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Abstract 

Clostridioides difficile is a Gram-positive, spore-forming, anaerobic bacterium and a major 

cause of healthcare associated diarrhoea. Significant increases in the incidence of 

hypervirulent strains, such as those belonging to PCR ribotype (RT) 027, and increased 

antibiotic resistance have formed the focus of current C. difficile clinical 

research.  Hypervirulent strains belonging to RT 078, in contrast, have received 

comparative less attention, despite the fact that they are widely recognized as being 

zoonotic, with a particular association with pigs. A greater understanding of RT 078 strains 

would benefit from the implementation of forward genetic approaches. Here we sought 

to implement Transposon directed insertion-site sequencing (TraDIS), a high throughput 

method able to define gene essentiality under niche-specific conditions, to elucidate 

physiological changes such as sporulation and germination in RT 078 strains.  As effective 

DNA transfer is a prerequisite for TraDIS implementation, the most efficient strains as 

both donor and recipient in conjugation were identified. Applying next generation 

sequencing technologies on 10 clinical isolates and subsequent methylome analysis 

demonstrated that although the tested strains of RT 078 were genetically similar (up to 

99.99%), they possess a variety of potential Restriction-Modification (R-M) barriers.  One 

of these R-M systems was circumvented using the novel Escherichia coli donor strain, 

sExpress.  Improved DNA transformability in C. difficile RT 078 strain CD9301 made it an 

optimal target for further genetic manipulations and subsequent TraDIS analysis. 

Subsequently, several transposon delivery systems were evaluated, based on their 

potential to mediate random transposon insertion and reliable plasmid loss, to prevent 

interference of the transposase during downstream experiments in C. difficile. The Tet-

inducible transposon vector pRF215, performed best in CD9301. Based on this plasmid 

system, the novel vector pMTL-MtV10 was created, which was additionally equipped with 

I-SceI digestion sites, to achieve increased plasmid clearance during library preparation. 

Using both plasmids, genes essential for growth in rich media were determined. In total, 

448 essential genes were predicted. The incorporation of I-SceI sites into pMtV-10 did not, 

however, improves plasmid loss during the TraDIS library preparation.  A further 398 

genes were predicted to be essential for sporulation. The number of genes identified is 

most likely an underestimate as the manual cut-off used to predict essentiality lacks 

sensitivity. The described findings lay the ground work necessary for determining 

essentiality in RT 078 and improving our understanding of this important ribotype.  
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1.1 Clostridioides difficile 

 

Clostridium difficile was first described in 1935, when Hall and hΩ¢ƻƻƭŜ identified 

a Gram-positive obligate anaerobic bacterium, isolated from stool samples of 

healthy infants. The strain was referred to as Bacillus difficilis due to difficulties in 

isolating and culturing the organism. Eventually, they demonstrated progression 

of disease in Guinea pigs to the isolated bacteria [1]. In 2013, phylogenetic analysis 

suggested that C. difficile should be reclassified as Peptoclostridium difficile. While 

in 2016, Lawson et al., proposed an alternative reclassification of the organism to 

Clostridioides difficile [2] to maintain public and scientific awareness in the form 

of numerous studies and literature referring to C. difficile  [3].  In 1962, C. difficile 

was described as a human pathogen for the first time and identified as the 

causative agent of pseudomembranous colitis, even though the disease was 

known since 1893 [4, 5]. Today C. difficile is the leading cause of nosocomial 

diarrhoeas world-wide [6, 7]. In 2008, a severe increase of C. difficile infections 

(CDI) was noted in Europe and northern America, linked to the progression of new 

emerging hyper virulent epidemic, NAPI/B1/027 type strains [8]. 

 

The number of C. difficile associated infections reached a peak in England and 

Wales in 2007.  Of note was the increased severity of symptoms and disease 

progression requiring surgical interventions, such as colectomy, resulting  in 

increased mortality [9]. 
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Nowadays, measures such as the isolation of infected patients, alterations in 

antibiotic prescription policy and improved personal hygiene has led to a decline 

of CDI and patient related mortality [10]. Nevertheless, C. difficile remains a 

leading cause of antibiotic-associated diarrhoea and a significant burden with 

500,000 cases and around 14,000 deaths from CDI in the USA alone [11]. 

Healthcare providers are confronted with estimated annual costs of $2 billion in 

Europe and $3 billion in the US caused by extended lengths of patients stay within 

healthcare settings and increased treatment costs resulting from CDI [12].  

 

 

1.1.1 C. difficile infection 

 

C. difficile can be found in the intestinal tracts of both humans and animals and its 

environmentally ubiquitous spores can also be isolated from food. Importantly, 

people with an adequate immune response will either eliminate the infection 

and/or become asymptomatic carriers. In immunocompromised patients with 

interrupted protective intestinal microbiota, ingested or already resident C. 

difficile hyper-colonize the gastrointestinal tract and vegetative cells produce 

toxins and form transmissible spores [13]. Nowadays 15% of patients treated with 

antibiotics develop antibiotic-associated diarrhoeas. In patients, C. difficile hyper 

colonization is accountable for 20 to 30% of diarrhoea cases during or after 
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antibiotics therapy [14, 15].  CDI related symptoms are diverse and range from 

mild to severe diarrhoea. Eventually these complaints manifest in grave patient 

complaints such as pseudomembranous colitis and toxic megacolon.  

Consequential mortality rates of ~ 5% have been reported [15].  

 

 

1.1.2 Molecular Mechanism of disease 

 

The clinical symptoms are caused by the secretion of Clostridia associated toxins. 

The pathogen produces three protein toxins: C. difficile toxin A (TcdA) and B 

(TcdB), and C. difficile transferase toxin (CDT) or binary toxin.  Not all C. difficile 

strains produce the latter toxin. The single-chain toxins TcdA and TcdB are the 

main virulence factors. They bind to cell membrane receptors and are internalized 

[16]. Both toxins have glucosyltransferase activity and modify the actin skeleton 

of intestinal epithelial cells through glycosylation of members of the Rho family of 

small GTPases and thus causing symptoms. 

 

CDIs are a considerable liability to healthcare systems and have overtaken cases 

of methicillin-resistant Staphylococcus aureus (MRSA) infections in specific clinical 

settings [17]. Laboratory diagnosis of CDI continues to be challenging. Commonly 

used techniques are enzyme-linked immunoassays (ELISA), detecting the 

Clostridia toxins A and B, do not have adequate sensitivity to be used alone for 
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detecting CDI. Conversely, nucleic acid detection tests, targeting chromosomal 

toxin genes show high sensitivity and specificity, provide rapid results but are not 

universally recommended for routine use in the recent guidelines. The lack of a 

gold standard upon diagnosis techniques of CDI exacerbates appropriate 

treatment. Reliable results may be achieved after 48 to 92 hours to complete, 

which delays appropriate therapy and critical infection control measures [18]. 

Nevertheless, epidemiology of C. difficile is evolving rapidly. Despite this continued 

threat, we have a poor understanding of how or why particular variants emerge.  

 

 

1.1.3 C. difficile PCR RT 078 

 

As infectious diseases such as CDI, represent a major problem in hospital settings, 

it is important to identify virulent strains as quickly as possible. Genotyping is a 

method to quickly evaluate the genetic composition of various bacterial strains 

and isolates.  

 

In 1993, Gürtler firstly introduced a process known as PCR ribotyping [19]. Three 

ȅŜŀǊǎ ƭŀǘŜǊΣ hΩbŜƛƭƭ Ŝǘ ŀƭΦΣ ƛƴǘǊƻŘǳŎŜŘ ƳƻŘƛŦƛŎŀǘƛƻƴǎ ǘƻ ǘƘŜ ǇǊƻǘƻŎƻƭ ŀƴŘ ƛǘ ōŜŎŀƳŜ 

the global standard for C. difficile genotyping [20]. PCR ribotyping of C. difficile 

strains involves analysis of the intergenic spacer region (ISR) between the 16S and 

23S rRNA genes. The space between the ISR varies in length and contains variable 
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alleles. PCR amplification of this region with a single pair of primer results in a band 

pattern formation, individual for each specific RT [21]. 

 

Worldwide, numerous C. difficile PCR RTs dominating temporally and 

geographically have been linked to patient complaint. In 2003, the previously rare 

RT 027 first emerged to be epidemic [21]. From its first outbreak in Canada it has 

spread across Northern America to Europe [22, 23].  In earlier years RT 027 has 

spread globally and accounted for the majority of isolates in United Kingdom and 

North American hospitals.  Recently, there has been a decrease in prevalence of 

RT 027 and the patterns of Ribotypes in the UK have become more heterogenous.  

While in some areas of Britain, RT 027 has almost completely disappeared as 

novel strains emerged [10]. Since 2018, it has been reported, that the patterns 

of RT predominance in England have been relatively stable, with RTs 001, 017, 

and 078 have been commonly present in hospital settings [8, 24-26].   

 

Despite the global efforts to keep C. difficile strain 027 under control, it remains 

difficult to eliminate CDI incidence completely. Infection control barriers and 

education of healthcare personal and patients resulted in a 78% reduction in CDI 

incidence and a decrease in severity. The notorious epidemic C. difficile strain 027 

has decreased from 51% of clinical isolates associated with CDI in 2001 to 13% in 

2005. A reduction of the predominant epidemic strain represents a facility for new 

epidemic strains with a different profile to emerge. Wilcox et al., already described 
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the emergence of C. difficile PCR RT 078 predominant in parts of Europe where 

type 027 has rapidly decreased from 55% of all detected strains in 2007 to 21% in 

2010 [27]. C. difficile PCR RT 078 is the most common PCR RT among CDI positive 

isolates from swine (86%) in Korea and isolates from calves (94%) in the United 

States [28, 29]. Older studies from Europe and the United States revealed that in 

CDI related human patients, 078 was found at a prevalence ranging from 3% to 

11%. More recently, a study revealed an increase of the epidemic 078 strains in 

the Netherlands from 3% to 13% during February 2005ς2008 and thus can be 

considered hypervirulent [8, 30]. PCR RT 078 possesses binary toxins and has a 

deletion and stop codon in the tcdC gene, resulting in increased toxin production 

and thus increased disease severity [31]. Patients infected with 078 or 027 develop 

similar symptoms, while a younger population is more frequently associated with 

078.  

 

It remains questionable, if a zoonotic transmission of RT 078 from livestock 

towards immunocompromised patients is likely. However, the increasing evidence 

of the hyper virulent 078 strain in clinical settings in Northern America and Europe 

suggests that further analysis of this RT and its method of transmission and 

infection is necessary [32].  
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1.2 C. difficile sporulation 

 

A characteristic feature of Clostridium and Bacillus species is the ability to form 

dormant spores during a process called sporulation (Figure 1.1. The spore 

morphotype protects the bacteria from environmental stress and ensures long 

term survival. In the dormant spore form, clostridia can survive circumstances 

which would otherwise have killed the vegetative organism, like the exposure to 

oxygen, heat, alcohol, antibiotics and certain disinfectants or a lack of nutrition in 

the environment [33]. As during CDI, C. difficile cells leave the body in faecal 

matter they are unable to survive in the aerobic environment and due to nutrient 

starvation. Thus, the affected vegetative form initiates the sporulation pathway to 

persist in hostile environments. This allows C. difficile to contaminate infected 

surfaces and also disseminate through patient-to-patient contact. Spores are 

metabolically dormant and intrinsically resistant to antibiotics, attacks from the 

host's immune system and once shed into the environment, they are also resistant 

to bleach-free disinfectants commonly used in hospital settings [34, 35]. Ingested 

spores migrate into the anaerobic environment of the large intestine and 

germinate under appropriate stimuli to form the toxin-producing vegetative cells 

which can proliferate in susceptible individuals [36].  
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Figure 1.1: Main morphogenetic stages of the process of sporulation. 

In chase of nutrient starvation, bacilli and clostridia initiate endospore formation. 

Initially an asymmetric division of the cytosol forms a small forespore and a mother 

compartment. The cell segregates its DNA and additionally, the mother cell engulfs 

the forespore. The forespore compartment remains metabolically dormant. Thus, 

the mother cell produces the spore cortex and the inner and outer coat. This leads 

to spore maturation and eventually the mother cell lyses and releases the mature 

spore. Abbreviations: MC, mother cell compartment; FS, forespore compartment; 

MS, mature spore. Electron Microscopy pictures have been used and adapted from 

Paredes-Sabja et al [14].  

 

 

1.2.1 Endospore structure 

 

The steps during spore formation are similar in bacilli and clostridia and are 

characterised by the initial asymmetric division of the cell to produce the larger 

mother cell and the smaller forespore, the latter being the eventual spore (Figure 

1.1). The course of C. difficile sporulation can be divided into seven distinct steps. 

