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II 
 

Clostridioides difficile is the leading cause of hospital-associated diarrhoea, and presents an urgent 

threat to global health ς owing, at least in part, to its ability to resist a wide array of antibiotics. 

Treatments for C. difficile infection are limited, and rely largely upon metronidazole, fidaxomicin, 

and vancomycin. Vancomycin is the current front-line drug of choice in the UK, and is one of the 

primary treatments for C. difficile worldwide. Perhaps surprisingly for such an adaptable organism, 

vancomycin resistance in C. difficile is not widespread, and knowledge of resistance pathways, 

beyond regulatory changes to the van operon, is lacking. However, isolated reports of resistance in 

clinic, coupled with anecdotal reports of treatment failure, suggest more effort should be placed on 

understanding the routes, mechanisms and costs of resistance. To bridge this gap, this work aimed 

to provide a thorough genetic and molecular characterisation of vancomycin resistance in C. difficile. 

Experimental evolution under increasing vancomycin dose demonstrated high-level vancomycin 

resistance could evolve rapidly, at the cost of pleiotropic phenotypic changes. The genetic basis of 

resistance was revealed through genome sequencing of resistant strains, highlighting multiple 

alternative routes to resistance acquisition, including mutations in van genes, comR, and the 

previously uncharacterised dacS. Through recapitulation of observed mutations in a clean genetic 

background, the mechanisms of vanS and dacS mediated resistance ς alterations to the terminal D-

Ala in nascent peptidoglycan ς were determined, and synergistic interactions between these 

pathways leading to high-level vancomycin resistance were uncovered. Importantly, only two 

mutations were required for high-level resistance, a vital consideration for clinical monitoring. 

Overall, these mutational and mechanistic insights provide a solid foundation to guide future 

genomic surveillance of vancomycin resistance in C. difficile. 
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Clostridioides difficile is a gram-positive obligate anaerobe, capable of causing disease through the 

faecal-oral transmission of robust endospores (Deakin et al., 2012). These metabolically dormant 

spores are able to persist in a range of environments, being resistant to oxygen, heat, and many 

common disinfectants ς ŎƻƴǘǊƛōǳǘƛƴƎ ǘƻ ōƻǘƘ ǘƘŜ ƻǊƎŀƴƛǎƳΩǎ ǎǳŎŎŜǎǎ ŀǎ ŀ ǇŀǘƘƻƎŜƴΣ ŀƴŘ ǘƘŜ 

associated healthcare costs and difficulty of treating infection (Adams et al., 2013). C. difficile is 

responsible for over 120,000 infections per year in Europe alone, and is the leading cause of 

hospital-associated diarrhoea (ECDPC, 2023). As well as being an important nosocomial pathogen, a 

recent paradigm-shift has seen increasing reports of community-acquired C. difficile infection (CDI) 

(ECDPC, 2023). Although often less severe, community-acquired CDI is responsible for an estimated 

20-27% of all cases, resulting in a significant burden (Liao et al., 2018). Clinical presentation of CDI 

covers a large spectrum of disease symptoms, with diarrhoea and colitis being the most common. 

The significant mortality associated with C. difficile typically arises from more severe manifestations, 

including pseudomembranous colitis, fulminant colitis and toxic megacolon (Rupnik et al., 2009). 

Infection recurrence, characterised by the reappearance of symptoms after treatment completion, is 

also common, largely due to the nature of available CDI treatments (Song and Kim, 2019). This 

results in complex treatment plans and worsened prognosis (Cole and Stahl, 2015; Napolitano and 

Edmiston, 2017). 

 

Paradoxically, antibiotics constitute both the main treatment and major risk factor for C. difficile 

infection. Administration of broad-spectrum antimicrobials, either prophylactically or to treat 

another infection, lead to disruption of the gut microbiota, resulting in a dysbiotic state in which C. 
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difficile thrives (Lawley et al., 2012). As well as being associated with the broad-spectrum 

antimicrobials cephalosporins, clindamycin and fluoroquinolones; antibiotics commonly used to 

treat C. difficile itself can also contribute to CDI, by exacerbating dysbiosis and leaving the patient 

acutely sensitive to reinfection or relapse (Owens et al., 2008). This recurrence is the most common 

complication of CDI, arising in up to 30% of patients (Song and Kim, 2019). Collectively, this 

combination of factors warrants the recent classification of C. difficile ŀǎ ŀƴ άǳǊƎŜƴǘ ǘƘǊŜŀǘέ (CDC, 

2024).  

 

1.1.1 CDI 

Clinical manifestations of CDI range from self-limiting diarrhoea to often fatal inflammatory 

complications. Typical presentations of CDI involve mild diarrhoea, which resolves with or without 

antibiotic treatment. However, notable complications include severe diarrhoea and dehydration, 

colon perforation, kidney failure, and septicaemia (Czepiel et al., 2019). Severe presentations of CDI 

may involve pseudomembranous colitis, a colonic inflammatory disease resulting in yellow plaques 

which form pseudo membranes on the intestinal mucosa; or toxic megacolon, the widening of the 

colon due to inflammation (Farooq et al., 2015; Sayedy et al., 2010). In such instances, prognosis is 

poor ς patients with toxic megacolon arising from CDI require aggressive treatments, and have a 38-

80% mortality rate (Sayedy et al., 2010).  

 

1.1.2 Epidemiology 

The phylogenetic diversity of C. difficile has allowed for the emergence of several epidemic strains in 

recent years. In particular, the ribotype 027 lineage was responsible for a 2001 North American 

epidemic, which spread to the UK, peaking in 2004-2007 (He et al., 2013). This hypervirulent lineage 

is associated with increased transmission and mortality, although the underlying reasons for the 
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apparent increase in pathogenicity are far from clear. Ribotype 027 strains display increased 

expression of toxins, a deletion in tcdC (putatively encoding a negative regulator of toxin expression) 

(Curry et al., 2007; Spigaglia and Mastrantonio, 2002; Warny et al., 2005), and production of an 

additional binary toxin (Gerding et al., 2014). These strains also displayed high-level resistance to 

fluoroquinolone antibiotics, including the commonly used ciprofloxacin (Razavi et al., 2007). In the 

UK, improved hospital management strategies have resulted in an 80% reduction in cases from the 

height of the 2004-2007 outbreak, with current annual infection rates lying at 13,000 (Mansfield et 

al., 2020; PHE, 2024). C. difficile is responsible for an estimated 29,000 and 1,800 deaths per year in 

the USA and UK respectively (Lessa et al., 2015; UKHSA, 2022). Case fatality is approximately 15%, 

however this increases with each subsequent infection recurrence (Cole and Stahl, 2015). Despite 

strategies to reduce CDI, the costs associated with CDI have increased, with infections costing 

between $436 million to $3 billion per year in the USA, with total CDI-attributable costs excelling 

$6.3 billion (Heimann et al., 2018). In England, CDI costs £5,000-£15,000 per case (Heimann et al., 

2018). This burden is not solely economic ς with the average UK patient stay being 37 days, CDI puts 

huge pressures on healthcare facilities (Reigadas Ramírez and Bouza, 2018). Despite less emphasis 

being placed on the burden of CDI in lower-income countries, it is clear that the lack of diagnosis and 

prevention has led to a severe underestimation of CDI. In many African countries, due to reduced 

regulation of antibiotics and high HIV prevalence, CDI burden is likely to be high (Roldan et al., 2018). 

Similarly, in South Africa, CDI incidence was shown to be 9.2%, a third of which was community-

acquired (Rajabally and Afzal, 2019). 

 

1.1.3 Toxins 

Clinical presentation of CDI is influenced by a range of C. difficile virulence factors, including 

production of various toxins and surface proteins. Primarily, pathogenesis is driven by the activity of 

toxins A and B, encoded within the pathogenicity locus (PaLoc).  
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1.1.3.1 PaLoc 

The C. difficile PaLoc spans a 19.6 kb region, with a typically highly conserved genomic localisation 

and organisation, and encodes 5 proteins involved in toxin-mediated pathogenesis (Figure 1.1a). The 

five genes in the PaLoc include tcdA and tcdB, encoding toxins A and B respectively; as well as tcdR, 

tcdE and tcdC. TcdR is an alternative sigma factor and likely positive regulator of toxin production, 

since purified C. difficile RNA polymerase was unable to bind to the tcd promoter regions in the 

absence of TcdR, and interaction of TcdR with the RNA polymerase holoenzyme allowed 

transcriptional activation (Govind et al., 2015; Mani and Dupuy, 2001). TcdR also activates its own 

promoter, in a positive feedback loop, allowing regulation of the entire PaLoc. TcdC was thought to 

be an anti-sigma factor involved in modulating toxin expression through sequestration of TcdR 

(Matamouros et al., 2007). Indeed, the 18 bp tcdC deletion characteristic of ribotype 027 has been 

attributed to increased toxin expression in these strains. However, the role of TcdC has recently 

been disputed after identification of low-toxin ribotype 027 clinical isolates, which still possess the 

archetypal tcdC deletion (Anwar et al., 2022). Additionally, correction of the 18 bp tcdC deletion 

through allele exchange had no effect on toxin production (Cartman et al., 2012), suggesting the 

function of TcdC requires further classification. The exact function of TcdE has also previously been 

controversial, however it seems likely that this holin-like protein is involved in toxin secretion, as 

recently demonstrated in clinical strains (Majumdar and Govind, 2022; Mani and Dupuy, 2001). 

