987 -0.303715374 0 -0.06392
630_pASF85
Lysate Lysate + ATc TCA TCA + ATc
1.960884 1.784698 0 -0.34878
630_pECC17
Lysate Lysate + ATc TCA TCA + ATc
37.17204 127.8184 27.04593 154.3028
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Table E-3. Quantified band intensity of PilA1 signals from C. difficile 630 pilD1 mutant and complement

strains in Figure 3-13

Lysate
ECC17 ECC17+ATc AD1_E AD1_E+ATc AD1c AD1c+ATc
Repeat 1 15.46083 72.66799 0.65714 40.77377 0.311315 20.60001
Repeat 2 43.54502 70.02167 6.749749 80.8521 7.52114 97.44957
Repeat 3 19.14812 29.69838 5.90366 59.39542 7.70336 36.07402
Average 26.05132 57.46268 4.43685 60.34043 5.178605 51.37453
Standard 15.26175 24.08097 3.300549 20.05587 4.216181 40.64533
deviation
Lysate
ECC17 ECC17+ATc AD1_E AD1_E+ATc AD1c AD1c+ATc
Repeat 1 15.46083 72.66799 0.65714 40.77377 0.311315 20.60001
Repeat 2 43.54502 70.02167 6.749749 80.8521 7.52114 97.44957
Repeat 3 19.14812 29.69838 5.90366 59.39542 7.70336 36.07402
Average 26.05132 57.46268 4.43685 60.34043 5.178605 51.37453
Standard 15.26175 24.08097 3.300549 20.05587 4.216181 40.64533
deviation
Table E-4. Quantified band intensity of PilA1 signals from C. difficile 630 pil/ mutant and complement strains
in Figure 3-17
TCA
ECC17 ECC17+ATc ALE | DJ_E+ATc Alc AJc+ATc
Repeat 1 -0.36674962 | 24.50580814 | 1.557772 | 33.15101 | 5.462294 | 36.61605
Repeat 2 5.630597315 | 38.74126549 | 18.20894 | 50.94874 | 22.03172 | 0.671678
Repeat 3 -0.33608596 | 22.4323035 | 1.898378 | 16.01204 | 0.96965 | 16.17986
Average 1.642587246 | 28.55979238 | 7.221696 | 33.3706 | 9.487889 | 17.82253
Standard deviation 3.453752061 | 8.878155857 | 9.516755 | 17.46938 | 11.0931 | 18.0284
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Lysate
ECC17 ECC17+ATc A)_E A)_E+ATc Alc AJc+ATc
Repeat 1 15.46083 72.66799 3.628826 67.788 10.32917 | 40.65084
Repeat 2 43.54502 70.02167 42.74904 | 40.01397 | 140.9399 | 142.0474
Repeat 3 19.14812 29.69838 25.61719 | 28.77176 43.1161 | 44.53114
Average 26.05132 57.46268 23.99835 | 45.52458 | 64.79506 | 75.74312
Standard deviation 15.26175 24.08097 19.61029 | 20.08337 | 67.95053 | 57.45395
Table E-5. Quantified band intensity of FliC signals from C. difficile 630 in Figure 4-3
630
Lysate Lysate+ATc TCA TCA+ATc
16.76793 26.90838 239.5154 151.0097
630_pECC17
Lysate Lysate+ATc TCA TCA+ATc
18.41759 3.970845 88.32045 36.13717
630_pASF85
Lysate Lysate+ATc TCA TCA+ATCc
36.62907 33.90446 64.30581 124.9761
Table E-6. Quantified band intensity of PliAl signals from C. difficile 630 pilA1 mutant and complement
strains on 1.8% agar in Figure 4-8
TCA
ECC17 ECC17+ AAl AAl+ 109 109+ 005 005+ 006 006+
1.661042| 4.412146( -0.66176 -0.81524( -0.80674| -0.44813 -0.69576| -0.75637| 4.945753| 14.00752
Lysate
ECC17 ECC17+ AAl AAl+ 109 109+ 005 005+ 006 006+
0.092483| -0.35676] -0.22287| 0.237532| 0.486502| 0.385361| 0.33106| 0.603543| 0.990539| 9.621572
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Table E-7. Quantified band intensity of FliC signals from C. difficile 630 pilA1 mutant and complement strains

on 1.8% agar in Figure 4-9

TCA
ECC17 | ECC17+ AAl AAl+ 109 109+ 005 005+ 006 006+
18.69386( 7.628018| 0.794656( 1.540288( 0.620295( -0.08721f 0.313527| -0.34699| -0.50357 -0.61095
Lysate
ECC17 | ECC17+ AAL AALl+ 109 109+ 005 005+ 006 006+
-0.46285| -0.25777| 0.152801] 0.183122| 19.12579| 8.304736| 6.562867| 14.37959| 0.322614| 1.755337
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strains on 1.8% agar in Figure 4-14