The first step, termed stage 0, describes the vegetative mother cell before the 
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beginning of the sporulation. During step one and two sporulation is initiated via 

the introduction of environmental stress. The asymmetrically positioned spore 

septum begins to form while the mother cells replicates 25 chromosome copy of 

its genome. Eventually, the cell divides into a larger mother cell compartment and 

a smaller pre-spore compartment via the formation of a septum in the cell. In stage 

three, the pre-spore compartment is engulfed by the mother cell compartment, 

forming the forespore with an inner and an outer membrane. Stage four describes 

the synthesis of a peptidoglycan layer, forming the primordial germ cell wall and 

the cortex between the two spore membranes. In step five, the spore coat, 

surrounding the outer membrane of the forespore, is produced. This is 

accompanied by transportation of pyridine-2, 6-dicarboxylic acid (DPA) into the 

developing forespore by products of the spoVA operon. Eventually the spore 

matures in step six. It undergoes dehydration and increases the density of the 

spore coat (Figure 1.2).  

 

Programmed cell death of the mother cell acumulates in the release of the mature 

endospore into the surrounding environment [33, 37, 38]. The formation of this 

multi-layered protein structure mainly protects the spore from environmental 

interaction but is not a significant permeability barrier. In B. subtilis, the coat is the 

outermost spore structure, while in C. difficile, Bacillus anthracis and Bacillus 

cereus, the spore is surrounded by an additional layer, termed exosporium. Both 

structures are developed from the sporangium by the mother cell, utilizing a series 
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of core proteins, morphogenetic proteins, and several types of post-translational 

modifications [33].  

 

The function of the exosporium remains unclear but recently has been suggested 

to participate as virulence factor in C. difficile strain 630 [39, 40]. Located 

underneath these structures is the spore cortex, expressing species specific 

peptidoglycan cross-linkages [38]. The central core region, is separated from the 

outer core by the germ cell wall, composed of peptidoglycan and the spore inner 

membrane. The germ cell wall also serves as the cell wall for vegetative bacteria 

ŀŦǘŜǊ ƻǳǘƎǊƻǿǘƘ ƻŦ ǘƘŜ ǎǇƻǊŜΦ ¢ƘŜ ǎǇƻǊŜ ŎƻǊŜ Ŏƻƴǘŀƛƴǎ ŀƭƭ ǘƘŜ ǎǇƻǊŜΩǎ 5b!Σ wb!Σ 

proteins and ribosomes. The dormant spore core has an extremely low water 

content as in comparison to the protoplast. Ratios can vary between 35% of water 

content wild type in well studied B. subtilis species spores to 80% of wet wild type 

protoplasts. Although the spore inner membrane has a similar lipid composition 

to the mother cell, small molecules like water cannot diffuse, causing core 

dehydration and respective loss in weight [41].  
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Figure 1.2: Structural layers in bacterial spores. 

A) Structural layers of a bacterial endospore. The structural layers are represented 

and respectively labelled with arrows. Especially the exosporium is just expressed 

in some species and may contain sublayers, which are not represented. B) 

Micrographs of the spore from C. difficile strains 630, 027 and M120. Interestingly 

different ultrastructural phenotypes can be observed upon the different lineages, 

while the major compartments remain the same. Abbreviations: EX-exosporium, 

Ct- coat, Cx-cortex [14].  

 

 

1.2.2 Sporulation  

 

Master Regulator of Sporulation: Spo0A 

 

Extensive past investigation of sporulation in B. subtilis has led to its adoption as 

the model organism for this process. The shared morphological features and other 
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similarities between sporulation in B. subtilis and Clostridium, has led to a number 

of predictive assumptions of the mechanisms in operation in C. difficile. However, 

more detailed analysis has shown that during the early stages of sporulation 

significant differences occur between the species [42]. 

 

Unlike in B. subtilis, the environmental stimuli causing C. difficile to induce 

sporulation are largely unknown. However, the downstream protein activation, 

has been studied in detail in B. subtilis. Once B. subtilis undergoes nutrient 

starvation it has been demonstrated, to activate the orphan master histidine 

kinase, Spo0A (Figure 1.3). Further this inhibits the abrB repressor, eventually 

allowing expression of genes essential for sporulation [43]. The key regulator 

Spo0A is activated following phosphorylation by Spo0B. 

 

Further, spo0A transcription is indirectly modulated by a double repression system 

in which Spo0A represses abrB, causing increased sigH transcription. Higher levels 

of the stationary phase sigma factor SigH promotes expression of several genes, 

including spo0A. While both bacilli and clostridia activate Spo0A, the Spo0B 

pathway is restricted to Bacilli, while just a Spo0B homologue has been found in 

Clostridium tetani, whose function has yet to be determined [44]. The mechanism 

by which Spo0A is activated during the initiation of C. difficile sporulation is 

unclear, although its ablation completely abolishes spore formation in the 

laboratory C. difficile strain 630 [45]. For Spo0A activation it is expected that a 
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phosphoryl group is transferred directly from the orphan histidine kinases to 

Spo0A, as observed in Clostridium acetobutylicum [43]. C. difficile strain 630 

genome encodes five orphan histidine kinases (CD1352, CD1492, CD1579, CD1949 

and CD2492)[45]. Only CD1579 has been demonstrated to autophosphorylate and 

transfer a phosphate directly to Spo0A [45, 46]. The exact mechanism of how C. 

difficile activates Spo0A remains questionable (Figure 1.3). It is speculated that it 

is either activated directly by the histidine kinases or a yet as unidentified 

phosphorylation system is responsible [41].  

 

The importance of Spo0A in clostridial sporulation has been demonstrated, as its 

inactivation results in loss of production of sporulation specific sigma factors and 

thus sporulation. Moreover, transcriptomic and proteomic analysis in C. difficile 

revealed, that Spo0A takes an active role in regulation of virulence factors, biofilm 

formation and toxin production and overall CDI progression [45, 47-49]. 

 

Sigma factors 

 

In the well-studied B. subtilis, sporulation pathway, activation of RNA polymerase 

sigma factors remains crucial for sporulation [50]. It has been demonstrated that 

314 genes are induced during the sporulation process in C. difficile. Of these, 224 

genes are primarily controlled by 4 sigma factors F̀Σ ˋEΣ ˋGΣ ŀƴŘ ˋK. A total of 183 

were ̀ F-ŘŜǇŜƴŘŜƴǘΣ мсф ǿŜǊŜ ˋE-ŘŜǇŜƴŘŜƴǘΣ оп ǿŜǊŜ ˋG-dependent and 31 were 
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K̀-dependent [51].  This similarity to B. subtilis initially led to the acceptance, that 

the sporulation in both organisms is conserved and would be regulated by the 

same pattern [52]. However, genome-wide analyses demonstrated that the C. 

difficile sporulation process lacks communication between sporulation-specific 

sigma factors observed in B. subtilis (shown in Figure 1.3) [51]. Moreover, the 

morphological phenotypes of the individual sigma factor mutants in C. difficile is 

different to the B. subtilis mutants. Overall, this indicated a different mode of 

regulation of sporulation between these two species [53]. Furthermore, the 

regulatory pathway, mediating the activation of specific sigma factors in C. 

acetobutylicum and C. perfringens, is highly variable from the one in C. difficile [54, 

55]. However, sigma factor regulation in most Clostridium spp., such as C. 

perfringens and C. acetobutylicum, have not been thoroughly investigated. Thus, 

it is likely that C. difficile sigma factor activation might be even more differentiated 

from other Clostridium and Bacillus species [56].  
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Figure 1.3: Basic order of B. subtilis and C. difficile sporulation. 

A) B. subtilis sporulation is regulated through the cross- regulation of four 

sporulation-specific RNA polymerase sigma factors (s), of which ˋE and ˋK are 

specific to the mother cell and ̀F ŀƴŘ ˋG are unique to the developing forespore. 

Under normal conditions, ̀ C ƛǎ ǎupressed by anti-ˋ ŦŀŎǘƻǊΦ hƴŎŜ ǎŜǇǘǳƳ ŦƻǊƳŀǘƛƻƴ 

is completed it undergoes activation and activated genes, necessary for cleavage of 

an inhibitory pro-peptide anti-ˋEΦ !ŎǘƛǾŜ ˋE activates genes, necessary for induction 

ƻŦ ˋG ƛƴ ǘƘŜ ŦƻǊŜǎǇƻǊŜΦ CǳǊǘƘŜǊΣ ˋG directs gene expression and activates ̀ K in the 

mother cell via. B) In C. difficile, ̀ F is also consulted for activation of ̀G and partially 

for the activation of ̀E. Further downstream, ̀E is required for the production and 

activation of ̀ K. Interestingly in C. difficile ̀ K does not require proteolytic activation 

as it does in B. subtilis. Eventually, ̀E is not relevant for ̀ G activation in the C. 

difficile forespore [14, 41]. 

 

1.3 Endospore germination 

 

Spores are considered dormant and thus have little or no metabolic activity. The 

morphological change, that returns a spore to the vegetative state is called 
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germination. There are numerous agents, triggering spore germination in various 

organisms.  

 

These so called germinants of Bacillus and Clostridium spores are mostly 

nucleosides, sugars, amino acids, and ions [14]. However in vitro evidence of 

purified germination receptors binding to specific germinants are currently lacking 

[36]. Nevertheless, clostridia and bacilli have multiple germination receptors that 

interact with various germinants. These eventually trigger the release of 

monovalent cations activating a downstream signalling cascade in the spore core. 

In B. subtilis this eventuates in core re-hydration and resumption of metabolism 

in the spore core. C. difficile germination is triggered by a combination of specific 

bile salts like cholate, its derivatives (like taurocholate) and L-glycine acting as a 

co-germinant [57]. The mechanisms of germination receptors are complex and 

some C. difficile strains also germinate in rich media without taurocholate. 

Additionally high specificity rates upon receptor homology in different C. difficile 

strains hamper the full understanding of receptor activation [14].  Despite the fact 

that C. difficile germination diverges considerably from the well-studied B. subtilis 

model there are some similarities between nutrient germination of spores of 

clostridia and bacilli, including multiple SpoVA proteins, essential at least for ion 

uptake during sporulation. While, many clostridial spores contain receptor 

components, similar to those discovered in spores of bacilli, C. difficile receptors 

lack any similarity to Bacillus [36]. 
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1.3.1 Bacillus subtilis endospore germination 

 

Various germinants trigger spore germination in Bacillus. Many of these agents 

like, calcium dipicolinic acid (CaDPA), and cationic surfactants like dodecylamine 

are of industrial importance and just considered to play a role in the laboratory. 

Naturally it is considered that the presence of nutrients triggers spore germination 

by binding to multiple germinant receptors in the inner membrane of the spore. 

Germinant receptor activation can be substrate or concentration specific [39]. 

Within the well-studied spore model B. subtilis, specifically L amino-acids (L-

alanine, L-valine, and L-asparagine), but not the D-amino acids, trigger 

germination [58]. Germinant receptor activation results in an initial lag period. In 

άǎǳǇŜǊŘƻǊƳŀƴǘέ ǎǇƻǊŜǎ ǘƘƛǎ ƭŀƎ ǇƘŀǎŜ ƳƛƎƘǘ last up to 24 hours and alters the inter 

membrane permeability and structure. Consequently, monovalent cations, (H+, K+, 

and Na+) are released.  This causes a CaDPA release via channels composed of the 

multiple spore-specific SpoVA proteins [37]. CaDPA release triggers degradation 

of the spore cortex, allowing the germ cell wall and the spore core to expand and 

rehydrate. Increased core water content allows bacterial metabolism in the core 

to reinitiate. Macromolecular synthesis, produces proteins converting the 

germinated spore which undergoes outgrowth to produce a growing vegetative 

cell [45].  
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1.3.2 C. difficile endospore germination 

 

Also, for C. difficile, spore germination is an important step to induce CDI. Unlike 

any other spore forming organisms, germination in C. difficile is regulated by the 

presence of specific bile salts and for some strains the co-germinant L-glycine in 

ǘƘŜ ǎǇƻǊŜΩǎ ŜƴǾƛǊƻƴƳŜƴǘ [57]. Recently, the interplay between different bile salts 

and their role for disease progression have been observed in the mouse model, 

which has been described as the most accurate model in mimicking human disease 

[59]. It has been demonstrated that the environment of the mouse small intestine 

appears to support germination, while outgrowth in the mouse large intestine 

could only be observed after excessive antibiotic treatment with cefoperazone, 

clindamycin and vancomycin [60]. Additionally, a decline of secondary bile salts 

like deoxycholate, ursodeoxycholate and hyodeoxycholate has been observed in 

the affected regions. How exactly the different muricholic acids influence spore 

germination remains unclear. Although their different balance appears to directly 

affect C. difficile spore germination hence chenodeoxycholate is known to be a 

competitive inhibitor of the germinant taurocholate. In vitro however, primary bile 

acids such as cholic- and taurochenodeoxycholic acid are seen as germinants and 

cause spore outgrowth, regardless of antibiotic treatment [61]. Thus, the 

concentration of bile acids is considered as an important factor during CDI. 