Holins are membrane proteins, commonly encoded by double-stranded DNA phage, which are 

required for host cell lysis. The tcdE open reading frame contains three translational start sites 

resulting in TcdE isoforms of three different sizes. The involvement of combinations of these 

isoforms in both toxin release and cell death was demonstrated in the hypervirulent strain R20291 

(Govind et al., 2015).  
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Toxins A (TcdA) and B (TcdB) consist of a broadly similar four-domain structure and are highly 

similar, with 47% amino acid identity, suggestive of an originating gene duplication event (Figure 

1.1a). The N-terminal consists of a glucosyltransferase domain (GTD), next to which is a small 

cysteine protease domain, involved in auto processing for the release of the GTD (Pruitt et al., 2010). 

The next domain, often called the Delivery and Receptor Binding Domain (DRBD), contains a 

hydrophobic region and is thought to be involved in translocation of the GTD from the lumen of 

endocytic vesicles into the host cell cytoplasm. The C-terminal receptor binding domain (also known 

as C-terminal combined repetitive oligopeptides (CROPs) domain) can bind to a range of 

carbohydrates, likely facilitating toxin binding to the cell surface (Hartley-Tassell et al., 2019). 

 

The proposed mode of action, known as the ABCD model (activity (A), binding (B), cutting (C), 

delivery (D)), is similar between both TcdA and TcdB (Figure 1.1b) (Jank and Aktories, 2008). Here, 

TcdA and TcdB bind to cellular receptors. Once bound, the toxins undergo endocytosis, through a 

clathrin-dynamin-dependent pathway (Papatheodorou et al., 2010). Subsequent acidification of the 

endosome results in a conformational change of the toxin, allowing membrane insertion and 

formation of a channel through which the glucosyl transferase domain passes (Barth et al., 2001; 

vŀΩ5ŀƴ Ŝǘ ŀƭΦΣ нлллύ. In the cytosol, the toxins undergo a further change, induced by the host 

cofactor inositol hexakisphosphate. This allows activation of the toxin cysteine protease domain, and 

results in toxin autocleavage at a position between the cysteine protease and glucosyltransferase 

domains, releasing the glucosyltransferase domain into the cytosol (Egerer et al., 2009; Oezguen et 

al., 2012). Despite TcdB being able to induce cellular toxicity independent of the GTD, recent 

evidence suggests glucosyltransferase activity is still key for disease pathogenesis (Bilverstone et al., 

2020). In the cytosol, the GTD is able to inactivate members of the Rho guanosine triphosphatase 

(GTPase) family, including Rho, Rac and Cdc42, via transfer of glucose from uridine diphosphate 

glucose (UDP-glucose) to these proteins at a conserved threonine residue (Jank et al., 2007; Just et 
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al., 1995). Since Rho GTPases control pleiotropic signal transduction pathways, disruption to the host 

cell is widespread. Most notably, dysregulation of actin depolymerisation leads to disruption of the 

cytoskeleton, resulting in cell rounding, apoptosis, disruption of tight junctions, and loss of intestinal 

barrier function (Gerhard et al., 2008; Janoir, 2016). In fact, TcdA and TcdB are capable of causing 

both type I (apoptosis) and type III (necrosis) programmed cell death (Voth and Ballard, 2005). 

Changes in Rho GTPase function also evoke changes in proinflammatory signalling pathways, 

resulting in the production of proinflammatory cytokines interleukin (IL)-мʲΣ ǘǳƳƻǳǊ ƴŜŎǊƻǎƛǎ Ŧactor 

(TNF)-ʰΣ ŀƴŘ L[-8. This, coupled with the subsequent influx of neutrophils, leads to further host 

tissue damage characteristic of CDI (Madan and Petri, 2012). 

1.1.3.2 CDT 

Characterisation of the hypervirulent ribotype 027 epidemic strain, first reported at the start of the 

millennium, showed a combination of factors putatively involved in increased virulence: high-level 

fluoroquinolone resistance, an 18 bp tcdC mutation, and possession of a further toxin ς C. difficile 

binary toxin (CDT) (Loo et al., 2005). CDT is an ADP-ribosylating toxin, composed of 2 proteins, the 

crystal structures of which have been reported recently (Anderson et al., 2020; Xu et al., 2020). CDTa 

is an ADP-ribosyltransferase, the enzymatic component involved in modifying host cell actin; while 

CDTb is involved in binding to host cells and translocating CDTa to the host cytosol. CDT first binds to 

host cells via the lipolysis-stimulated lipoprotein receptor, present in host cells in the liver, kidney, 

small intestine and colon (Papatheodorou et al., 2011). This binding is followed by accumulation of 

lipid rafts, oligomerisation and induction of endocytosis (Hemmasi et al., 2015; Papatheodorou et al., 

2010). In the resulting endosome, acidification triggers membrane insertion and pore formation by 

CDTb, allowing translocation of CDTa into the cytosol. Refolding of CDTa after translocation is 

mediated by host chaperones, including Hsp90 and Cyp40 (Ernst et al., 2018). CDTa then ADP-

ribosylates cellular actin at Arg177, producing ADP-ribose and nicotinamide as biproducts. The 

modified actin is prevented from further polymerisation due to the ADP-ribose moiety. Eventually, 

this leads to complete depolymerisation of the actin cytoskeleton, resulting in phenotypes typical for 
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toxins affecting the cytoskeleton, including loss of barrier function and disruption of tight junctions 

(Aktories et al., 2011; Schwan et al., 2009). However, CDT displays a multifaceted approach to host 

cell toxicity, since actin polymerisation results in redistribution of the microtubule network. 

Microtubules are involved in a range of cellular processes, including intracellular transport, cell 

division and cilia formation (Akhmanova and Steinmetz, 2015). CDT hijacks this network, resulting in 

formation of long cellular protrusions which increase C. difficile adherence to host cells, both in vitro 

and in mouse models (Schwan et al., 2014, 2009). Details of the mechanism of CDT are reviewed in 

detail elsewhere (Aktories et al., 2011; Gerding et al., 2014). 

 

The regulation of CDT is distinct from, but entwined with, the PaLoc; since cdtA and cdtB are located 

on a separate 6.2 kb chromosomal region of the genome, known as CdtLoc. CdtLoc contains the two 

genes encoding CDT, and cdtR ς a LytTR family orphan response regulator. CdtR is a positive 

regulator of both CDT and the PaLoc in hypervirulent strains (Lyon et al., 2016). Non-CDT producing 

C. difficile strains contain either a truncated version of the CdtLoc, or a 68 bp insertion sequence at 

this site (Carter et al., 2007).  
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(A) The pathogenicity locus (PaLoc) is comprised of 5 genes: tcdA and tcdB, encoding toxins A and B 
respectively; tcdR, encoding an alternative sigma factor and likely positive regulator of the PaLoc 
(regulation shown above in green); tcdE, encoding a holin-like protein putatively involved in toxin 
secretion; and tcdC, a putative anti-sigma factor and negative regulator of the PaLoc genes 
(regulation shown above in red). Toxins A and B both consist of a broadly similar four-domain 
structure. At the N-terminal, the glucosyltransferase domain (GTD) is the active toxin moiety which 
inactivates members of the Rho GTPase family. A cysteine protease domain is next to the GTD, and is 
involved in auto-processing and release of the GTD. The next domain, often called the Delivery and 
Receptor Binding Domain (DRBD), contains a hydrophobic region and is thought to be involved in 
translocation of the GTD from the lumen of endocytic vesicles into the host cell cytoplasm. The final 
C-terminal receptor-binding domain (also known as C-terminal combined repetitive oligopeptides 
(CROPs) domain) binds to a range of cellular receptors. (B) Toxin mode of action. The toxins bind to 
various cellular receptors via the C-terminal CROPs domain, triggering clathrin-dependent 
endocytosis (1) followed by acidification of the resulting vesicle (2). The drop in pH triggers a 
conformational change in the delivery domain which inserts into, and forms a pore in, the vesicle 
membrane, through which the GTD transits into the host cytoplasm (3). The GTD is then released by 
a cleavage event mediated by the cysteine protease domain, in a process that is dependent on host 
inositol hexakisphosphate (4). The GTD is then able to glucosylate and inactive members of the small 
Rho GTPase family, including Rho, Rac, and Cdc42. Inactivation of Rho GTPases results in multi-level 
cellular disruption, including dysregulation of actin depolymerisation, which causes disruption of 

Figure 1.1 - The Pathogenicity Locus and Toxin Mode of Action 
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tight junctions and loss of intestinal barrier function, induction of proinflammatory cytokines and 
activation of programmed cell death. Reproduced from Buddle and Fagan, 2023 under a CC-BY 
licence. 
 