TCA
ECC17 ECC17+ATc AD1_E |AD1_E+ATc AD1c AD1c+ATc
0.427917997 | 30.37966533 | 1.908226 | 2.329779 | 2.785328 | 2.140006

Table E-9. Quantified band intensity of PilA1 signals from C. difficile 630 pilD1 mutant and complement

Table E-10. Quantified band intensity of FliC signals from C. difficile 630 pilD1 mutant and complement

strains on 1.8% agar in Figure 4-15

TCA
ECC17 ECC17+ATc| AD1_E |AD1_E+ATc| ADIc AD1c+ATc
Repeat 1 132.090662 86.90169 | 138.6683 | 126.0894 | 118.6876 | 140.538
Repeat 2 73.23884593 48.10833 | 76.58822 | 70.15286 | 65.81629 | 77.23274
Average 102.664754 67.50501 | 107.6283 | 98.12114 | 92.25193 | 108.8854
Standard deviation 41.61451822 27.43105 | 43.89725 | 39.55312 | 37.38564 | 44.76358
Lysate
ECC17 ECC17+ATc| AD1_E |AD1_E+ATc| ADIc AD1c+ATc
Repeat 1 0.50029 -0.24692 | 8.549593 | 0.255614 | 15.9121 | 0.722686
Repeat 2 0.541152 -0.2435 8.766568 | 0.177931 | 16.32862 | 0.777639
Average 0.520721 -0.24521 8.65808 | 0.216772 | 16.12036 | 0.750162
Standard deviation 0.028894 0.002417 | 0.153425 | 0.05493 | 0.294518 | 0.038858
Table E-11. Quantified band intensity of FliC signals from C. difficile 630 pilD1 mutant and complement
strains in culture in Figure 4-17
TCA
ECC17 ECC17+ATc| AD1_E |[AD1_E+ATc¢] ADlc AD1c+ATc
Repeat 1 134.5783663 | 13.41398 | 105.0823 | 41.26198 | 148.8135 | 36.69209
Repeat 2 24.57124274 | 6.272277 | 1.387554 | 8.278343 | 85.14714 | 77.35874
Average 79.5748045 9.84313 | 53.23495 | 24.77016 | 116.9803 | 57.02541
Standard deviation 77.78678303 | 5.049949 | 73.32329 | 23.32295 | 45.01892 | 28.75566

159




Lysate

ECC17 ECC17+ATc| AD1_E |AD1_E+ATc| AD1c |AD1c+ATc
Repeat 1 43.95171 0.571784 | 64.64387 | 7.561388 | 50.53087 | 3.29301
Repeat 2 38.8656 9.94323 ([ 74.93056 | 1.41401 | 69.99616 | 2.365498
Repeat 3 16.04677 5.401347 | 27.57822 | 1.572735 | 30.95413 | 2.47518
Average 32.95469 5.305454 | 55.71755 | 3.516044 | 50.49372 | 2.711229
Standard deviation 14.86189 4.686459 [ 24.90623 | 3.504269 | 19.52104 | 0.506813

on 1.8% agar in Figure 4-20

TCA
ECC17 ECC17+ATc A)_E [A)J_E+ATc AJc AJc+ATc
0.427917997|30.37966533 | 1.52287 |17.62749]0.361925|3.114677

on 1.8% agar in Figure 4-21

Table E-12. Quantified band intensity of PliAl signals from C. difficile 630 pill mutant and complement strains

Table E-13. Quantified band intensity of FliC signals from C. difficile 630 pilJ mutant and complement strains

TCA
ECC17 ECC17+ATc| AJ_E A)_E+ATc Alc AJc+ATc
Repeat 1 132.090662 86.90169 | 73.21785 | 84.99064 | 93.08594 | 95.90019
Repeat 2 73.23884593 | 48.10833 | 40.65883 | 47.06261 | 51.40426 | 53.19844
Average 102.664754 67.50501 | 56.93834 | 66.02662 | 72.2451 | 74.54932
Standard deviation 41.61451822 | 27.43105 | 23.0227 | 26.81917 | 29.4734 | 30.1947
Lysate
ECC17 |ECC17+ATc A)_E A)_E+ATc Alc AJc+ATc
Repeat 1 0.50029 -0.24692 | 6.952651 3.58399 | 5.352984 | 2.768154
Repeat 2 0.541152 -0.2435 6.936625 | 3.645961 | 5.446271 | 2.832067
Average 0.520721 | -0.24521 | 6.944638 | 3.614976 | 5.399627 | 2.800111
Standard deviation 0.028894 | 0.002417 | 0.011332 | 0.04382 | 0.065964 | 0.045193

in culture agar in Figure 4-21

TCA
ECC17 ECC17+ATc AJ_E AJ_E+ATc Alc AJc+ATc
53.90293377 8.030018 | 45.11092 | 5.559198 | 19.29806 | 0.591999

Table E-14. Quantified band intensity of FliC signals from C. difficile 630 pilJ mutant and complement strains
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Lysate

ECC17

ECC17+ATc

AE

A)_E+ATc

Alc

AJc+ATc

43.95171

0.571784

57.57256

2.09089

56.63493

1.10291
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