Especially, as spore outgrowth in healthy individuals is suppressed by secondary 
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bile acids, such as lithocholic acid, in the colon. However, increasingly virulent C. 

difficile strains have been more tolerant towards secondary bile acids [62]. 

 

C. difficile strains react to different germinants and are not known to contain 

germinant receptor homologues to the canonical GerA receptor family in well-

studied B. subtilis model. Francis et al., discovered that a different mechanism is 

responsible for C. difficile outgrowth. The bile acid specific pseudoprotease, C-spC, 

has been demonstrated as a functional germinant receptor in the hamster model 

[63].  

 

The exact signalling pathway, starting from the activation of the germination 

receptor C-spC via, for example, taurocholate remains unclear. C-spC is expected 

to activate the downstream serine protease C-spB. C-spB is encoded in the C-spBA 

gene locus and transcribed into the C-spAB protease. Hence the A subunit of this 

molecule is catalytically inactive, interdomain cleavage of C-spBA via C-spC 

releases activated C-spB, entering the spore. In the spore, C-spB may processe pro-

S-leC into the mature cortex hydrolase S-leC [61]. 

 

Lack of current knowledge highlights the need for further in vivo studies that 

investigate the role of other factors, for example, Ca-DPA release from the spore 

core, essential in B. subtilis or C. perfringens to eventually result in full spore 

outgrowth. Interestingly, Gutelius et al., have provided evidence that S-leC cortex 
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hydration in vitro does not require proteolytic cleavage [64]. These results are 

supported by different studies suggesting that neither the inactivation of S-leC or 

C-spC prevents cortex hydrolysis and DPA release. These results underline, the 

importance of DPA, inducing osmotic swelling, rehydration of the spore core and 

thus eventually spore germination [64]. 

 

 

1.4 A roadmap in C. difficile genetics 

 

In C. difficile, the sigma factors have been identified as the main sporulation 

regulators. Each of these sigma factors contains a representative homologue in B. 

subtilis pathways. The 228 key genes involved in sigma factor directed sporulation 

of C. difficile correspond to about half of the genes activated in B. subtilis. Given 

that the genus Clostridium comprises not only disease-causing organisms of 

humans and animals but also important targets for food, fuel or biotechnological 

industry, their genetic and phenotypical characterization becomes more 

important. However, clostridial species are complicated targets for genetic 

modification. Thus, several methods and approaches for improving the specific 

clostridial genetics have been suggested by Minton et al. and presented as a 

roadmap [65]. This roadmap has been implemented for numerous Clostridium 

species and partially implemented in Clostridium pasteurianum [66].  
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The basis of this roadmap builds upon the availability of a fully sequenced genome 

of the respective target organism and the identification and negation of the 

species-specific restriction/modification (RM)  systems in order to optimize DNA 

transfer into the organism [67]. In the case of C. difficile, DNA is introduced by its 

conjugative transfer from E. coli donor strains that bear an appropriate methylase 

for host specific DNA modification [68, 69]. Once effective DNA transfer is 

obtained, genome editing tools such as CRISPR or ACE are exploited to bring about 

defined changes in the target organism.   

 

 

1.4.1 Transformation 

 

Implementing genetic tools in clostridia for industrial or therapeutical reasons 

makes gene transfer into the organism necessary. C. acetobutylicum represents an 

important research target for gene transfer. In 1988 the first successful gene 

transfer into C. acetobutylicum via electroporation was reported [70]. This method 

offers rapid and easy insertion of DNA fragments and was then implemented in 

several other Clostridium spp. including C. pasteurianum [71] and C. perfringens 

[72]. Ackermann described potential electroporation of DNA fragments from 

pathogenic isolates into the non-toxigenic C. difficile strain P-881 [73]. Purdy et al., 

however, concluded ǘƘŀǘ ǘƘŜ ŘŜǎƛƎƴ ƻŦ !ŎƪŜǊƳŀƴƴΩǎ ǇǊƻǘƻŎƻƭ ǿŀǎ flawed and 

could not be replicated in the laboratory [74].  
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More recently, Bhattacharjee and Sorg described another electroporation 

protocol for C. difficile, achieving 20 and 200 colonies per microgram of DNA. They 

focused their studies on C. difficile strains R20291, CD630 and JSC10. The method, 

however, is difficult to conduct and needs long recovery times to obtain 

transformants. The authors further suggest, that the success and performance of 

the protocol relies heavily on the environmental conditions of each lab [75]. C. 

difficile turned out to be complicated to transform by electroporation or chemical 

integration. Based on the conjugation method, developed by Liyanage et al., Purdy 

described the successful transfer of DNA via conjugation into C. difficile strains CD3 

and CD6 from E. coli donor strains [74, 76]. In 2016, Kirk et al., proved, that heat 

treatment of recipient C. difficile strain R20291 of up to 52 °C, prior to conjugation 

causes an increase of conjugation efficiency [77]. Until now conjugation remains 

the gold standard DNA transfer method in this organism. 

 

 

1.5 Forward genetics in Clostridium 

 

Forward genetic approaches are based on the isolation of mutants of a defined 

phenotype and there after determining the genotype responsible. Such 

approaches help to identify the underlying genetic bases behind specific 

phenotypes without drawing previous assumptions of the genes involved. This is 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Liyanage%20H%5BAuthor%5D&cauthor=true&cauthor_uid=11319074
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normally achieved by the analysis of naturally occurring mutants or production of 

chemical, radiation or transposon insertion induced random mutations in the 

bacterial genome. Furthermore, random mutagenesis may be followed by high 

throughput gene mapping methods and correlation of the phenotype with the 

affected genes. Followed up by isolation and further analysis of individual 

mutants, a mutant library allows the screening and analysis of numerous mutants 

simultaneously and thus optimizes the speed of the analysis [65, 78]. 

 

 

1.5.1 Transposon mutagenesis 

 

Transposable elements, or short transposons, are a DNA segment, which can alter 

its position within a genome or from one genome to another. Several of these 

genetic elements are not dependent on host factors (Figure 1.4). A distinction is 

drawn between class 1 transposons, or retrotransposons, and class 2 transposons. 

Retrotransposons form an RNA intermediate and are inserted via reverse 

transcription. Class two transposons are DNA transposons which encode the 

corresponding transposase, implemented into inverted terminal repeats (ITRs). 

Transposition of class 2 transposons happens mainly during a non-replicative cut-

and-paste mechanism [79]. Transposable elements play an important role in the 

fitness of both eukaryotic and prokaryotic organisms. They protect against viral 

attacks or provide environmental fitness against stressors, e.g., antibiotics via 
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random insertion mutation or dissemination of regulatory factors [80]. However, 

transposons can participate in disease formation and development of a 

deleterious phenotype [81].  

 

 

Figure 1.4: Mechanisms of DNA transposons.  

A) Many transposons are mobilized by a cut-paste mechanism and are encoding a 

transposase, flanked by internal repeats (ITR), indicated by the black arrows. The 

transposase binds near or at the ITRs and transfers the transposon from its initial 

location on the genome or plasmid into the target. B) and C) Retrotransposons are 

mobilized via replication, depending on a reverse transcriptase. B) 

Retrotransposases require very long terminal repeats (LTR) for successful 

ǊŜǇƭƛŎŀǘƛƻƴΦ hƴ ǘƘŜ рΩ ŜƴŘ ƻŦ ǘƘŜ ǘǊŀƴǎǇƻǎƻn is a special promotor, recognized by 

the hosts, producing transposon encoding mRNA. Subsequently, reverse 
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transcriptase copied the Transposon mRNA back into full length dsDNA (cDNA). In 

another step, integrases build in the transposon cDNA into the new target side.  C) 

Non-LTR retrotransposons Lack LTRs and encode either one or two OFRs. Similarly, 

to B), the transcription of non-LTR retrotransposons generates a full mRNA. 

Retrotranscription, however, is primed on the target side directly. An endonuclease 

generates a single-strand nick into the genomic DNA priming reverse transcription 

of the RNA by non-autonomous and autonomous retrotransposase. The integration 

of non-LTR retrotransposons can lead to target side depletions (TSDs) or small 

deletions at the target site in genomic DNA. The Graphic was adapted from Levin 

et al., [82].  

 

 

Transposable elements make up a large proportion of the eukaryotic genome and 

can constitute up to 85% in some plants [83]. In C. difficile around 11% of the 

genome is comprised of mobile genetic elements. This confers a high degree of 

plasticity to genome. The complete role of these mobile elements upon the 

organism's biology, evolution and pathogenicity, however, remains to be fully 

understood [84]. 

 

 

1.5.2 Transposon mutagenesis in C. difficile 

 

Transposable elements are a promising tool for performing forward genetics and 

have been used for mutant production and mutant identification in several 

clostridial species. Two basic types of transposon system have been described in 

clostridia: conjugative and non-conjugative transposons.  
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Integrative Conjugative Elements are circular structures, introduced from a donor 

cell into a recipient using a conjugation-like mechanism. These DNA fragments do 

not contain their own replicon and thus integrate into the hosts origin of 

replication to endure. Non-conjugative elements, however, lack the genetic 

machinery for conjugation and use the mechanism present in the cell [84]. Most 

studies trying to produce random insertion mutant libraries rely on the 

conjugative Tn5 or the non-conjugative mariner transposon. Tn5 is one of the first 

transposons discovered and derived from bacterial origin and has been reported 

to function in most bacterial species it has been tested in [85]. Tn5 has been shown 

not to have a strong preference for a particular insertion site or the GC content 

[86]. Interestingly, Transposon Directed Insertion Sequencing (TraDIS) performed 

in Salmonella enterica has revealed a small bias upon AT richer sequence regions. 

Considering the high insertion frequency of Tn5, however, this bias has not been 

seen as a major obstacle [78, 87]. 

 

As they are directly transformed into the host, the success of these in vitro 

mutagenesis systems varies based on the transformability of the target organism. 

As DNA transfer into C. difficile is poorly characterized and challenging, these 

systems are less appropriate for implementation of transposon mutagenesis. Two 

transposons Tn916 and Tn5397 have been tested in C. difficile. Both are biased in 

their integrative motif and have the preference to lead to multiple insertions. As 
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such, these systems have been neglected as suitable for C. difficile mutant library 

production [88].  

 

On the other hand, the mariner element HimarI is derived from the horn 

fly, Haematobia irritans, and reconstructed as a consensus sequence with a weak 

preferences for insertion site [89, 90]. The Himar1 transposase is the only protein 

required for its integration and thus the transposon can be integrated into the host 

genome without activation of any host factor. Eventually, the transposon can be 

integrated into the host genome via homologous recombination. This makes it a 

method of choice for bacteria, that are poorly transformed with foreign DNA [89, 

91]. 

Based on these findings, the mariner transposon system became of scientific 

interest for application in C. difficile, due to the high AT content of its genome. The 

ǘǊŀƴǎǇƻǎƻƴΩǎ ōƛŀǎ ŀƎŀƛƴǎǘ !¢ ǊƛŎƘ ƛƴǎŜǊǘƛƻƴ ǎƛǘŜǎ ōǳǘ ƭƻǿ D/ ŎƻƴǘŜƴǘ ƳŀƪŜǎ ƛǘ ŀƴ 

optimal choice for clostridia [65]. Two studies have been performed on C. difficile 

utilizing the mariner transposon and indeed, successful library production in 

several C. difficle strains have been reported [86, 91].  

 

The mariner-based transposon system designed by Cartman and Minton was 

based on the pMTL-SC1 plasmid, adjusted with the Himar1 C9 transposase gene 

[91]. The C. difficile toxin B promoter, PtcdB, was located in front of the HimarI 

transposase gene. A copy of the catP gene, encoding chloramphenicol 
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acetyltransferase, provides the transformed organism with resistance to 

Thiamphenicol.  Transcription from the PtcdB promoter is mediated by the 

alternative sigma factor TcdR which is absent in Gram-negative background and 

thus considered inactive in E. coli. This lack of a Gram-negative origin of replication 

is considered to prevent transposition events from happening in the Gram-

negative host before conjugation into C. difficile [92]. 

 

A major drawback of this study was found in the segregationally unstable pseudo-

suicide vector system. It is emphasized that it takes at least two passages to 

eventually eradicate the transposon plasmid. This approach improves the time 

and work efforts required to produce libraries containing thousands of mutants 

[91].  