 
 

1.1.4 Cell Wall 

1.1.4.1 Structure 

The bacterial cell wall surrounds the membrane and is necessary for growth, shape, maintaining cell 

integrity, and mediating interactions with the environment. The broadly conserved structure, and 

pleiotropic functions, of the cell wall make it an attractive antibiotic target. The cell wall is comprised 

primarily of peptidoglycan ς a heteropolymer of glycan chains that are cross-linked by peptides. The 

glycan chains consist of alternating ̡ -1,4 linked N-acetylglucosamine (GlcNAc) and N-acetylmuramic 

acid (MurNAc) residues, making the polysaccharide backbone. These glycan chains can vary in levels 

of glycan N-deacetylation or O-acetylation between species. C. difficile displays high levels of N-

deacetylation in GlcNAc residues, which aids in lysozyme resistance (Vollmer and Tomasz, 2000).  

 

The peptide stem is linked to the MurNAc, and consists of L-Alanine, D-Glutamate, meso 

diaminopimelic acid (A2pm), and two D-Alanines (D-Ala) in C. difficile (Coullon and Candela, 2022). 

The peptide stem is synthesised as a pentapeptide, which may be trimmed during assembly ς the 

majority of peptidoglycan peptides are tetrapeptides, followed by tripeptides, in C. difficile (Peltier 

et al., 2011). These peptide stems are cross-linked to neighbouring peptide stems, to strengthen the 

cell wall, creating the mature peptidoglycan mesh structure (Figure 1.2a). The process of crosslinking 

nascent peptidoglycan is essential, and inhibition of crosslinking is a primary mechanism of multiple 

antibiotics. Crosslinking of peptidoglycan in bacteria most commonly occurs via D-Ala Ҧ A2pm3 (4,3), 

however C. difficile exhibits a high abundance of A2pm3 Ҧ A2pm3 (3,3) crosslinks. In fact, 3,3 

crosslinking accounts for the majority (75%) of crosslinks in C. difficile (Coullon et al., 2020).  
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1.1.4.2 Assembly 

The initial stages of peptidoglycan synthesis occur in the cytoplasm (Figure 1.2b). MurNAc is 

synthesised from GlcNAc precursors (Egan et al., 2020, 2015; Galinier et al., 2023). Further 

modification of MurNAc occurs via the addition of a pentapeptide stem, catalysed by a series of 

amino acid ligases, primarily encoded by the mur gene cluster. This MurNAc-pentapeptide precursor 

is bound to UndP in the inner face of the cytoplasmic membrane via MraY, forming lipid I. Addition 

of a GlcNAc to lipid I, catalysed by MurG, forms lipid II (UndPP-GlcNAc-MurNAc-pentapeptide). Lipid 

II is then flipped across the cytoplasmic membrane via flippase MurJ, and the nascent peptidoglycan 

is polymerised via glycosyltransferases. The glycan chains must then be cross-linked via 

transpeptidases. 4,3 crosslinks are catalysed by D,D-transpeptidases (penicillin-binding proteins 

(PBPs)), whereby the donor pentapeptide loses its terminal D-Ala, with the crosslink formed 

between the 4th position D-Ala and the 3rd position of a neighbouring peptide. 3,3 crosslinks are 

catalysed by L,D-transpeptidases, which use tetrapeptides as donors. In C. difficile, there are 3 

canonical L,D-transpeptidases, which can be deleted simultaneously with minimal impact on 

peptidoglycan structure, indicating the presence of novel, non-canonical L,D-transpeptidases which 

are as yet unidentified (Galley et al., 2024). Carboxypeptidases are highly redundant, and are 

involved in producing tetrapeptide donors for L,D-transpeptidases, as well as peptidoglycan 

maintenance and turnover (Egan et al., 2020).  
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(A) Cell wall structure ς the peptidoglycan cell wall is composed of alternating GlcNAc-MurNAc 

residues. These may be 4,3 (D-Ala ŕ A2pm3) or 3,3 (A2pm3 ŕ A2pm3) crosslinked. (B) Cell wall 
assembly ς MurNAc is synthesised from GlcNAc, and the pentapeptide stem is added to MurNAc 
through a series of amino acid ligase reactions. MurNAc is converted to lipid I, and GlcNAc is added 
to produce lipid II. This is flipped across the cytoplasmic membrane, and incorporated by 
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Figure 1.2 - Cell Wall Structure and Assembly 
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glycosyltransferase enzymes to produce peptidoglycan chains. These are cross-linked by D,D- and 
L,D-transpeptidases. 
 
 
 

1.2  Treatments  

Antibiotic chemotherapy often results in further dysbiosis and increased risk of recurrent infection. 

Despite this, treatment for CDI typically relies on metronidazole, fidaxomicin or vancomycin.  Non-

antibiotic alternatives, such as faecal microbiota transplantation (FMT) or defined microbiome 

reconstitution, are however becoming more common.  

1.2.1 Metronidazole 

Metronidazole is a 5-nitroimidazole prodrug, which, although synthetic, derives from 2-

nitroimidazole, a compound isolated from Streptomyces sp. in the 1950s (Leitsch, 2019). Since 

metronidazole is a prodrug, it is inactive until taken up and reduced. The transfer of electrons 

activates metronidazole intracellularly, generating a variety of nitro radicals. These reactive 

intermediates have pleiotropic effects on the cell, from damaging DNA and proteins, to reducing 

protective thiol pools. Such reactions occur primarily in low oxygen conditions, since the presence of 

oxygen re-oxidises metronidazole into its stable prodrug form, meaning metronidazole is primarily 

used for anaerobic and microaerophilic organisms.  

 

Metronidazole was established as a treatment for CDI in the 1990s, since it allowed comparable cure 

rates to vancomycin at a cheaper price (Olaitan et al., 2023). Additionally, although noted, resistance 

was reported to be transient, highly unstable and heterogeneous (Martin et al., 2008; Peláez et al., 

2008). More recently however, multiple mechanisms of metronidazole resistance in C. difficile have 

been reported, resulting in metronidazole no longer being recommended as the front-line antibiotic 

for treating CDI (NICE, 2021). 
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1.2.2 Fidaxomicin  

Fidaxomicin is a macrocyclic lactone antibiotic, a semisynthetic product derived from Actinomycetes 

(Dorst et al., 2020). Fidaxomicin targets the bacterial RNA-polymerase ς an attractive antibiotic 

target, since it is both essential and conserved, but also displays variation among species, allowing 

the potential to be targeted by both broad- and narrow-spectrum antibiotics (Artsimovitch et al., 

2012). Fidaxomicin is a narrow-spectrum antibiotic, which acts to inhibit RNA-polymerase at a site 

distinct from rifamycin through binding to the DNA-template-RNA-polymerase complex prior to 

ǘǊŀƴǎŎǊƛǇǘƛƻƴ ƛƴƛǘƛŀǘƛƻƴΦ ¢Ƙƛǎ ǘǊŀǇǎ ǘƘŜ ŎƻƳǇƭŜȄ ƛƴ ŀƴ άƻǇŜƴ ŎƭŀƳǇέ ǇƻǎƛǘƛƻƴΣ ǇǊŜǾŜƴǘƛƴƎ ƛƴǘŜǊŀŎǘƛƻƴ 

with the -35 and -10 sequence (Lin et al., 2018; Venugopal and Johnson, 2012). The specificity of 

fidaxomicin was uncovered recently using cryo-electron microscopy, since the C. difficile RNA 

polymerase was shown to possess a fidaxomicin-binding determinant, absent from other members 

of the gut microbiome (Cao et al., 2022).  