 

In 1990, Geissendorfer and colleagues introduced a Tetracycline (Tc)-inducible 

expression system in Bacillus. This Tc-inducible system consists of divergent 

promoters, each with an overlapping tet operator sequence (TetO). When no Tc is 

present, the PtetR, promotor drives expression of tetR, binding to the tet operators 

and eventually represses both promoters. The adjacent promotor Ptet, drives 

expression of any subsequent gene. Tc or its less cytotoxic analogue 

anhydrotetracycline (aTc) induces a conformational change in TetR that prevents 

binding to the operator and relieves repression [93]. Fagan and colleagues 

introduced two studies on a Tc-inducible expression system cloned into the 
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conditional pRF177 plasmid [86, 94]. Downstream of the Ptet
 promotor, they 

cloned an optimised Himar1 transposase gene with customised ITR regions, 

flanking an ermB resistance gene. Plasmid instability was achieved by positioning 

the PtetR promoter toward the C. difficile pCD6 origin of replication keeping the 

plasmid intact during normal conditions but inducing aTc dependent instability. 

Using this system, the group was able to generate a large pool of random 

transposon insertion mutants. In the C. difficile strain 630 ҟerm, around 85,000 

Em resistant colonies were pooled, from which 44.102 unique mutants were 

identified via sequencing. In the clinically relevant R20291 strain approximately 

70,000 unique mutants were achieved. This study demonstrated the functionality 

of the Tc inducible system for C. difficile transposon mutant library production and 

represents a promising target for further research [86, 94]. 

 

Monitoring large transposon libraries is crucial for identifying random insertions 

and thus analysing the fitness of a given phenotype under various environmental 

conditions. Already in 1999, Hutchison et al, developed a sequencing-based 

method to screen for transposon insertion sites in around 1000 transposon 

mutant in reduced Mycoplasma genomes [95]. This technique, however, was time 

intensive and the low accuracy prevented its widespread use. 
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1.5.3 Mutant sequencing and TraDIS 

 

More recently, large transposon libraries have been analysed by high throughput 

sequencing technologies like Transposon Directed Insertion Sequencing (TraDIS), 

Insertion sequencing (INSeq),  high-throughput insertion track by 

deep sequencing HITS and Transposon sequencing (Tn-seq) which with minor 

variations, generally follow a similar workflow [78]. These techniques are 

characterised by a high level of reproducibility, up to 90%, and are therefore 

considered as reliable and fast methods for broad scale genome screening [96, 

97]. Langridge et al demonstrated a technique which could be sufficiently used to 

screen mutant related fitness within a population of single transposon mutants 

[87]. The workflow (of TraDIS) initiated with the fragmentation of the selected 

mutant genomic DNA and then the subsequent PCR amplification and enrichment 

of these transposon containing fragments. The technique is highly adaptable to 

various transposons by simply redesigning the sequencing primers [98]. To verify 

transposon insertion, primers for sequencing are designed to anneal within the 

ǘǊŀƴǎǇƻǎƻƴ ŀƴŘ ǘƘǳǎ ŦƻǊƳ ŀ ΨǘǊŀƴǎǇƻǎƻƴ-tag, before the read. Sequencing is 

performed on the chromosomal DNA. A short 10ς12 cycle transposon read by 

LƭƭǳƳƛƴŀ ǎŜǉǳŜƴŎƛƴƎ ǊƻǳǘƛƴŜƭȅ ŀŎƘƛŜǾŜǎ ǊŜǎǳƭǘǎ ƻŦ Ҕ фл҈ ƻŦ ǎŜǉǳŜƴŎƛƴƎ ǊŜŀŘǎΦ 

TraDIS that has been implemented in Tn5-, Tn917- and Himar1- based mutant 

libraries, is anticipated to work in any transposon model, given the appropriate set 

of sequencing primers is available. The technique has been performed successfully 
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in many organisms and transposon models, including Tn5-based libraries 

in Salmonella [87] and Escherichia [99, 100]. Mariner-based libraries in 

Mycobacteria [101] and in C. difficile [86] have also been successfully analysed 

using this high throughput sequencing method.  

 

 

1.6 Overall Aims of this Work 

The broad aim of this project is to gain a deeper understanding of the molecular 

mechanisms involved in sporulation and germination in C. difficile PCR RT078 

strains, based on our knowledge on transposon derived mutagenesis. We first, aim 

to improve DNA transfer into C. difficle RT078 and additionally evaluate a variety 

of transposon delivery systems. Finally, the most seminal construct is depicted for 

execution of an enhanced TraDIS protocol from transformation to library prep. 

Constructive on that, this study reveals the currently most successful TraDIS 

pipeline to elucidate the role of genes involved in in C. difficile sporulation and 

seek to establish reverse genome editing in C. difficile. 
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Chapter 2 

 

Materials and Methods 
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2.1 Bacterial strains 

 

Table 2.1.1: Bacterial strains used in this study. 

Strain  Source/Reference  Description/ 

Genotype  E. coli TOP 10  Invitrogen  Plasmid cloning and 
storage  

E. coli XL-1 Blue  Promega UK Ltd  Plasmid cloning and 
storage  

E. coli DH5 alpha  New England Biolabs 
(NEB)  

Plasmid cloning and 
storage  

E. coli CA434  M. Young, UCW, 
Aberystwyth, UK [74] 

Conjugative transfer 
strain  

E. coli sExpress  Craig Woods [102] Conjugative transfer 
strain  

C. difficile 630 NCTC, Public Health 
England  

PCR-RT 012 (Zurich, 
Switzerland)  

C. difficile солɲerm Hussain et al., (2005) 
[103] 

Em-sensitive derivative 
of C. difficile 630  

C. difficile солɲerm  Patrick Ingle Em-sensitive derivative 
of C. difficile 630 

C. difficile R20291 Patrick Ingle Clinical PCR RT 027 strain 

C. difficile EK24 Heeg et al., [104]  C. difficle PCR RT 078 
CD2315 

C. difficile EK26 Heeg et al., [104] C. difficle PCR RT 078 

CD2016 C. difficile EK28 Heeg et al., [104] C. difficle PCR RT 078 
CD7009825 

C. difficile 18-01 Nottinghamshire Clinical PCR RT 078 
isolate 

C. difficile 44-01 Nottinghamshire Clinical PCR RT 078 
isolate 

C. difficile 90-01 Nottinghamshire Clinical PCR RT 078 
isolate 

C. difficile 93-01 Nottinghamshire Clinical PCR RT 078 
isolate 

C. difficile 95-01 Nottinghamshire Clinical PCR RT 078 
isolate 

C. difficile 97-01 Nottinghamshire 

 

Clinical PCR RT 078 
isolate 

C. difficile M120 [13] C. difficile PCR RT 078 



 
 

 

 46 

Table 2.1.2: Plasmids used in this study 

Plasmid Name Description Reference 

pMTL-81151 Clostridium shuttle vector with no Gram-
positive replicon 

SBRC 

pMTL-82151 pMTL-81151 containing the pBP1 replicon SBRC 

pMTL-83151 pMTL-81151 containing the pCB102 replicon SBRC 

pMTL-84151 pMTL-81151 containing the pCD6 replicon SBRC 

pMTL-85151 pMTL-81151 containing the pIM13 replicon SBRC 

pMTL-86151 pMTL-81151 containing the pIP404 replicon SBRC 

pMTL-CW17 Himar1C9 transposase under the control of 
the lactose-inducible bgaR-PbgaL promoter, 
instead of the orthogonally-controlled PtcdB 
like in CW21, 22, 26 and 27 

Craig 
Woods 

pMTL-CW21 Transposon mutagenesis vector harbouring 
the Himar1 transposase and pcB102 Gram-
positive replicon 

Craig 
Woods 

pMTL-CW22 CW21 with pCD6 Gram-positive replicon Craig 
Woods 

pDIG-1 Part 1 of a 2-part transposon mutagenesis 
vector system, harbouring the Himar1 
transposase and pCB102 Gram-positive 
replicon 

James 
Millard 

pDIG-2 Part 2 of a 2-part transposon mutagenesis 
vector system, harbouring the mariner 
transposon and no Gram-positive replicon 

James 
Millard 

pMTL-GL15 Suicide Transposon mutagenesis vector, 
mobilizing a catP transposon, driving 
Himar1C9 transposase via PtcdB 

[91] 

  pRF215 Transposon mutagenesis vector harbouring 
the Himar1 transposase and pcD6 Gram-
positive replicon 

Robert 
Fagan[86] 

pMTL-MTV10 Transposon mutagenesis vector, harbouring 
the SBRC backbone and the Himar1 
transposase, Em Transposon and Tet-
promotor derived from pRF215. Additional I-
SceI, AscI and Fse-I side have been added. 

This study 
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2.2 Growth conditions 

 

Aerobic growth conditions  

E. coli strains were cultured aerobically in Luria-Bertani (LB) media at 37°C, in liquid 

broth with horizontal shaking at 200 revolutions per minute, or on solid agar 

plates. LB medium was infused with appropriate supplements listed in Table 2.5.2. 

 

 

Anaerobic growth conditions  

C. difficile strains were cultured anaerobically at 37°C within an MG1000 Mark II 

anaerobic workstation (Don Whitley Scientific Ltd, UK), with an internal 

atmosphere of Nitrogen (80%), Carbon dioxide (10%) and Hydrogen (10%). Prior 

to use, all culture media were pre-reduced within the anaerobic workstation, for 

a minimum of four hours for agar plates or 24 hours for liquid media. C. difficile 

strains were routinely cultured on Brain Heart Infusion Supplemented (BHIS) 

media with appropriate supplements listed in Table 2.5.2.   

 

 

Strain storage  

E. coli strains were grown on LB agar, before the resulting growth was harvested 

using a 10 ˃ [ plastic loop and resuspended in MicrobankTM Long Term Storage 

tubes (Pro-Lab Diagnostics), for storage at -80̄ C. C. difficile strains were grown on 
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BHIS agar, before the resulting growth was harvested using a 10 ˃[ plastic loop 

and resuspended in screw cap tubes containing BHIS broth with 10 % (v/v) 

glycerol, for storage at -80̄ C. 

 

 

2.3 Chemicals and Suppliers  

Plasmid mini-prep kits, genomic DNA extraction kits and Gel extraction kits were 

sourced from New England BioLabs. For polymerases reactions DreamTaq (Sigma-

Aldrich), Phusion (New England BioLabs) were used. Oligonucleotides were 

sourced from Sigma-Aldrich. All other enzymes for molecular biology were 

sourced from New England BioLabs as well as 2-log and 1kb+ DNA ladders. All 

chemicals were ordered from Sigma-Aldrich Company Ltd. 

 

 

2.4 Bioinformatics tools 

 

DNA visualization 

DNA was visualized using the web-based tool Benchling 

(https://www.benchling.com/). Plasmid maps in this study were constructed using 

SnapGene for preferred visualization.  
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Sequence data analysis  

Sequence data and plasmid maps were routinely viewed using the Benchling 

online resource accessible at www.benchling.com. The phylogenetic analysis and 

genome alignments were performed using Qiagen CLC workbench 20. RM-system 

prediction was performed on the internet platform Rebase using the R-M finder 

tool (http://rebase.neb.com/rebase/rebase.htmL) 

 

 

BLAST  

For searches of DNA sequence and transposon integration side the databases 

using the Basic Local Alignment Search Tool (BLAST) were performed using the 

BLAST algorithm accessible at https://blast.ncbi.nlm.nih.gov/Blast.cgi.  

 

 

MiSeq data analysis 

Reads were filtered for quality and trimmed using TrimGalore 

(https://github.com/FelixKrueger/TrimGalore). The MiSeq custom recipe already 

filters for reads that contain the specified transposon tag. Bioinformatic analysis 

was then undertaken by Dr. Craig Woods, using methods based on those outlined 

in Barquist et al., 2016 [98].  
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2.5 General microbiological techniques 

 
2.5.1 Bacterial Growth medium 

Table 2.5.1: Growth media used in this study.  

Medium  Components  Quantity g/ l-1  
 

Target Organisms 

Luria-Bertani (LB)  Sodium chloride 10.0  
E. coli strains 

 Tryptone  10.0 

Yeast extract 5.0 

Brain Heart Infusion 
Supplemented (BHIS)  

Brain Heart Infusion  37.0  
 
C. difficile strains 

Yeast extract  5.0 

L-cysteine 1.0 

 
For solid media 1.5g/100mL No. 1 Bacteriological Agar was added. Media 

sterilization proceeded at 121°C for 20 min. 

 

 

2.5.2 Supplements  

Media supplements were prepared as stock solutions according to manufacturer's 

instructions. Solutions were sterilised by filtration through a 0.2-˃Ƴ ƳŜƳōǊŀƴŜ 

(Minisart®). Stock solutions were stored at the recommended temperatures for no 

longer than 5 weeks. 
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2.5.3 Strain Storage and Revival  

Bacterial stocks were stored at -80°C. E. coli strains were kept in the MicrobankTM 

Long Term Bacterial and Fungal Storage System by Pro-lab Diagnostics. Clostridia 

stocks were preserved by the addition of 10% glycerol to 1mL of Clostridia culture.  

 

 

Table 2.5.2: Supplements for bacterial growth media. 