 

Fidaxomicin presents many virtues ς it is highly specific, and provides high faecal, and low serum, 

concentrations (Zhanel et al., 2015). It has minimal adverse effects on the gut flora, meaning it is 

highly effective (and even superior to vancomycin) for treating recurrent infections, allowing 

sustained clinical responses. It is comparable to the current front-line antibiotic, vancomycin, in 

relation to clinical responses and safety. The hesitancy surrounding uptake for mainstream use of 

fidaxomicin is therefore largely centred round cost ς a 10-day course of fidaxomicin is estimated to 

cost 3845.44 USD, vs 23.28 USD for vancomycin (Patel et al., 2023). Despite multiple studies 

suggesting fidaxomicin is actually cost-saving, by reducing hospital stay times and recurrence rates, 

the higher upfront cost has remained a barrier to widespread use of this antibiotic (Gallagher et al., 

2015; Patel et al., 2023). 
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1.2.3 Vancomycin  

Vancomycin is a glycopeptide broad-spectrum antibiotic used to treat gram positive pathogens. It is 

a natural product antibiotic, initially isolated in the 1950s, from Streptomyces orientalis (Rubinstein 

and Keynan, 2014). Vancomycin side effects are broad-ranging, from kidney and urinary probems to 

hearing loss (Peng et al., 2020), meaning although potent, vancomycin was initially abandoned in 

favour of alternatives with less severe side effects. In later years, vancomycin was revisited as an 

important treatment for gastrointestinal (GI) infections, since it is poorly absorbed by the GI tract, 

meaning it reaches high concentrations in the gut lumen. ¦ƴƭƛƪŜ ʲ-lactam antimicrobials, 

vancomycin impacts cell wall biogenesis at multiple levels ς by binding to the terminal D-Ala of the 

lipid II pentapeptide chain in nascent peptidoglycan, vancomycin inhibits transpeptidation reactions, 

preventing peptidoglycan crosslinking. It also impedes glycosyltransferase activity, inhibiting glycan 

chain elongation (Stogios and Savchenko, 2020). These actions achieve bactericidal activity by 

compromising the envelope, leading to increased osmotic pressure and lysis (Stogios and Savchenko, 

2020).  

 

Despite metronidazole initially being the recommended antibiotic for severe CDI, the results of 

multiple clinical trials found it to be inferior to vancomycin, leading to a change in practice (Czepiel 

et al., 2019). As of 2021, vancomycin was declared the current front-line antibiotic for treatment of 

mild, moderate and severe CDI, as well as for recurrent infections (NICE, 2021). It is highly 

efficacious, achieving over 85% clinical cure, however recurrence rates from vancomycin treatment 

are around 25% (Louie Thomas J. et al., 2011).  
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1.2.4 Faecal Microbiota Transplantation (FMT) 

Ca¢ ƛƴǾƻƭǾŜǎ ŀŘƳƛƴƛǎǘǊŀǘƛƻƴ ƻŦ ŦŀŜŎŜǎ ŦǊƻƳ ŀ ƘŜŀƭǘƘȅ ƛƴŘƛǾƛŘǳŀƭ όƘŜǘŜǊƻƭƻƎƻǳǎύΣ ƻǊ ŦǊƻƳ ƻƴŜΩǎ ƻǿƴ 

previously-healthy microbiome (autologous) to restore the natural gut flora. This has gained 

popularity as a treatment for CDI over the last decade, however the procedure has yet to be 

standardised, and there have been reports of adverse events post-transplantation (Lee et al., 2015). 

Typically, faeces can be delivered via colonoscopy, enema, nasogastric tube or oral capsules (Basson 

et al., 2020). The virtues of FMT are well established, as both a standalone and combination therapy: 

one trial suggested clinical resolution following FMT was 92% (Quraishi et al., 2017), while another 

found FMT with vancomycin provided an 81% clinical resolution of CDI, significantly higher than 

treatment with vancomycin alone (Nood et al., 2013). Moreover, the potential of FMT to treat the 

major complication, recurrent CDI, should not be forgotten ς a recent study found a 68% success 

rate across complex patients with recurrent CDI alongside multiple co-morbidities and extended 

antibiotic use (Nowak et al., 2019). Despite intense effort in recent years, the underlying mechanism 

of FMT-mediated restoration of colonisation resistance is still disputed but likely involves a 

combination of competition for resources, immune modulation and production of inhibitory 

metabolites. Intriguingly however, a very small trial of only 5 patients demonstrated a high rate of 

CDI resolution using a sterile faecal filtrate, hinting that resident bacteriophage could also be a 

contributory factor in the effectiveness of FMT (Ott et al., 2017). 

 

Despite the clear effectiveness of FMT, its unconventional nature has limited public acceptance, and 

the lack of process standardisation poses a worry to clinicians. Further, upon progression to 

pseudomembranous colitis, FMT has reduced efficacy and often requires repeat treatment (Sbahi 

and Palma, 2016). There is also a question mark over manipulation of the microbiome ς despite 

huge advancement in metagenomics, a complete understanding of the gut microbiome, and 

essential constituents, is lacking (Gupta et al., 2016). Most importantly, larger, randomised-
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controlled clinical trials are required to fully understand the efficacy and safety of FMT, since the 

nature of the therapy holds the risk of transferring pathogens to already-vulnerable patients (Lee et 

al., 2015). Taken together, FMT provides a feasible alternative therapy for CDI, however there are 

many challenges to overcome before it becomes mainstream. A more refined approach to FMT is 

clearly desirable, and this is reflected in the array of new microbiome-based therapeutics in clinical 

development or already undergoing clinical trials for treatment of CDI. Among these are those 

derived from donor faeces, such as SER-109 from Seres Therapeutics, consisting of spores of mixed 

Firmicute species purified following ethanol treatment (McGovern et al., 2021), and suspensions of 

defined bacterial communities grown in pure culture such as the 8-species VE303 from Vedanta 

Biosciences (Dsouza et al., 2022).  

 

1.3  Resistance to Antibiotics in  

One of the most important factors in C. difficile colonisation is antibiotic resistance (Figure 1.3). Prior 

exposure to antibiotics has long since been accepted as the primary risk factor for CDI, since 

increased abundance of C. difficile in the colon correlates with dysbiosis, most commonly caused 

through antibiotic exposure (Lawley et al., 2009). Being intrinsically highly resistant to a multitude of 

antibiotics further increases virulence, and significantly reduces treatment options. The major 

complication of CDI, recurrence, is also attributed to exacerbation of gut dysbiosis due to antibiotic 

treatment. Thus, antibiotic resistance allows colonisation, avoidance of clearance, persistence and 

recurrence ς impacting all aspects of infection.   

 

1.3.1 Contribution of Antimicrobial Resistance to C. difficile pathogenicity 

A multitude of evidence supports antibiotics as the major risk factors for CDI. The mechanism of 

microbiome-associated colonisation resistance is far from clear, but is likely a multi-faceted 
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phenomenon involving competition for nutrients, immune modulation, and production of harmful 

metabolites (Ducarmon et al., 2019). The best understood factor is the impact on bile acid 

metabolism, and in particular, the conversion of deconjugated primary bile acids to deoxycholate 

and lithocholate by members of the microbiome with 7h-dehydroxylase activity (Buffie et al., 2015). 

Treatment with antibiotics, either prophylactically or for another infection, causes severe and 

unpredictable disruption to the resident microbiome. Changes in diversity and relative abundance of 

species within the microbiome reduces colonisation resistance in the colon, allowing C. difficile to 

colonise and flourish (Lawley et al., 2009). Supporting this, a wealth of clinical evidence links 

antibiotic exposure to CDI: retrospective cohort studies have implicated dose, number of antibiotics 

used, and days of antibiotic exposure with CDI, with risk increasing in a dose-dependent manner 

(Stevens et al., 2011). Further, a striking recent study suggested that odds of infection increased by 

12.8% with every day of antibiotic therapy ς however this was dependent on both the antibiotic 

used, and route of administration (Webb et al., 2020). Although many antimicrobials are associated 

with CDI, risk is most highly associated with broad-spectrum antibiotics, including cephalosporins, 

carbapenems, fluoroquinolones, and clindamycin (Webb et al., 2020). In mouse models, clindamycin 

reduced microbiome diversity by 90% for 28 days, which increased CDI mortality and led to colonic 

inflammation, even in recovering mice ς suggesting antibiotic exposure increases not only the risk, 

but severity of CDI (Buffie et al., 2012). Of course, recurrence ς either through relapse or reinfection 

ς is also highly associated with antibiotic use (Gómez et al., 2017). In paediatric recurrent CDI 

patients, antibiotic exposure and recent surgery were significant recurrence risk factors (Nicholson 

et al., 2015). Other clinical studies report similar outcomes, with antibiotics, and previous use of 

fluoroquinolones, being independent risk factors for recurrence (Song and Kim, 2019). Therefore, 

antibiotic use undoubtedly has a large impact on the ability of C. difficile to act as an opportunistic 

pathogen.   
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The success of C. difficile as a pathogen is inherently linked to its ability to resist antibiotics. The 4.29 

Mb genome of C. difficile has demonstrated an extraordinary ability to accumulate resistance 

determinants to a multitude of antibiotics, including aminoglycosides, tetracyclines, erythromycin, 

clindamycin, beta-lactams, and cephalosporins (Peng et al., 2017; Spigaglia, 2016). This multidrug 

resistance was the driving force of the CDI epidemic at the start of the millennium, in addition to 

emergence of novel epidemic lineages, highlighting the importance of such factors in pathogenesis. 