Supplement 

 

Stock 
(mg/ mL-1) 

Solvent 

 

Working 
Stock in E. 

coli ό˃Ǝ/ mL-1) 
 

Working 
Stock in  

Clostridia 
ό˃Ǝ/ mL-1) 

Chloramphenicol 25 EtOH (100%) Broth: 12.5 
Agar plates: 25 

- 

Tm 15 EtOH (50%) - 15 

Em 50 EtOH (100%) 500 10 

D-cycloserine 50 dH2O - 250 

Cefoxitin 50 dH2O - 8 

Anhydro-
tetracycline 

50 EtOH 
(70%) 

10 10 

IPTG 23.81 
=100 (mM) 

dH2O - 476 
=2mM 

Lactose   - 10 

Sodium 
taurocholate 

100 dH20 - 1000 

 

 

2.5.5 Preparation of electrocompetent E. coli. 
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E. coli sExpress (NEB) were inoculated on an LB plate. Growing colonies were 

picked from the plate and inoculated in 5 mL LB medium at 37°C with horizontal 

shacking at 200 rpm. After 24 hours 1 mL of the subsequent culture was incubated 

in 200 mL of LB broth under the above-mentioned growth conditions, till the 

culture reached an OD of 0.5 ς 0.7 at 600 nm. For optimized handling, the 200 mL 

culture was divided into four 50 mL falcon tubes. Each falcon was centrifuged at 

4000 x g for 10 min at 4°C to obtain a pellet. The pellet was resuspended in ice-

cold sterile water and centrifuged as above. The washing step was subsequently 

repeated. Eventually the resulting pellets were washed in 20 mL of sterile ice-cold 

water and pooled. A final centrifugation step was performed as the previous once 

and the pellet was resuspended in ice-cold MOPS (1 mL, 1 mM) with 10% v/v 

glycerol before being pooled in 50 ˃[ aliquots and stored at -80°C. 

 

 

2.5.6 Preparation of chemical competent E. coli. 

 

Relevant E. coli strains were inoculated on an LB plate. Growing colonies were 

picked from the plate and inoculated in 5 mL LB medium at 37°C with horizontal 

shacking at 200 rpm. After 24 hours 1 mL of the subsequent culture was incubated 

in 200 mL of LB broth under the above-mentioned growth conditions, till the 

culture reached an OD of 0.5 ς 0.7 at 600 nm. For optimized handling, the 200 mL 

culture was divided into four 50 mL falcon tubes. Each falcon was centrifuged at 
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4000 x g for 10 min at 4°C to obtain a pellet. The supernatant was discarded, and 

the pellet was resuspended in 20 mL 100 mM of MgCl2.  The cell mixture was 

placed on ice for 30 min. Centrifugation was repeated and the pellet was 

resuspended gently in 12.5 mL 100 mM CaCl2 and the mix was inoculated for 30 

min on ice. After a final spin, the pellet was resuspended equally in 100 mM of 

CaCl2 and 20 % glycerol. Aliquot are stored at -80°C. 

 

 

2.5.7 Transforming electrocompetent E. coli. 

 

A 50 ˃[ aliquot of the electro-competent E. coli was thawed on ice and 

subsequently 2 ˃ [ of plasmid DNA was added and mixed by resuspending. The 

mixture was transferred into a chilled a 0.2 cm gap electroporation cuvette (Bio-

Rad) and pulsed with an electroporator (Bio-Rad MicroPulser) using pre-set 

ŎƻƴŘƛǘƛƻƴǎ όнΦр ƪ±Σ нлл ʍΣ нр ˃C ŎŀǇŀŎƛǘŀƴŎŜύΦ !ŦǘŜǊ ŀ Ǉǳƭǎe, the cells were mixed 

with 400 ˃ [ SOC broth (Invitrogen) and transferred to a 1.5 mL microcentrifuge 

and incubated at 37°C and 200 rpm of horizontal shaking for one hour. A 100 ˃ [ 

aliquot of the cell mixture was spread plated in a dilution series of up to 10-3 onto 

LB agar medium containing the appropriate antibiotic and incubated at 37°C 

overnight. Growing colonies were picked from the plate and inoculated in 10 mL 

of LB medium, containing the appropriate antibiotic at 37°C with horizontal 
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shacking at 200 rpm overnight. The growing cultures were harvested in 50 ˃[ 

aliquots and stored at -80°C. 

 

2.5.8 Transforming chemically competent E. coli. 

 

A 50 ˃[ aliquot of the chemical-competent E. coli was thawed on ice and 

subsequently 2 ˃ [ of plasmid DNA was added and mixed by resuspending. The 

mixture thawed for 30 min on ice and then immediately transferred for 45 seconds 

on a preheated 42°C heating block.  After the heat shock, the mixture was 

transferred on ice again, for 2 min. The cells were mixed with 400 ˃[ SOC broth 

(Invitrogen) and incubated at 37°C and 200 rpm of horizontal shaking for one hour. 

A 100 ˃ [ aliquot of the cell mixture was spread plated in a dilution series of up to 

10-3 onto LB agar medium containing the appropriate antibiotic and incubated at 

37°C overnight. Growing colonies were picked from the plate and inoculated in 10 

mL of LB medium, containing the appropriate antibiotic at 37°C with horizontal 

shacking at 200 rpm overnight. The growing cultures were harvested in 50 ˃[ 

aliquots and stored at -80°C. 

 

2.5.9 C. difficile transformation via conjugation with E. coli.  

 

E. coli cultures, harbouring the plasmid construct of interest, were grown in 5 mL 

of LB broth, supplemented with the appropriate antibiotics at 30°C with horizontal 
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shaking at 200 rpm overnight. A 1 mL aliquot of BHIS broth was incubated with the 

recipient C. difficile ҟerm strain and incubated anaerobically at 37̄C overnight. 

The following day, the E. coli cultures reached the stationary phase and 1 mL was 

harvested by centrifugation at 1800 x g for 1 minute at 25°C. The pellet was 

washed twice in sterile PBS and transferred into the anaerobic cabinet and 

resuspended in 200 ˃[ of the C. difficile overnight culture. The culture was divided 

and spread on two non-supplemented BHIS agar plates and incubated 

anaerobically for a minimum of 8 hours. Subsequent growth was harvested by 

spreading 200 mL of sterile PBS on the plate and scraped of the plate with sterile 

cell spreaders. The PBS-bacteria mixture was spread plated onto BHIS agar 

supplemented with D-cycloserine, Cefoxitin and the plasmid-appropriate 

antibiotic. Plates were incubated anaerobically at 37C̄ for 24-72 hours, until 

distinct transconjugant colonies had appeared. Growth was harvested and 

incubated in 15 mL of supplemented BHIS broth. 

 

 

2.5.10 Measurements of bacterial growth. 

 

Growth of C. difficile strains was measured via monitoring the changes in optical 

density at 600 nm (OD600) over a 24-hour period. The optical density of overnight 

C. difficile cultures was measured, and the volume required to produce sub-

cultures (50 mL) with OD600 = 0.05 calculated.  
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2.6. General molecular techniques 

 

 

2.6.1 Plasmid construction. 

 

All plasmids were cloned using NEB HiFi assembly, the necessary fragments were 

generated via PCR using the appropriate templates and primers. Transformants 

were selected for on LB agar supplemented with chloramphenicol and Em and 

inoculated to overnight cultures with the same supplementation. Plasmid DNA 

was prepared from overnight cultures and verified with diagnostic digests and 

Sanger sequencing. 

 

 

2.6.2 Plasmid DNA extraction from E. coli. 

 

E. coli cells harbouring the plasmid of interest were grown over night in 15 mL of 

LB culture with the corresponding antibiotic at 37°C under horizontal rotation at 

200 rpm. After 24 hours the cultures were centrifuged for 2 min at 16000 rpm and 

room temperature. For harvesting the DNA from the pellet, the GenElute HP 

Plasmid Miniprep Yƛǘ ό{ƛƎƳŀύ ǿŀǎ ǳǘƛƭƛȊŜŘ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 

The plasmid DNA was eluted 50 ˃ [ of sterile dH2O, incubated at 40°C for enhanced 

elution and stored at -20°C. Quantification of DNA preparations. Extracted plasmid 
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DNA and genomic DNA samples concentrations were measured by a nanodrop 

ND-мллл ǎǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎύ ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

recommendations as double-stranded DNA has an OD260 value of 1 with a 1 cm 

path length. 

 

 

2.6.3 Extraction of clostridial genomic DNA using GenElute kits. 

 

Ten mL of C. difficile culture, grown under anaerobic conditions at 37°C overnight, 

were taken out of the anaerobic workstation and pelleted at 16000 x g for 3 min 

at 25°C. The supernatant was discarded, and the cell pellet was treated according 

to the protocol of GenElute Bacterial Genomic DNA Kit (Sigma). The cells were 

resuspended in 200 ˃[ Lysis buffer, containing 10mg.mL-1 lysozyme and incubated 

at 37°C for 30 min. A 20 ˃ [ aliquot of RNase a Solution (Sigma) was added and 

incubated at room temperature for 2 min. 20 ˃ [ of Proteinase K in 200 ˃[ Lysis 

solution (Sigma) were added to the mix and incubated at 55°C for 10 min with 

intermediate vortexing. To precipitate the genomic DNA, 200 ˃ [ of 99, 9% ethanol 

were added to the mixture and the whole conglomerate was introduced into a 

silica membrane binding column (Sigma) and centrifuged at 6500 x g for 1 minute. 

The membrane was washed twice with the enclosed washing solution (Sigma) and 

DNA was eluted from the membrane in 50 ˃[ of sterile dH2O, incubated at 40°C 
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for enhanced elution and centrifugation at 16000 x g for 3 min. The resulting 

purified DNA was sorted at -20°C. 

 

 

2.6.4 Extraction of clostridial genomic DNA using Phenol-Chloroform. 

 

Between 1 to 5 mL of culture was pelleted at 4000 x g for 3 min at room 

temperature. Supernatant was removed by decanting, followed by thorough 

pipetting. Bacterial pellets were re-suspended in 200 ˃[ PBS with 10 mg/mL 

lysozyme. Cells were lysed at 37°C for 30 min with occasional mixing. After 

degradation of the cell wall with lysozyme, 25 ˃[ proteinase K, 85 ˃[ dH2O and 

100 ˃[ 10% SDS solution were added and vortexed. Incubation of the mixture 

proceeded at 55°C for 30 min with occasional vortexing. A 400 ˃[ volume of 

Chloroform: Isoamyl alcohol (25:24:1) with 10 mM Tris, pH 8.0, 1 mM EDTA was 

added to phase-lock gel tubes and after proteinase treatment the samples were 

added to the prepared phase-lock tubes. Samples were then centrifuged at 

14,000x g for 2 min at room temperature allowing the extraction of the top layer 

to which 20 ˃ [ RNAse 65 was added and incubated for 2 min at room temperature. 

Phase-lock clean-up was repeated a further two times. Eventually, the top layer 

was mixed with 40 ˃ [ of 3 M Sodium acetate and 800 ˃[ of 100% ethanol. After 

thorough resuspension, the sample mix was inoculated at -80°C for at least 30 min. 

Sample were pelleted in a 4°C pre-cooled centrifuge at 14,000 x g for 15 min. The 
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supernatant was carefully removed by aspiration. A 1 mL volume of 70% ethanol 

was added to the pellet and a further centrifugation step was performed at 14,000 

x g for 5 min. The supernatant was poured off and the remainder removed 

carefully using a P200 pipette. The pellet was air-dried for around 45 min before 

being resuspended in 50-100 ˃ [ sterile dH2O. 

 

 

2.6.5 Restriction digest of genomic and plasmid DNA. 

 

DNA was cleaved at specific sites using appropriate restriction endonucleases Mix 

(NEB) based on ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ȅǇƛŎŀƭƭȅΣ ǊŜŀŎǘƛƻƴǎ ǿŜǊŜ ǇŜǊŦƻǊƳŜŘ 

in 25 ˃ [ volumes with incubation at 37°C for one hour, followed by 25 min heat 

inactivation at 80°C. The resulting DNA was measured with a nanodrop ND-1000 

spectrophotometer. 

 

Table 2.6.1: Restriction endonuclease master mix on the example of HindIII 

digestion of Clostridia genomic DNA. 

Ingredient ˃[ 

gDNA 15 

CutSmart Buffer 2.5 

HindIII 1 

H2O 6.5 

Total Volume 25 
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2.6.6 DNA ligation. 

 

Fragments with compatible ends resulted from the restriction digested genomic 

DNA were ligated together using T4 DNA ligase (NEB) in accordance with the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ Typically, reactions were performed in 10 ˃[ volumes 

with incubation at room temperature for one hour, followed by 25 min heat 

inactivation at 65°C.  