Resistance to the macrolide-lincosamide-streptograminB (MLSB) family of antibiotics, encompassing 

erythromycin and clindamycin, is achieved through ribosomal methylation, and is gained via 

acquisition of transposons, such as Tn5398, containing erm genes (Farrow et al., 2000; Peng et al., 

2017). erm encodes a 23S rRNA methylase, which modifies the 23S rRNA of the 50S ribosomal 

subunit, reducing drug binding affinity (Dzyubak and Yap, 2016). However, several C. difficile 

erythromycin resistant strains have been identified which lack erm genes ς suggesting the presence 

of yet uncharacterised alternative resistance mechanisms (Spigaglia et al., 2011). Tetracycline 

resistance is less widespread in C. difficile, however conjugative transposons have allowed transfer 

of tetM to certain strains, providing a mechanism of ribosome protection against tetracycline (Dong 

et al., 2014). Perhaps the most intriguing capability is that of fluoroquinolone resistance. Not 

unusually, resistance occurs via alterations to the DNA gyrase subunits, typically GyrA (Figure 1.3) 

(Dridi et al., 2002). However, the emergence of ribotype 027 was associated with widespread 

fluoroquinolone use, and the epidemic strains possessed recently-acquired high-level 

fluoroquinolone resistance (Wasels et al., 2015). Since antibiotics target essential cellular processes, 

resistance is often associated with large fitness burdens. However, competition analysis of strains 

carrying mutations seen in C. difficile 027 clinical isolates found fluoroquinolone resistance did not 

lead to fitness costs in vitro (Wasels et al., 2015).  
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1.3.2 Resistance to Antibiotics Used to Treat C. difficile 

Of course, being resistant to a wealth of antibiotics poses two challenges: (i) the extensive resistance 

displayed greatly reduces treatment options for CDI, warranting the status of C. difficile as an urgent 

threat; and (ii) such treatment options are likely to be further limited through the high degree of 

adaptation and flexibility in the C. difficile genome. As discussed above, until recently, three 

antibiotics were commonplace for the treatment of CDI. Metronidazole was typically the antibiotic 

of choice for mild-to-moderate CDI in first instance of infection, while vancomycin was reserved for 

severe and severe-complicated disease. Fidaxomicin was often overlooked due to higher cost, being 

significantly more expensive than metronidazole (Cruz, 2012; Nelson et al., 2017). In 2021, 

vancomycin became the national institute for health and care excellence (NICE)-recommended 

front-line antibiotic for CDI, replacing metronidazole as the first-instance treatment (NICE, 2021). 

This move reflects both high metronidazole-related recurrence rates, and increasing reports of 

metronidazole resistance, but poses risks of its own in terms of increasing vancomycin selection 

pressures.  

 

1.3.3 Metronidazole Resistance 

Alongside the recent emergence of various epidemic lineages, there has been an increase in 

metronidazole treatment failure (Banawas, 2018). Resistance in C. difficile was previously thought to 

be transient, however a recent explosion in research focussed on characterising metronidazole 

resistance has led to the discovery of multiple heritable pathways to reduced susceptibility (Figure 

1.3). One such mechanism involved a 7 kb plasmid, dubbed pCD-METRO, which increased resistance 

25-fold, and conferred stable resistance to metronidazole (Boekhoud et al., 2020). Worryingly, pCD-

METRO is thought to be horizontally transferrable, and is already internationally disseminated. 

However, the lack of universality of this mechanism implies the existence of multiple pathways to 

metronidazole resistance. Further clinical isolate studies found multiple single nucleotide 
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polymorphisms (SNPs) in genes affecting iron utilisation and electron transport ς hinting at the 

molecular mechanism of resistance (Lynch et al., 2013). This was further uncovered using an 

evolutionary approach, which demonstrated the involvement of redox and iron homeostasis genes, 

in a deterministic route to resistance (Deshpande et al., 2020). Most recently, mutations in the nimB 

promoter, resulting in constitutive expression of NimB, has been implicated in resistance (Olaitan et 

al., 2023). NimB, a heme-dependent flavin enzyme, promotes resistance through degradation of 

metronidazole reactive intermediates, explaining the heme-dependancy often observed with 

metronidazole resistance (Boekhoud et al., 2021). Interestingly, this mutation co-occurred with 

mutations in gyrA, which confer fluoroquinolone resistance in C. difficile epidemic strains. This 

presents a worrying outlook for the future of metronidazole usage. The existence of multiple routes 

of resistance to what was once the first-instance treatment for CDI demonstrates how even 

antibiotics used to treat C. difficile can further contribute to pathogenesis through treatment failure 

and recurrence.  

 

1.3.4 Fidaxomicin Resistance 

Despite the use of fidaxomicin being limited due to cost, it displays clear benefits to CDI treatment ς 

it prevents spore recovery in in vitro gut models (Chilton et al., 2016), and its narrower-spectrum of 

activity results in reduced rates of recurrence compared to alternative treatments (Burke and 

Lamont, 2014). It is worrying, therefore, that resistance has already been described (Figure 1.3). 

Clinical isolate Goe-91 was found to have mutations in rpoB, seen previously in laboratory studies 

(Leeds et al., 2014). Multiple other mutations in rpoB resulting in fidaxomicin resistance have also 

been described (Marchandin et al., 2023). Despite some of these isolates displaying fitness costs in 

terms of growth, sporulation, and toxin production, Goe-91 displayed no apparent fitness burden 

(Schwanbeck et al., 2019). Since fidaxomicin is already rarely used, emerging resistance casts doubts 

over the longevity of this CDI treatment.  
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1.3.5 Vancomycin Resistance 

Despite being well-characterised in other species, and now predominantly used for CDI, vancomycin 

resistance in C. difficile has been poorly defined. That said, vancomycin resistance rates have 

increased substantially since 2012, correlating with an increased usage worldwide (Saha et al., 2019). 

The whole genome sequence (WGS) of C. difficile published in 2006 revealed a vanG-like cluster, 

proposed to confer resistance through changing the terminal D-Ala-D-Ala residues to D-Ala-D-Ser, 

reducing vancomycin binding affinity (Sassi et al., 2018; Sebaihia et al., 2006). Using an evolutionary 

approach, mutations in the two-component system vanSR, responsible for regulating the vanG 

operon, were shown to result in constitutive expression of vanG in isolates with reduced vancomycin 

susceptibility (Figure 1.3) (Shen et al., 2020). Further, a VanR Thr115Ala substitution, reported in 

clinical isolates from Florida, was also associated with reduced vancomycin susceptibility 

(Wickramage et al., 2023). The mechanism for this substitution-promoting resistance was proposed 

to involve enhancing the stability of the VanR-DNA interaction. The same mutation was also 

reported in multiple vancomycin-resistant clinical isolates from Texas and Kenya, suggesting 

widespread prevalence of this mechanism (Darkoh et al., 2021). 2021 also marked the first 

documentation of plasmid-mediated vancomycin resistance in C. difficile, through a broad-host-

range and highly transferable plasmid. Plasmid pX18ς498 was associated with reduced vancomycin 

susceptibility in vitro, and more severe CDI in vivo in mouse models (Pu et al., 2021). Despite the 

reductions in vancomycin susceptibility described being relatively small, from 4x the wildtype 

minimum inhibitory concentration (MIC), these changes potentially have significant effects in clinic ς 

a recent study reported reduced vancomycin susceptibility led to reduced clinical cure rates and 

decreased sustained clinical response, showing even minor changes can have direct impacts on 

patients (Eubank et al., 2024).  
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Mechanisms of C. difficile resistance to antibiotics commonly used to treat CDI (vancomycin, 
fidaxomicin, and metronidazole) and fluoroquinolones. (i) metronidazole (pink): resistance can be 
gained via the plasmid pCD-METRO. Metronidazole resistance may also be gained through mutation 
of either FeoB1, which reduces intracellular iron, reducing flavodoxin metabolism and metronidazole 
activation; or IscR, which also reduces metronidazole activation. (ii) fidaxomicin (blue): mutations in 
RpoB reduce fidaxomicin susceptibility. (iii) vancomycin (green): Mutations in the vanSR two-
component system allow constitutive expression of the vanG-like operon, which aids vancomycin 
resistance through replacement of the terminal D-Ala in peptidoglycan pentapeptides with D-Ser, 
reducing vancomycin binding affinity. Plasmid pX18-498 has also recently been associated with 
resistance, although the mechanism is not understood. (iv) fluoroquinolones (orange): mutations in 
the genes encoding DNA gyrase, particularly gyrA results in fluoroquinolone resistance. Reproduced 
from Buddle and Fagan, 2023 under a CC-BY licence. 
 
  

Figure 1.3 - Mechanisms of Resistance to Commonly Used Antibiotics 
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1.4  Experimental Evolution  

Experimental evolution, defined as exploring the evolutionary dynamics and processes occurring in a 

population evolved under controlled conditions, is a powerful tool with a range of potential uses 

(McDonald, 2019). Experimental evolution may be used to study bacterial adaptation in response to 

a multitude of environmental stressors, to study co-evolution and competition, plasmid carriage, 

laboratory adaptation, or antibiotic resistance. In respect to antibiotic resistance, experimental 

evolution allows a highly controlled, real-time picture of the evolutionary dynamics and routes to 

resistance, as well as hinting at precise genes responsible, and potential mechanisms (McDonald, 

2019). This principle is straightforward ς genes causing a resistance phenotype are likely to be 

clustered around the biological pathway or event targeted by the antimicrobial. Experimental 

evolution is a highly valuable approach, since the alternative ς isolating and studying clinical isolates 

ς relies on waiting for resistance to emerge; and unpicking the complexities of strain differences, 

long-term mutation acquisition, and effects of multiple environmental stressors. Furthermore, such 

clinical studies tend to rely on a candidate gene approach, searching for previously identified or 

homologous routes to resistance. Experimental evolution, on the other hand, allows a hypothesis-

free approach, increasing the potential for discovering novel resistance mechanisms. It should be 

noted, however, these two approaches are not mutually exclusive ς experimental evolution often 

recapitulates mutations observed in clinical isolates. A recent investigation of known C. difficile 

resistance mutations in response to metronidazole, fidaxomicin, and vancomycin found overlap 

between mutations discovered by experimental evolution and those present in clinical isolate 

genomes, including feoB1-g.117delA involved in metronidazole resistance, which was present in 11 

clinical isolates (Deshpande et al., 2020; Kolte and Nübel, 2024). 
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1.4.1 The benefits to understanding resistance 

There are multiple positive outcomes arising from understanding the routes and mechanisms of 

resistance. Understanding how resistance evolves can inform combination therapies, which increase 

the lifespan of antimicrobials ς ǘƘŜ ǇǊƻǘƻǘȅǇƛŎŀƭ ŜȄŀƳǇƭŜ ōŜƛƴƎ ʲ-lactam combination therapy 

(Drawz and Bonomo, 2010)Φ wŜŎƻƎƴƛǎƛƴƎ ʲ-lactamases as a mechanism of resistance informed the 

ŘŜǾŜƭƻǇƳŜƴǘ ƻŦ ŎƭŀǾǳƭŀƴƛŎ ŀŎƛŘΣ ŀ ʲ-lactamase inhibitor, ǿƘƛŎƘ ƛƴŎǊŜŀǎŜŘ ǘƘŜ ǎŎƻǇŜ ƻŦ ʲ-lactam 

antimicrobials long after widespread resistance became common. From a drug development 

perspective, experimental evolution can inform resistance rates of a given therapeutic, and 

investigating mutation rates can inform which antimicrobials under development to take forward to 

minimise the risk of the drug becoming obsolete (Palmer and Kishony, 2013). Understanding the 

development of resistance in some antimicrobials can also enhance their appeal. Resistance to 

Avidocins, a potential C. difficile therapeutic, resulted in S-layer-negative strains through mutation of 

slpA, which were non-pathogenic in hamster models (Kirk et al., 2017). If the pathway to resistance 

results in loss of virulence, this heightens the potential of developing a potent antimicrobial with a 

long lifespan. 

 

Understanding resistance mechanisms, in combination with sequencing, can also aid genomic 

surveillance, helping to inform on the state of resistance to a particular antimicrobial across a 

bacterial species (Djordjevic et al., 2024). The need for genomic surveillance, to provide a high-

resolution characterisation of resistance, multidrug resistance, and transfer of resistance is ever 

increasing (Djordjevic et al., 2024). This would have multiple benefits ς including aiding treatment 

decisions and enabling forecasting. This idea has recently been trialled ς using a metagenomics 

approach to sequence hospital wastewater, evidence of numerous carbapenemase genes were 

detected (Markkanen et al., 2023). Although not yet mainstream, genomic surveillance holds great 

promise for understanding the prevalence and dissemination of resistance. 
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1.4.2 Methods to Study Experimental Evolution of Resistance 

On a fundamental level, experimentally evolving resistance to an antibiotic involves growing the 

bacteria on increasing concentrations of the desired antibiotic. Broadly, there are three approaches 

to achieve this: gradient evolution, incremental (stepwise) exposure, and morbidostat (Jahn et al., 

2017) (Figure 1.4). Gradient methods allow rapid selection of resistant mutants via exerting 

maximum selective pressure. Here, an antibiotic dilution gradient is inoculated, and the dilution of 

the highest concentration permitting growth is passaged to a new gradient of increased 

concentration. Increment methods benefit from using fewer resources, so can be implemented in 

vastly parallel experiments ς samples are simply transferred to a new plate with a defined 

incremental increase in antimicrobial concentration. Extinction is common using this approach, so 

careful consideration of increment on a by-study basis is required (Jahn et al., 2017). As opposed to 

traditional methods, the morbidostat dynamically adjusts antibiotic concentration to the rate at 

which resistance evolves. This generates predictable and repeatable data in parallel populations, and 

has the advantage of continuous culture with growth monitoring (Toprak et al., 2012). 
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Experimental evolution may be studied through multiple methods. (A) Gradient method involves an 
antibiotic dilution gradient. The sample at highest antibiotic concentration permitting growth is 
passaged to a new gradient. (B) Incremental method ς samples are transferred to new media with 
incremental increases in antibiotic. (C) Morbidostats allow continuous culture and dynamic 
adjustment of antibiotic concentration. 
  

Figure 1.4 - Methods to Study Evolution 
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1.4.3 The Path to Antibiotic Resistance 

1.4.3.1 Multiple Routes to Resistance 

Evolution of antibiotic resistance involves a highly complex set of trade-offs, and is influenced by a 

multitude of external factors. Resistance may occur through acquisition of mutations, or horizontal 

transmission of genes into new genetic backgrounds, meaning there is often no single pathway to 

resistance for a given antibiotic ς evolutionary trajectories differ depending on the level of 

resistance gained, the associated fitness cost, and external selection pressures (Santos-Lopez et al., 

2019). This was demonstrated in vivo through Escherichia coli clinical isolate sequencing, as colistin 

resistance occurred either through plasmid-mediated gain of mcr-1 (mobile colistin resistance 1), 

encoding a phosphoethanolamine transferase, or multiple modifications of the pmrA and pmrB two-

component system ς two distinct evolutionary pathways (Bourrel et al., 2019). Both the 

environment and bacterial lifestyle impact the pathway to resistance ς Acinetobacter baumannii 

populations were evolved in the presence of ciprofloxacin in either planktonic or biofilm culture. The 

two populations exhibited vastly different resistance mechanisms, with planktonic cultures 

demonstrating rapid selection and fixation of few mutations; and biofilm populations being more 

diverse, generally selecting for increased expression of efflux pumps and showing increased fitness 

in absence of ciprofloxacin (Santos-Lopez et al., 2019).  

1.4.3.2 Evolutionary Trade-offs and Fitness Costs 

As is true for all evolution, positive changes which allow adaptation are not always clear-cut ς 

evolving antimicrobial resistance, although beneficial in certain niches, often results in evolutionary 

trade-offs which impact other aspects of fitness. Since the very nature of antimicrobials is to target 

fundamental and essential cellular processes, it is not inconceivable that resistance can lead to 

disruption of such processes, or result in substantial energetic burdens. Evolutionary trade-offs have 

been widely observed across multiple organisms and antibiotics ς ciprofloxacin resistant E. coli 

display reductions in growth rate, and aminoglycoside resistant E. coli result in altered ribosome 
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structure and cellular function (Bagel et al., 1999; Holberger and Hayes, 2009). A meta-analysis of 

antimicrobial resistant bacteria similarly found high fitness costs to resistance, and reduced 

competitive fitness compared to their respective wildtypes (Melnyk et al., 2015). Evolutionary trade-

offs become especially pertinent when relating to virulence. Multiple studies have reported partial 

or complete attenuation of virulence following acquisition of resistance ς in Pseudomonas 

aeruginosa, overexpression of the multidrug efflux pump MexEF-OprN resulted in reduced 

production of multiple virulence factors, including pyocyanin and rhamnolipids (Köhler et al., 2001). 

In Acinetobacter baumannii, a nosocomial pathogen notorious for persistence and biofilm 

production, over production of multidrug efflux pumps resulted in reduction in biofilm formation, 

and altered membrane composition (Yoon et al., 2015). Similar observations have been reported in 

vivo ς Streptococcus pneumoniae ̡ -lactam resistance was associated with virulence attenuation in 

infection models (Beceiro et al., 2013; Rieux et al., 2001). Ultimately, the potential for pleiotropic 

fitness effects to result from resistance acquisition is an important consideration to fully understand 

the consequences of antibiotic resistance. 

1.4.3.3 Evolution of Cross-Resistance 

Nevertheless, gaining resistance need not be solely detrimental. There are multiple examples of 

mutation accumulation altering sensitivity to other antibiotics ς i.e. resistance acquisition leading to 

cross-resistance (Cherny et al., 2021; Gostev et al., 2023; Lázár et al., 2014). This sometimes, but not 

always, occurs when antibiotics have similar modes of action, and therefore shared mechanisms of 

resistance. The first large-scale systematic investigation of this phenomenon occurred in E. coli, 

whereby laboratory evolution to 12 antibiotics was used to establish a cross-resistance network 

(Lázár et al., 2014). This network evidenced the highly frequent nature of cross-resistance, 

worryingly even in antibiotics with vastly different modes of action. In fact, with the exception of 

aminoglycoside antibiotics, all tested antibiotic groups exhibited cross-resistance with multiple other 

groups. This cross-resistance was not always modest ς increases in MIC ranged from 2 to 128-fold. 