 

 

2.6.7 Polymerase Chain Reaction amplification of DNA. 

 

Oligonucleotide primers for utilized for DNA amplification, described above, were 

synthesised by Sigma. Primers were diluted to a ǿƻǊƪƛƴƎ ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ мл ˃a 

and stored at -20°C. The PCR mix was prepared typically in 25 ˃[ reaction Volume. 

For amplification of plasmid sequences, DreamTaq (Sigma) master mix was applied 

ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ CƻǊ ŘŜǘŜǊƳƛƴation of transposon insertion, 

tƘǳǎƛƻƴ όb9.ύ ƳŀǎǘŜǊ ƳƛȄ ǿŀǎ ŀǇǇƭƛŜŘ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭ. The annealing 

temperature for each individual reaction was calculated using NCBI online-primer 

BLAST (https://www.ncbi.nlm.nih.gov/tools/primer-blast/). While elongation 

time was determined according to the expected product size, with 30 secs 

allocated per 1 kb. 

 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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2.6.7.1 Inverse PCR. 

 

During this protocol, a possible transposon mutant colony was grown in 

supplemented LB medium overnight. 1-5 mL of the culture were isolated using the 

Spin columns or phenol-chloroform. Subsequently, the DNA was digested with 

HindIII master mix (as described previously). Digestion was conducted for 4 hours, 

followed by a heat inactivation 80oC for 25:00 min. A total of 30-75 ng of the heat 

inactivated digest was ligated overnight (on Ice) or for 4 hours at room 

temperature to form Transposon-Chromosome junction ς ring formation. These 

ring structures were amplified by an intricated PCR run, using (NEB) Q5 high 

fidelity PCR protocol (Table 2.6.2) and the Forward primer catP_INV_F1 as well as 

Forward primer catP_INV_R1. The inverse PCR products amplified were visualized 

on by agarose gel electrophoresis. The fragments were obtained and extracted 

from the agarose. For sequence identification, the samples were sequenced and 

the data obtained blasted, using run products on gel, extract fragments, and 

sequence with catP-INV-R2.  
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Table2.6.2: Integrated PCR protocol to amplify chromosome transposon 

junctionsΦ ¢ƻ Ǌǳƴ ǘƘƛǎ t/w ǊŜŀŎǘƛƻƴΣ ŀ άǘƻǳŎƘ-Řƻǿƴέ ǇǊƻǘƻŎƻƭ Ƙŀǎ ōŜŜƴ ǳǎŜŘΣ ŀǎ 

follows: 

Temp 

(°C) 

Time 

(min) 

Description 

98 05:00  

98 0:10  

70-55 2:00 Temperature decreases by 1°C per cycle until 

60°C is reached.  

72 2:00  

98 0:10  

60 0:30 20-25 cycles 

72 2:00  

72 5:00  

15 Pause  

 

 

2.7 Isolation of C. difficile spores. 

 

 

2.7.1 Spore purification. 

 

Prior to spore isolation, C. difficile was cultivated in 200 mL of LB broth, 

supplemented according to Table 2.5.1, at 37°C in the anaerobic workstation. The 

cultures were incubated for at least 10 days (mostly 14 days) to induce spore 

formation by starvation. 
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After the starvation, the samples were heat treated at 65°C for 20 min in the HB-

1D hybridizing oven (Techne) to eliminate vegetative growth. The spores were left 

at room temperature to allow the mixture to cool down and split into 4 x 50 mL 

cultures. The cultures were centrifuged at 3000xg for 10 min at room temperature. 

The supernatant was discarded and the spore pellet resuspended in 10 mL dH2O 

to which was added 10 mL 95 % EtOH and the mixture vortexed for 10 min. 

Centrifugation was repeated and the spore pellet was washed in 10 mL of dH20 

and vortexed for 10 min. The washing step was repeated a further two times. 

Eventually, the spores were spun down, and the final pellet was resuspended in 

44 µL of dH20. 

 

 

2.7.1 DNAse clean treatment of spores. 

 

To the 44 µL of dH2O spore mixture, 5 µL 10 X TURBO DNase Buffer and 1 µL TURBO 

DNase (Ambion) were added and incubated at 37°C for 30 min. The spores were 

spun at 3000xg for 10 min at room temperature and the supernatant was 

discarded from the pellet that was resuspended in 500 µL of 20 % HistoDenz 

(Merck). 
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2.7.3 Separation in Sucrose gradient. 

 

The 500 µL of spore-20% HistoDenz mixture was gently transferred via pipetting 

into a 1 mL Eppendorf tube, containing 1 mL of 50 % HistoDenz. The solution was 

spun at 14.000 x g for 15 min at 4°C in a pre-cooled table centrifuge. The 

supernatant was discarded, and the spore pellet washed in 1 mL of dH2O and 

centrifuged at 5000 x g for 3 min at 4°C. The washing was repeated a further two 

times and the final pellet resuspended in 1 mL PBS for microscope quantification 

and final storage. 

 

 

2.8 Transposon mutant library preparation. 

 

 

2.8.1 Library preparation. 

 

Genomic DNA samples were fragmented via sonication using a Covaris S-series 

sonolab at Deepseq (Nottingham). DNA fragments with an average size of around 

500 bp were produced using the following settings: 20W, 200 cycles/burst, 

intensity 5, 10% dutycycle. A 1X bead purification was performed using NEB 

sample purification beads before fragments were end repaired and dA-tailed using 

NEBNext Ultra II DNA Library Prep reagents. A custom splinkerette adapter ( 
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https://www.ncbi.nlm.nih.gov/pubmed/26794317) was ligated to the ends of 

fragments using the ligation reagents from the NEBNext Ultra II kit. Adapter-

ligated samples were purified again with a 1X bead purification step before an I-

SceI digest was performed to selectively cut between the library primer binding 

site and the splinkerette adapter on plasmid DNA only. Digested products were 

again purified using a 1X bead clean-up before a PCR was performed amplifying 

the transposon-genomic DNA junctions. The PCR employed the NEB Q5 high 

fidelity polymerase which amplified the region between the ƭƛōǊŀǊȅ ǇǊƛƳŜǊ άtтέ 

and the adapter primer SplAP5.x where x represents the multiplex number. SplAP5 

primers bind to the adapter and contain a unique region allowing multiplexing of 

samples. The library primer contains the P5 flow-cell binding region, while the 

adapter primer contains the P7 flow-cell binding region. PCRs were size-selected 

on a 2 % low-melt agarose gel and then gel extracted using a NEB monarch gel 

extraction kit. Gel extracted samples were quantified using an agilent 2100 

bioanalyzer and a DNA 1000 chip to visualise the size distribution of the library. 

The concentration of DNA going onto the sequencing cartridge was assessed via 

Qubit and qPCR using the flow-cell binding regions to amplify.  

 

 

 

 

 

https://www.ncbi.nlm.nih.gov/pubmed/26794317
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2.8.2 MiSeq. 

 

Samples were run at Durham University on a MiSeq using a custom sequencing 

ǇǊƛƳŜǊ ά·έ which was designed to read out of the transposon giving initially 12 bp 

ƻŦ ǘƘŜ ǘǊŀƴǎǇƻǎƻƴ ΨǘŀƎΩ ŀƴŘ ǘƘŜǊŜŀŦǘŜǊ ƎŜƴƻƳƛŎ 5b!Φ ! ŎǳǎǘƻƳ ǊŜŎƛǇŜ aƛ{Ŝǉ ǊŜŎƛǇŜ 

was also used which employed dark cycles over the first 12 bp of reads hence 

preventing run failure from an inability to accurately detect clusters. The dark 

cycles resulted in accurate calling of cluster location since after 12 bp the bases 

are not homogenous throughout the whole sequencing lane.  

 

Table 2.8.1: Primers utilized in this study (*  Indicates Phosphorylation) 

Primer Name Sequence Use 

MTV10.1 F 
Aligns to pRF215 

CGGCCGCTGTATTACCCTGTTATCCCTACCAG
TGTGCTGGAATTCGCCCTTAG 

For MTV10 alignment to 
pRF215 

MTV10.1 R 
Aligns to pRF215 

CGGGCGCGCCTTAAGACCCACTTTCACATTTA
AGTTGTTTTTCTAATCCG 

For MTV10 alignment to 
pRF215 

MTV10.2 F 
Aligns to pRF215 

TGGGTCTTAAGGCGCGCCCGCCCTTAAG For MTV10 alignment to 
pMTL-84151 

MTV10.2 R 
Aligns to pRF215 

TCGCCCTTAGTAGGGATAACAGGGTAATACA
GCGGCCGCGGTCATAG 

For MTV10 alignment to 
pMTL-84151 

ermB-R1 GCATCTAATTTAACTTCAATTCC  Inverse PCR of pRF215 
and MTV10 

catP_INV_R_1 TATTTGTGTGATATCCACTTTAACGGTCATGC
TGTAGGTACAAGG 

Inverse PCR of the CW-
plasmids 

catP_INV_F_1 TATTGTATAGCTTGGTATCATCTCATCATATA
TCCCCAATTCACC 

catP sequencing primer 

catP_INV_R_2 GGCAAGTGTTCAAGAAGTTATTAAGTCGGGA
GTGCAGTCGAAGTGG 

SplA5_top 
 

G*AGATCGGTCTCGGCATTCCTGCTGAACCG
CTCTTCCGATC*T 

 
Primers for the 
Sprinklerette Adaptor SplA5_bottom 

 
G*ATCGGAAGAGCGGTTCAGCAGGTTTTTTT
TTTCAAAAAAA*A 
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SplAP5.7 
 

C*AAGCAGAAGACGGCATACGAGATCAGAT
CTGGAGATCGGTCTCGGCATTC*C 

 
Index Primer for the PCR 
during the library prep 
prior to MiSeq  

SplAP5.8 
 

C*AAGCAGAAGACGGCATACGAGATCATCAA
GTGAGATCGGTCTCGGCATTC*C  

SplAP5.11 
 

C*AAGCAGAAGACGGCATACGAGATCTGTA
GCCGAGATCGGTCTCGGCATTC*C  

SplAP5.12 
 

C*AAGCAGAAGACGGCATACGAGATAGTAC
AAGGAGATCGGTCTCGGCATTC*C  

SplAP5.13 
 

C*AAGCAGAAGACGGCATACGAGATAACAA
CCAGAGATCGGTCTCGGCATTC*C 

SplAP5.14 C*AAGCAGAAGACGGCATACGAGATAACCG
AGAGAGATCGGTCTCGGCATTC*C  

SplAP5.15 C*AAGCAGAAGACGGCATACGAGATAACGC
TTAGAGATCGGTCTCGGCATTC*C  

SplAP5.16 C*AAGCAGAAGACGGCATACGAGATAAGAC
GGAGAGATCGGTCTCGGCATTC*C  

SplAP5.17 C*AAGCAGAAGACGGCATACGAGATAAGGT
ACAGAGATCGGTCTCGGCATTC*C  

SplAP5.18  C*AAGCAGAAGACGGCATACGAGATACACA
GAAGAGATCGGTCTCGGCATTC*C  

ermB Tn_seq_ 
library_primer 

AATGATACGGCGACCACCGAGATCTACACCT
ATCAACACACTCTTAAGTTTGCTTCTGTCAGA 

Library Primer  

ErmB_Tn_seq_se
quencing primer  

GCTTCTGTCAGACCGGGGACTTATCA 
 

Sequencing Primer  

 

 

2.8.3 Agarose gel electrophoresis. 

 

Separation of PCR products, restriction fragments and plasmid DNA was 

performed via electrophoresis at 100 V for 60 min through 1.0 % agarose (Sigma) 

gels in TAE buffer containing 0.01 % (v/v) SYBR Safe DNA Gel Stain (Thermo 

Scientific). Separated DNA was subsequently viewed under blue light.  
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2.8.4 DNA extraction from agarose gels and reaction mixtures. 

DNA fragments were visualized under blue light. Anticipated DNA fragments were 

excised from the gel using a scalpel. The DNA was extracted from the agarose using 

Monarch® PCR & DNA Clean-ǳǇ Yƛǘ όb9.ύ ōŀǎŜŘ ƻƴ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 5b! 

was eluted in 20 ˃ [ of distilled H2O and stored in -20°C for later usage. 