Similar findings were observed in the already difficult-to-treat bacteria methicillin-resistant 
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Staphylococcus aureus (MRSA) ς when evolved with vancomycin and daptomycin, cross resistance 

between these two antibiotics, as well as multiple semi-synthetic glycopeptides such as oritavancin, 

was observed (Gostev et al., 2023). This was potentially due to mutations in walK (part of the two-

component system controlling cell wall metabolism) and multiple peptide resistance factor mprF, 

seen in resistant isolates for both antibiotics. Since vancomycin and daptomycin are the front-line 

antibiotics for treating MRSA, this cross-resistance poses an alarming threat. Modelling in vivo data 

from hospital patients shows similar trends in cross-resistance ς in multiple species, such as E. coli, 

Klebsiella pneumoniae and P. aeruginosa, cross resistance between different antibiotics is abundant. 

In E. coli, cross-resistance between gentamicin, ciprofloxacin and trimethoprim was apparent 

(Cherny et al., 2021). Understanding the wider repercussions of acquired resistance to a particular 

antibiotic therefore has important clinical consequences. 

1.4.3.4 Synergistic Contributions to Resistance 

Synergistic mutations are those where the combined effect is greater than the additive effect of the 

individual mutations (Pérez-Pérez et al., 2009). Synergistic interactions enhance antimicrobial 

resistance by providing a resistance level higher than either mutation is able to achieve separately. 

In C. difficile, loss of iscR worked synergistically with defective feoB1 to promote metronidazole 

resistance, by further reducing the metabolism of metronidazole into its active state (Deshpande et 

al., 2020). The presence of synergistic mutations was also hypothesised to explain why recapitulation 

of a tolC deletion did not fully increase resistance to the same degree as its evolved counterpart in 

Flavobacterium johnsoniae (Chodkowski and Shade, 2023). Alternatively, synergistic mutations may 

enhance antimicrobial resistance by allowing a specific mutation, which does not provide resistance 

alone, to have resistance potential. In Salmonella, substitutions in the AcrB efflux pump only 

permitted resistance in the presence of synergistic mutations in either ramR or envZ (Trampari et al., 

2023). 
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1.4.4 Studying Resistance Mechanisms Through Experimental Evolution 

Experimental evolution, coupled with WGS and downstream genetic validation, is a robust approach 

to identify both the mode of action and resistance mechanisms to a given antibiotic. This approach 

has been used countless times across multiple organisms and for multiple antibiotics, especially in 

the post-genomic era (Hartkoorn et al., 2012; Palmer et al., 2011). For example, experimental 

evolution was used to identify the target of pyridomycin in Mycobacterium tuberculosis, as a single 

non-synonymous mutation in inhA was pinpointed in evolved strains (Hartkoorn et al., 2012). 

Deletion of inhA resulted in increased pyridomycin sensitivity, and overexpression increased the MIC 

15-fold. InhA was found to be involved in mycolic acid synthesis, and pyridomycin-mediated 

inhibition of this protein was determined as the mode of action of this antimicrobial. Serial passaging 

and WGS also allows for novel resistance pathway identification ς in Enterococcus faecalis, multiple 

pathways to daptomycin resistance were reported, including alterations to cardiolipin synthase 

genes, a mechanism distinct from those described in S. aureus (Palmer et al., 2011). Validation of 

identified candidates also enables understanding of the molecular mechanisms of resistance. For 

example, in vancomycin resistant S. aureus, the walK histidine kinase was implicated in reduced 

expression of cell wall metabolism genes, and thickened cell walls (Hu et al., 2015).  

 

A more reserved approach to utilising experimental evolution can be seen in the C. difficile field, 

perhaps reflecting the constraints in tools available prior to the last two decades. Early C. difficile 

evolutionary studies identified mutations in strains evolved in the presence of vancomycin (rpoC, 

sdaB) and fidaxomicin (rpoB) respectively (Leeds et al., 2014). This small-scale evolution used a single 

population, as opposed to multiple parallel lines, and provided no additional genetic characterisation 

of the mutations or pathway. Nevertheless, this was further supported by a more recent 

characterisation of C. difficile clinical isolates with reduced fidaxomicin susceptibility. Single-

molecule real-time sequencing revealed a mutation in rpoB, and introducing this mutation into C. 
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difficile 630 resulted in reduced fidaxomicin susceptibility, at the cost of severe defects in toxin 

production, spore formation and growth (Schwanbeck et al., 2019). Since this fitness cost was not 

observed in the original clinical isolate, this neatly demonstrates both the evolutionary trade-offs 

between resistance and fitness, and the possibility of in vivo compensatory mechanisms occurring 

during clinical selection.  

 

A slightly altered approach to experimental evolution, using laboratory-derived hypermutators, was 

used to characterise the accumulation of mutations leading to metronidazole resistance in C. difficile 

(Deshpande et al., 2020). The DNA repair operon mutSL was deleted in C. difficile ATCC 700057 ς a 

non-pathogenic, toxin-negative strain ς to allow accelerated evolution. By sequencing the genomes 

of three endpoint colonies, and focussing on proteins involved in redox and iron homeostasis 

previously reported to be involved in metronidazole resistance, mutations in four genes were 

identified: PFOR, feoBI, xdh and iscR. The order of occurrence of these mutations was further 

investigated by sequencing colonies from mid-evolution time points, demonstrating a deterministic 

path of mutation accumulation. This time point-driven insight into the evolution of resistance in C. 

difficile provides a novel perspective on the pathways to low- and high-level resistance. However, 

evolving resistance in a non-pathogenic strain limits the clinical relevance of this work ς a fact 

acknowledged by the authors themselves when commenting on low likelihood of feoBI being 

involved in resistance in vivo, due to its essentiality for colonisation and virulence. Additionally, the 

trend in evolutionary studies to sequence multiple isolates from the same population, to understand 

parallel evolution and resistance pathways, limits the potential to identify truly alternative routes to 

resistance. A caveat must also be issued for the hypothesis-driven approach to sequence analysis 

used here, since narrowing down genes of interest to those previously associated with 

metronidazole resistance limits discoveries to known genes. Experimental evolution, both in C. 
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difficile and beyond, would benefit from a hypothesis-free approach to pave the way to novel 

discoveries. 

 

The genetic basis for vancomycin resistance is largely uncharacterised in C. difficile. Recently, 

evolution of first-step resistance in clinically-relevant ribotype 027 strains, coupled with WGS, 

identified mutations in the vanSR two-component system of the vanG-like cluster, which were 

supported by identical mutations from clinical isolates (Shen et al., 2020). These mutations resulted 

in constitutive expression of vanG, conferring reduced susceptibility, presumably via modification of 

the peptidoglycan from D-Ala D-Ala to D-Ala D-Ser, resulting in reduced vancomycin binding. 

Although a fantastic example of the virtues of experimental evolution for elucidating resistance 

mechanisms, this really only scratches the surface regarding the possibilities for evolutionary 

biology. This work captures first-step resistance, early mutations conferring large fitness benefits, 

leaving the potential of mutation accumulation, and routes to high-level resistance uncharacterised. 

Again, the choice to evolve a single population, with no parallel control, limits the scope to 

understand alternative routes to vancomycin resistance and the evolutionary dynamics at play. 

Additionally, the fitness costs of constitutive expression of the van operon have yet to be explored. 

In Enterococci, the high fitness cost of the van operon is well documented, and inducible expression 

of these genes help to alleviate this burden (Foucault et al., 2010). Further investigation into the 

costs of constitutive expression of the C. difficile van operon therefore merits further work. 

 

1.5  Concluding Remarks  

With antimicrobial resistance on the rise, and the array of available treatments diminishing, focus is 

needed to understand the clinically important pathogen C. difficile. Rapid technological 

advancements have increased the capacity, ease, and scale of microbial genomics, allowing 
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researchers to push the boundaries of experimental evolution to enable new insights into the 

evolutionary dynamics of antimicrobial resistance. Despite such victories, there are still many 

research gaps to address in order to fully comprehend resistance in C. difficile. Most urgently, an in-

depth characterisation of resistance to vancomycin, the current front-line antibiotic, in clinically 

relevant C. difficile strains is necessary; through a large-scale, highly parallel experimental evolution 

approach. This would allow insights into the population dynamics involved in the evolution of 

resistance, as well as potential alternative routes to achieving resistance. Understanding the 

contributors to high-level resistance, and the presence of synergistic interactions would be of 

particular clinical relevance, along with characterisation of cross-resistance. Since many examples of 

antibiotic resistance are associated with fitness costs, a fuller appreciation for the fitness costs 

associated with vancomycin resistance in C. difficile would be useful. Overarchingly, completing such 

a study in a hypothesis-free manner is paramount for embracing novel discoveries.  