 

 

2.8.5 DNA sequencing and genome assembly. 

DNA sequencing was performed by Eurofins Genomic 

(https://www.eurofinsgenomics.eu/en/ecom/cart/) without any deviations from 

protocol using the associated primers. Nanopore sequencing data were matched 

to the previously acquired Illumina sequencing data. Genome assembly was 

performed by Deepseq, using Vanu 2.0 ( https://canu.readthedocs.io/en/latest/) 

 

 

https://www.eurofinsgenomics.eu/en/ecom/cart/
https://canu.readthedocs.io/en/latest/
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3.1 Introduction  
 

 

3.1.1 Restriction modification systems in C. difficile 

 

Restriction-Modification (R-M) systems are utilized in prokaryotic organisms to 

detect, cut, and modify specific DNA sequences. Generally, they protect the cell 

from invading DNA, such as that originating from bacteriophages. Defensive 

properties in bacteria were first observed in the 1950s, when E. coli . ǇƘŀƎŜ ˂ ǿŀǎ 

found to replicate poorly in E. coli K-12. Restriction was observed for the non-

methylated phage DNA, whilst the E. coli K12 genome remained intact due to site-

specific methylation by the cognate methyltransferases (MTase) [105, 106].  Since 

R-M systems limit the entry of foreign DNA into the cell, they are generally 

considered to serve as an innate immune system for prokaryotes [107]. Initially, 

DNA modifications are carried out by MTase. These enzymes transfer methyl 

groups from the universal substrate, S-adenosyl-methionine, to their respective 

recognition site on the genome [108]. Bacteria then recruit restriction 

endonucleases (REases) which recognize non-methylated double stranded DNA. 

These REases clear the affected sites by causing DNA double strand cleavage. 

Restriction and methylation may be conducted by different enzymes or enzyme 

complexes, performing the individual steps utilizing different subunits. Based on 
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their activities, prokaryotic R-M systems can be differentiated into four classes, 

type I, type II, type III and type IV as depicted in Figure 3.1. Each of these systems 

perform restriction activity, while type I-III have additional methylation activity. 

Furthermore, R-M system I-III perform their activities on non-methylated DNA, 

while system IV exhibits nucleolytic activity against incorrectly modified DNA 

[109].  

 

Type I restrictionςmodification systems. Type I R-M systems are encoded by three 

genes. The resulting proteins, transcribed form a pro tein complex. Its recognition 

sites on the genome consist of two allocated sequences, separated by a 

degenerate sequence. The R-M system I complex contains two individual target 

recognition domains (TRD), which detect and interact with the allocated DNA 

sequences. Additionally the MTase subunits interact with both strands of the DNA 

target. Many bacterial species, like S. aureus and Mycoplasma spp. contain several 

different TRD and methylation subunits. Responsible genes are in rotation of 

active and silent states, providing change in RM-system specificity [109]. 

 

Type II restrictionςmodification systems. Type II R-M systems are well 

investigated, as many endonucleases from this group are important enzymes in 

genetic engineering. Usually R-M system II encodes two genes, one for the 

restriction enzymes and another for the methyltransferase. Occasionally, these R-

M systems also utilize other complexes, like transcription factors, nickases or DNA 
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repair systems to support their function. The Type II R-M system recognition site 

is often a 4-8 bp palindromic sequence. The utilized endonucleases are various and 

can be differentiated into 11 subfamilies. These enzymes bind to the 

unmethylated recognition site and cleave DNA at a defined location within or close 

to the recognition site.  

 

Type III restrictionςmodification systems. R-M III-systems consist of two highly 

related subunits. These can modify and hydrolyze specific DNA sequences and 

recognize short nonpalindromic sequences. The methyltransferease consist of two 

subunits and modify one DNA strand after binding. The restriction enzymes cause 

DNA cleavage ~25-27 bp away from one of the recognition sites [110]. 

 

Type IV restrictionςmodification systems. In contrast to the previous systems, R-

M system IV hydrolyzes only modified DNA. Thus, it is only made up of restriction 

enzyme components. Depending on the enzyme, these recognize modified 

cytosine residues or methylcytosine and methyladenine. The restriction 

components have a low specificity, which allows broad range protection against 

invading DNA with diverse methylation patterns. Like type II R-M systems, also 

type IV R-M systems are methyldirected and are encoded by one or two genes. 

There is no specific characteristic allowing to distinguish between Type IV and 

Type II R-M systems. Thus, some research suggests to reclassify specific Type II 

systems to Type IV [109].  
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Orphan methyltransferases. Orphan methyltransferases have no allocated 

restriction enzyme and act independently from the R-M systems. Most of these 

orphan enzymes are not well characterized. They can possess diverse cellular 

functions, including DNA replication/ repair and even regulation of gene 

expression. Host protection from invading DNA in these cases is based on the 

underrepresentation of recognition sequence in the genome [111, 112]. 
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Figure 3.1: Schematic illustration of the R-M systems present in bacteria. Graphic 

was adapted from Andrew Dempster and Atack et al [113]. The R-M system type I 

Ŏƻƴǘŀƛƴǎ о άƘƻǎǘ ǎǇŜŎƛŦƛŎ ƻŦ 5b!έ ƻǊ hsd genes. HsdR for restriction, hsdM for 

modification and hsdS for specificity. The hsdM and hsdS genes are transcribed 

from the same promotor and are important during methylation, while hsdR has its 

own promoter and is required for restriction. In type II systems the methylase and 

the endonuclease are two separate enzymes, Mod and Res. These R-M systems are 

the most prevalent in the bacterial kingdom. Like Type II systems, Type III R-M 

systems contain a Res and a Mod protein. In type III systems, these form a complex 

for modification and cleavage. Type IV systems do not contain a modification unit 

but are just comprised of an endonuclease, that detects and cuts modified DNA. 
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3.1.2 R-M Systems in clostridial genetics. 

 

R-M systems in prokaryotic organisms are highly strain-specific. This has a direct 

impact on horizontal gene transfer between bacterial species and/or strains. 

Accordingly, transferring extrachromosomal DNA into Clostridium spp., by 

conjugation or transformation, may be impeded by the R-M system of the host. 

Efficient gene transfer into many strains of a number of Clostridium spp. is 

relatively straight forward, for example into Clostridium beijerinckii NCIMB 

8052, C. perfringens 13, C. difficile strains CD37 and CD630 and  Clostridium 

botulinum ATCC 3502 [67, 74, 114-116]. This is because although these strains 

possess at least one type II methylase gene, they lack the cognate restriction 

endonuclease gene [65]. In other cases, the presence of a complete R-M system 

(genes encoding both the restriction endonuclease and methylase enzymes) can 

prevent DNA transfer if the incoming DNA is not protected from cleavage by 

appropriate methylation of any targeted restriction enzyme recognition sequence. 

It follows that the successful transfer of DNA into a particular Clostridium recipient 

can require an understanding of number and specificity of any RM-system present.  

The action of these systems can then be avoided, either by in vitro or in vivo 

methylation of the donor DNA prior to its transfer or by negation of restriction 

activity by inactivating the encoding genes in the recipient [65]. RM-system 

specificity can be determined by the analysis of the fragmentation pattern 

obtained when plasmid DNA of known sequence is incubated with bacterial 
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lysates. By inspecting the resulting restriction pattern visible as DNA bands on an 

agarose gel, the targeted motives can be allocated. This can allow a gene encoding 

a methylase with the required specificity to be cloned and introduced into the E. 

coli donor strain. Most studies focused on evasion of RM-system type II, although 

the evasion of type I systems has also been reported.  For example, countering the 

type I system of Clostridium saccharobutylicum NCP 262, resulted in an 8-10-fold 

increase in transfer frequencies [117]. In more recent times, the specificity of R-M 

systems has largely been determined through genome analysis, identifying 

specificity on the basis of homology to known systems [74, 115]. Genomics also 

allows the cloning of methylase genes in the recipient without needing to 

necessarily know the specificity of the R-M systems.  

 

 

3.1.3 Rebase. 

 

REBASE is a publicly accessible database, providing information about R-M 

systems [118, 119], which is reviewed and frequently updated. Single Molecule 

Real Time Sequencing (SMRT sequencing) improved the allocation of R-M systems, 

as DNA modifications can be directly detected during sequencing [120]. Restriction 

enzymes are always located in the immediate vicinity of their cognate 

methyltransferases. However, the identification of these complexes is difficult as 
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they undergo rapid evolutionary changes due to their protective function in host-

parasite coevolution. 

 

 

3.1.4 R-aΩǎ ƛƴ C. difficile. 

 

In some Clostridium species, successful introduction of foreign DNA plasmids is 

relatively easy to achieve. However, successful transformation of plasmid vectors 

in other strains, like C. acetobutylicum ATCC 824 [121] or C. botulinum type B [122] 

has only proven possible after circumvention of host restriction barriers. Until the 

early 2000s, gene transfer into C. difficile was based on conjugative transposons 

such as Tn916, which were transferred from B. subtilis donors using filter mating. 

These early protocols resulted in low frequencies of 10ҍ8 per donor and the 

transposon insertion sites are limited to one single location into the genome [123]. 

In the early 2000s Purdy et al., characterized the R-M systems of two toxigenic 

strains of C. difficile by the conjugative transfer from E. coli of a number of 

autonomously replicating plasmids into C. difficile strain CD6 and CD3 [74]. The 

plasmids employed utilised the replication region of the C. difficile plasmid pCD6 

and were transferred by oriT-mediated mobilisation. By analysing the 

fragmentation pattern obtained when DNA of a specific plasmid was incubated 

with the lysate of strain CD6 they concluded that it possessed two R-M 

systems: CdiCD6I/M.CdiCD6I and CdiCD6II/M. CdiCD6II, with equivalent 
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specificities to Sau96I/M. SauфсL όр πDDbM//πо ύ ŀƴŘ MboI/M. MboL όр πDMATCπ

о ύ, respectively. Further analysis of the strain CD3, revealed that it possesses a 

type IIs restriction enzyme. The system, denoted Cdi I, cleaves the DNA sequence 

р π/!¢/Dπо  ōŜǘǿŜŜƴ ǘƘŜ ŦƻǳǊǘƘ ŀƴŘ ŦƛŦǘƘ ƴǳŎƭŜƻǘƛŘŜ ǊŜǎǳƭǘƛƴƎ ƛƴ ŀ ōƭǳƴǘπŜƴŘŜŘ 

fragment.  By measuring the frequency of plasmid transfer of various plasmids 

carrying different numbers of recognition sites, Purdy et al. [73], estimated that 

ŜŀŎƘ ǎƛǘŜ ŎŀǳǎŜŘ ōŜǘǿŜŜƴ ŀ ŦƛǾŜπ ŀƴŘ мсπŦƻƭŘ ǊŜŘǳŎǘƛƻƴ ƛƴ ǘǊŀƴǎŦŜǊ ŜŦŦƛŎƛŜƴŎȅ 

representing a crucial factor in exogenous transfer into C. difficile [74]. In 

nontoxigenic C. difficile strain CD37 replication minus vectors were employed and 

designed to integrate into the genome by single crossover [76]. Successful 

integration of these plasmids was followed by the successful introduction of a 

mobilizable, replicative plasmid via conjugation with E. coli in CD37 [124]. 

Additionally, in 2003, Herbert et al, have shown that oriT based shuttle vectors 

may be transferred into C. difficile strain CD630 via conjugation at frequencies of 

10-6
 per donor cell. The transfer was not affected by the methylation status of the 

shuttle vector.  Consistent with this observation, although the CD630 genome 

carried 5 different methylase genes but did not appear to carry any associated, 

cognate REase gene.  This finding lead to the assumption, that the methylases play 

no role in the  RM-system of CD630 but fulfil another function such as controlling 

of gene expression [115].  
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3.1.5 Improving Conjugation Efficiencies into C. difficile. 

 

Conjugation may be the preferred way of DNA transfer into C. difficile. However, 

transfer frequencies of shuttle vectors remain low, especially into hypervirulent 

strains belonging to C. difficile PCR RT 027 [125]. R-M systems play a crucial role in 

DNA transfer and recognition thus impacting conjugation and successful plasmid 

transfer. R-M types I-III recognize non-modified DNA. R-M type IV, however, is 

conserved amongst most Clostridium spp. and recognises foreign modification 

patterns. 

 

A variety of E. coli strains can function as conjugative donors in the transfer of 

plasmid vector DNA into clostridial recipients. Vectors are mobilised from the 

donor through the action of transfer (Tra) functions on a vector encoded origin of 

transfer (oriT) derived from plasmid pRK2. The Tra-functions may either be 

encoded on a co-resident large plasmid, such as the R-factor R702, or localised in 

the chromosome, as in the donor strains S17.1 and SM10 [65]. However, most 

genetic studies in C. autoethanogenum, C. difficile and C. sporogenes have utilized 

the E. coli strain CA434, where the tra genes are carried by R702 [74]. Recently, 

Woods et al., created a novel conjugative donor to improve DNA transfer from E. 

coli to C. autoethanogenum, C. sporogenes and C. difficile R20291 [126]. 

DŜǎƛƎƴŀǘŜŘ Ψǎ9ȄǇǊŜǎǎΩΣ ŀǎ ƛǘ ƛǎ ōŀǎŜŘ ƻƴ b9. 9ȄǇǊŜǎǎ (NEB Biolabs), it is a dcm 

mutant. As a consequence, the internal cytosine in the motif CCWGG is not 
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methylated. Therefore, plasmid DNA maintained in sExpress is not cleaved by 

cytosine-specific Type IV restriction systems. As most C. difficile strains carry a 

Type IV system, transfer of plasmids from sExpress occurs at 10-fold higher 

frequencies than from CA434. Similar improvements are evident to any clostridial 

donor that possesses a Type IV system [102]. 
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3.2 Aims of the study 
 

 

Many genetic protocols in bacteria heavily rely on preceding DNA transfer. 

However, establishing DNA transfer into C. difficile remains challenging and labour 

intensive. As the C. difficile RT078 has been poorly researched, we aim to find a 

suitable donor strain that yields a high rate of plasmid transfer. To answer this 

question we aim to evaluate which R-M systems can be identified in RT 078 by 

whole genome sequencing. Following these experimental set ups, we aim to 

establish, which rationale strategies result in improvements in DNA transfer 

frequency and subsequent mapping of transposon insertions following 

implementation of TraDIS. 
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3.3 Results 
 

 

3.2.1 Genome sequencing 

 

The initial step in the identification of possible R-M systems in RT 078 C. difficile 

strains was the selection of 10 different clinical isolates from the Clostridia 

Research Group culture collection (CRG, Nottingham). Cultures were grown 

overnight from which genomic DNA was prepared via phenol-chloroform 

extraction, as described in the Material and Method section 2.6.4 DNA samples 

were then sent for genome sequencing by both Illumina MiSeq and Oxford 

Nanopore technologies (DeepSeq, Nottingham). The reads generated by Illumina 

sequencing were aligned with the M120 draft genome annotation using CLC 

Genomics Workbench software. Variants were called according to the guidelines 

stated in Materials and Methods. Additional Oxford Nanopore analysis of the 

strains was performed to obtain maximum coverage of the respective genomes. 

Nanopore sequencing can also potentially provide information on those motifs 

that are methylated, which could allow the identification of R-M recognition sites. 

The 10 strains chosen are listed in Table 3.1. Strain CD1801, CD4401, CD9001, 

CD9301, CD9501 and CD9701 were originally sampled from patient material in 
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QMC, Nottingham. Strains EK24, EK26 and EK28 were isolated from across Europe 

by Ed Kuijper, while the M120 reference strain originated in London. 

 

 

Table 3.1: Information about the C. difficile RT 078 strains. 

C. difficile 

Strain 

Working Name Country Isolated 

by 

Source GenBank 

Accession No. 

9301 CD9301 UK M. Lister UoN  CP068561 

9001 CD9001 UK M. Lister UoN  CP068560 

9701 CD9701 UK M. Lister UoN  CP068559 

9501 CD9501 UK M. Lister UoN  CP068558 

4401 CD4401 UK M. Lister UoN  CP068667 

1801 CD1801 UK M. Lister UoN  CP068556 

M120 M120 UK B. Wren LSHTM, 

London 

CP068555 

EK24 CD2315 Hungary Ed Kuijper LUMC, 

Leiden 

CP068554 

EK26 2016 Ireland Ed Kuijper LUMC, 

Leiden 

CP068553 

EK28 7009825 NL Ed Kuijper LUMC, 

Leiden 

CP068552 

*UoN, University of Nottingham,  

*LSHTM, London School of Hygiene & Tropical Medicine,  

*LUMC, Leiden University Medical Centre 
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3.2.2 Phylogenetic analysis 

 

To find taxonomic variation between the 10 strains, phylogenetic analysis was 

performed, via Whole Genome Alignment (CLC, Workbench 20). Short stretches 

of nucleotide sequences shared between multiple genomes are identified and 

similarities between the genomes are processed. The resulting Average 

Nucleotide Identity (ANI) algorithm qualifies the genetic distance in between the 

analysed genomes. The ANI can be used to further create a Phylogenetic tree of 

the screened organisms. The length of the tree branches illustrates the 

evolutionary time between the next nodes, displayed as substitutions/sequence 

site. Vertical lines represent evolutionary split to visualize connection. The CLC 

genomic alignment protocol applied on the sequenced RT 078 strains, resulted in 

clustering the candidates based on their pairwise nucleotide identity (Figure 3.2). 

The bioinformatic analysis identifies high levels of similarity of above 99% ANI 

between the genomes. The calculated ANI of control RT 027 strain R20291 and the 

RT 012 strain CD630 were estimated to be above 96%. This indicates a higher 

degree of genome similarity between the RT 078 genomes than with strains 

belonging to these other ribotypes. Some RT 078 strains, such as CD2315 or 

CD7009825, display taxonomic similarities of up to 100% ANI towards other RT 

078 strains, in particular strain CD2016.  
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The Phylogenetic tree depicted in Figure 3.2B is based on ANI analysis. Strain 

CD9501 is clustered on a separate branch together with the other RT 078 strains 

(Figure 3.2B).  As indicated in Figure 3.2A, all strain exhibits minimal differences in 

nucleotide analogy towards the other strains.  
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  1 2 3 4 5 6 7 8 9 10 11 12 

CD630 1  98.96 96.48 96.50 96.49 96.50 96.50 96.49 96.60 96.50 96.50 96.50 

CDR20291 2  96.50 96.50 96.51 96.50 96.50 96.48 96.52 96.50 96.50 96.50 

1801 3  99.99 99.99 99.99 99.98 99.98 99.80 99.98 99.99 99.99 

2016 4  99.99 100.00 99.98 99.98 99.81 99.98 100.00 99.99 

4401 5  99.99 99.99 99.99 99.77 99.99 100.00 99.99 

7009825 6  99.98 99.98 99.81 99.98 100.00 99.99 

9001 7  99.99 99.80 99.99 99.98 99.99 

9301 8  99.80 99.98 99.99 99.98 

9501 9  99.81 99.81 99.81 

9701 10  99.98 99.99 

CD2315 11  99.99 

M120 12  
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Figure 3.2: Phylogenetic tree and pairwise comparison of C. difficile RT 078 

strains. (A)Pairwise comparison of genome sequences of the selected RT 078 

strains. The comparison gradient indicates percentage identity between two 

genome sequences. Strain CDR20291 as well as strain CD630 have been included 

as reference sequences for other RTs. For the RT 078 strains, the GenBank identities 

have been used. (B)The Neighbour Joining (NJ) tree was constructed from the 

whole genome sequences of the selected C. difficile RT 078 strains. The branches 

are based on the comparative ANI, computed on the CLC workbench whole genome 

alignment software.  

 

 

3.2.3 Finding a Conjugal Donor Strain for C. difficile RT 078.  

 

To examine the efficiency of DNA transfer into the selected C. difficile RT 078 

strains, shuttle vectors were transferred into each strain by conjugation and 

transfer frequencies calculated. As the transfer of shuttle vectors into 

hypervirulent C. difficile strains is observed at low efficiencies, the plasmid of 

choice for this assay was pMTL84151 [125], since this vector contains the C. 

difficile replicon CD6, which is stable and generally transferred at the highest 

frequency to this organism.  

 

Conjugation is the preferred method of DNA transfer into C. difficile, thus a 

suitable conjugal donor must be selected. The HB101 E. coli strain CA434 carries 

the R factor R702 which contains the DNA transfer function, served as standard 

conjugal donor. The strain is dam+ and dcm+ which results in a Dam and Dcm 
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methylation pattern that may leave shuttle vectors susceptible to attack by Type 

IV restriction systems. As discussed in the introduction, E. coli strain Ψǎ9ȄǇǊŜǎǎ,Ω ƛǎ 

dcm- and as a consequence gives a 10-fold increase in DNA transfer efficiency into 

C. difficile R20291, which carries a Type IV R-M systems, relative to the widely used 

CA434 donor strain [102]. As such, sExpress could represent an optimal strain to 

transfer the shuttle vector pMTL84151 into the sequenced RT 078 strains, which 

were also found to carry type IV R-M systems (see Figure 3.5). 

 

 

3.2.4 Comparison of conjugation efficiency between sExpress and CA434 for 

transfer into C. difficile RT 078. 

 

To compare the relative efficiencies of CA434 and sExpress as conjugative donor 

strains each was transformed with a range of different catPςbased, pMTL8x151 

shuttle vectors carrying different Gram-positive replicons. As the RT 078 strains 

were shown to be highly genetically similar, CD9301 and M120 were chosen as 

representative recipient strains. Donor E. coli strains harbouring the different 

pMTL8X151 plasmids were mixed with overnight C. difficile according to the 

conjugation protocol described in section 2.5.9 and incubated together 

anaerobically on BHIS plates without selection for 24 hours. Subsequently, the 

plates were flushed with PBS and all growth harvested from the surface of the agar 

with a cell spreader. The cells were diluted to a factor of 10-7 and transferred to 
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solid selective media for selection of the desired transconjugants. After 48 hours 

the CFU were recorded, and the efficiency of plasmid transfer calculated. All 

conjugations were carried out in triplicate (Table 3.2)  

 

 

Table 3.2: Conjugation efficiency into C. difficile CD9301 from E. coli donors CA434 

and sExpress. 

Test Plasmid  Gram-positive 
origin of 

replication 

Conjugation efficiency 
(Transconjugants per recipient cell) 

sExpress CA434 

pMTL81151 None 0 0 
pMTL82151 pBP1 1.80 x 10-6 6.34 x 10-8 
pMTL83151 pCB102 3.64 x 10-7 5.57 x 10-8 
pMTL84151 pCD6 3.75 x 10-5 2.93 x 10-7 
pMTL85151 pIM13 0 0 
pMTL86151 pIP404 0 0 

 

 

Of the tested replicons, transfer to strain CD9301 was only achieved when the 

replicons were those of pBP1, pCB102 and pCD6. As previously noted, [65] the 

highest frequency of transfer was obtained when the replicon was that of pCD6 

(pMTL84151), whereas the lowest frequency of the three replication regions was 

obtained with the replicon of pCB102 (pMTL83151). The highest rates of transfer 

were obtained when the donor strain was sExpress, regardless of which replicon 

the vector employed.  
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Having established that sExpress was a superior donor relative to CA434 for 

transferring plasmids to the RT 078 strain CD9301, and that plasmid pMTL84151 

was transferred at the highest frequencies, further conjugations were undertaken 

to see if any of the other clinical isolates were more effective recipients. 

Accordingly, conjugation experiments were repeated using the RT 078 strains 

CD1801, CD9501 and M120 as recipients. The results from these experiments are 

presented in Table 3.3 and Figure 3.3. 

 

 

Table 3.3: Influence of Type IV R-M systems on the transfer of pMTL84151 into 

four different RT 078 strains. The total CFU refers to the colonies counted on BHIS 

medium supplemented with just CC to select against E. coli donor cells resulting in 

colonies solely formed by C. difficile. Positive transformants carry an ermR are 

detected via their growth on BHIS supplemented with Em. The frequency of 

transfer has been developed by relating the total number of cells (Total CFU) and 

the number of transformant colonies on Em selection plates. 

 

Recipient 

 sExpress 

Total CFU 

 

EmR CFU Standard 

Deviation 

Transfer 

Frequency 

1801 2.5 X 105 13.66 2.5 5.46x 10-5 

9301 1.33 X 105 5.0 2.6 3.75x 10-5 

9501 2.33 X 105 5.33 0.5 2.28x 10-5 

M120 1.16 X 105 5.16 1.6 4.42x 10-5 
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Recipient 

CA434  

Total CFU EmR 

CFU 

Transfer 

Frequency 

Standard 

Deviation 

1801 8.5 x 106 3.66 4.51x 10-7 1.6 

9301 8.83 x 106 2.16 2.93 x 10-7 1.5 

9501 1.8 x 106 2.16 1.20 x 10-7 0.7 

M120 2.42 x 106 0 0 0 

 

 

Figure 3.3: Analysis of the influence on conjugation of the Type IV R-M System. 

Graphic representation of the values presented in Table 3.3. Strains conjugates with 

the E. coli donor sExpress are depicted in black, whilst strains conjugated with 

Ca434 are presented in grey bars. This data shows the conjugation efficiency 

between the different conjugational donors in C. difficile strain 1801, 9301, 9501 

and M120 utilizing the shuttle vector pMTL84151. After 72h, the CFU has been 

determined, the transformation efficiency has been calculated and plotted on the 

Graph. Experiments were performed in triplicate and the error bars represent the 

standard deviation depicted in Table 3.1Φ Lƴ ŀƭƭ ǎǘǊŀƛƴǎΣ /C¦Ωǎ ƻŦ ǘƘŜ ǎǘǊŀƛƴǎ 

conjugated with sExpress result in increased resistant colony growth on selective 
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medium than strains conjugated with CA434. After 72h, M120 does not show any 

colony formation on BHIS supplementFed with Tm once CA434 was used as 

conjugational donor. 

 

 

3.2.5 Evaluation of C. difficile RT 078 R-M Systems through Genome 

Sequencing. 

 

The determination of the entire nucleotide sequences and identification of 

possible components of R-M systems of the ten RT 078 strains revealed a high 

degree of similarity as well as some clear examples of diversity between strains 

with regard to R-M systems (see Fig 3.4).  
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