 

1.6  Aims  

The C. difficile genome contains a complete van cluster, the constitutive expression of which results 

in reduced vancomycin susceptibility (Shen et al., 2020). Beyond these regulatory changes, the 

molecular mechanisms underpinning the evolution of vancomycin resistance in C. difficile remain 

unknown. Since convergent evolution, whereby an organism evolves the same solution via a 

genetically different route, is a common hallmark of antibiotic resistance, a complete understanding 

of the routes to vancomycin resistance in C. difficile is lacking (Keshri et al., 2019). As such, it is 

unclear whether aspects other than altered regulation of the van operon, or indeed other loci 

entirely, contribute to the increasing vancomycin resistance observed clinically. Moreover, although 

pleiotropic fitness costs to acquiring resistance have been widely described in other organisms, the 

phenotypic effects of vancomycin resistance acquisition in C. difficile have not been characterised. 

²ƘŀǘΩǎ ƳƻǊŜΣ ǘƘŜ ǘǊŀŘƛǘƛƻƴŀƭΣ ƘȅǇƻǘƘŜǎƛǎ-driven approach to experimental evolution for investigating 
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antibiotic resistance involves narrowing searches to well-characterised genes, including those 

homologous to resistance genes in other organisms. This severely limits the scope for identification 

of novel resistance pathways.  

 

The primary aim of this project was to use highly parallel experimental evolution to investigate 

vancomycin resistance in C. difficile. A robust approach to sequencing both evolved isolates, and 

whole populations, could then be used to assess the mutations involved in vancomycin resistance 

acquisition on both an individual and population level. This would allow insight into population 

dynamics, and alternative routes to resistance. Secondly, this project aimed to provide a thorough 

phenotypic assessment of evolved isolates, to understand whether vancomycin resistance is 

associated with fitness burdens in C. difficile, and if these burdens vary depending on the route to 

resistance. The final key aim of this project was to ascertain the molecular mechanisms of 

vancomycin resistance in C. difficile. 



 

 Materials and Methods 
 

35 
 

 

All methods relevant to this thesis are described in this chapter, including those used across multiple 

chapters, and those developed and optimised within this project. 

2.1  Bacterial strains and Growth conditions  

Bacterial strains made and used are described in Appendix I. The media routinely used throughout 

this work is described in Table 2.1, and antibiotics used in this work are described in Table 2.2. 

 

All C. difficile media was pre-reduced in the anaerobic cabinet (2 h per 5 mL liquid culture, 30 min for 

agar plates). C. difficile strains were cultured in tryptone yeast (TY) broth or on pre-reduced brain 

heart infusion (BHI) agar, unless otherwise stated. C. difficile was grown at 37°C in an anaerobic 

cabinet (Don Whitley Scientific), with an atmosphere composed of 80% N2, 10% CO2 and 10% H2. 

Cultures were supplemented with antibiotics as appropriate. 

 

E. coli cultures were grown in Luria-Bertani (LB) broth (37°C, 200 rpm shaking), or on LB agar at 37°C. 

Cultures were supplemented with antibiotics as appropriate. 

 

Bacterial strains were stored in 20% glycerol at -80°C. 

 

Table 2.1 - Media Used in This Study 

Media used in this work, components per 400 ml and manufacturer. 
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Media Name Components per 400ml Manufacturer  Notes 

BHI agar 20.8 g BHI agar powder Thermo Scientific  Used for C. difficile 

growth 

BHIS+Taurocholate 20.8 g BHI agar powder 

2 g Yeast Extract 

0.4 g L-Cysteine, non-

animal source 

0.4 g Taurocholate 

 

Thermo Scientific 

Bacto 

Sigma 

 

Sigma 

 Sporulation efficiency 

determination 

TY broth 12 g Bacto Tryptose 

8 g Yeast Extract 

Bacto 

Bacto 

 Used for overnight 

growth of C. difficile 

LB Agar 14 g LB agar powder Thermo Scientific  Used for E. coli growth 

LB Broth 8 g LB Broth Thermo Scientific  Used for overnight 

growth of E. coli 

CDMM See Below* See Below  For mutagenesis using 

codA allele exchange 

vector 

SOC NEB Super Optimal broth 

with Catabolic repression 

(SOC) (500 µL per 25 µL 

transformation) 

NEB  For increased E. coli 

transformation 

ŜŦŦƛŎƛŜƴŎȅ ǳǎƛƴƎ b9.рʰ 

 
*C. difficile minimal medium (CDMM) composition. Components in the below table were added to 
15 g/L agar 
 

Component Stock concentration (mg/mL) Final concentration (mg/mL) 

Amino acids (5x) 

Casamino Acids 

L-Tryptophan 

L-Cysteine    

  

50 

2.5 

2.5 

 

10 

0.5 

0.5 

Salts (10x) 

Na2HPO4  

NaHCO3 

KH2PO4 

NaCl 

 

50 

50 

9 

9 

 

5 

5 

0.9 

0.9 

Glucose (20x) 

D-Glucose 

 

200 

 

10 

Trace Salts (50x) 

(NH4)2SO4 

CaCl2 _2H2O 

MgCl2 _6H2O 

MnCl2 _4H2O 

CoCl2 _6H2O 

 

2 

1.3 

1 

0.5 

0.05 

 

0.04 

0.026 

0.02 

0.01 

0.001 
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Iron (100x) 

FeSO4 _7H2O  

 

0.4 

 

0.004 

Vitamins (1000x) 

D-Biotin 

Calcium-D-pantothenate 

Pyridoxine    

 

1 

1 

1 

 

0.001 

0.001 

0.001 

5-fluorocytosine 10 0.05 

 

Table 2.2 - Antibiotics Used in This Study 

Antibiotics used to supplement broth/agar (stock and working concentrations). 
 

Antibiotic Stock 
Concentration 

Working 
Concentration 

Solvent Brand 

Chloramphenicol 30 mg/mL 15 µg/mL 70% ethanol Acros Organics 

Thiamphenicol 15 mg/mL 15 µg/mL 100% 

Methanol 

Sigma 

Colistin 50 mg/mL 50 µg/mL H2O Sigma 

Kanamycin 50 mg/mL 50 µg/mL H2O Sigma 

Anhydrotetracycline 

(aTc) 

2 mg/mL 60 ng/mL 100% 

ethanol 

Sigma 

Vancomycin 100 mg/mL N/A H2O Sigma 

Rifampicin 32 µg/mL N/A Methanol Sigma 

 

2.2  DNA Manipulation  

2.2.1 Genomic DNA Isolation 

High quality genomic DNA (gDNA) was obtained from overnight cultures of C. difficile through a 

modified version of the phenol-chloroform method as described previously (Wren and Tabaqchali, 

1987). To lyse the sample, 1.5 mL C. difficile overnight culture was harvested via centrifugation (2 

min at 12000 x g) and resuspended in 200 µL lysis buffer (200 mM NaCl, 50 mM 

ethylenediaminetetraacetic acid (EDTA), 20 mM Tris-HCl pH 8.0) with 10 µL of purified 

bacteriophage phiCD27 endolysin (CD27L catalytic domain), and incubated for 1 hour at 37°C. The 

sample was then incubated for 1 hour at 55°C, following the addition of 10 µL pronase (final 

concentration 1 mg/mL). 80 µL (final concentration 2%) of N-lauroylsarcosine was then added, and 
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the sample was incubated for a further 1 hour at 37°C. Finally, 200 µL RNase (final concentration 0.2 

mg/mL) was added, before incubation for 1 hour at 37°C.  

 

For gDNA extraction, 700 µL of phenol:chloroform:isoamyl alcohol (25:24:1) was added to the 

sample and mixed by gentle inversion, before centrifugation in a heavy phase lock gel (PLG) tube at 

13,000 x g for 2 min. This facilitated easy separation of the organic and DNA-containing aqueous 

phases. The aqueous phase was recovered, mixed with phenol:chloroform:isoamyl alcohol, and 

centrifuged in a second PLG tube as before. This process was repeated a further 2 times using 500 µL 

chloroform:isoamyl alcohol (24:1) to remove the phenol.  

 

Precipitation of the sample commenced with the addition of 500 µL of ice-cold isopropanol to the 

recovered aqueous phase, followed by incubation at -20°C overnight. The gDNA was harvested via 

centrifugation (15 min at 4,000 x g at 4°C), before washing in 500 µL 70% ethanol and harvesting 

again (10 min, 4,000 x g). The pellet was air-dried to remove residual ethanol, and resuspended in 50 

µL of either nuclease free water (NEB) or elution buffer (EB) (Thermo Scientific).  

 

The quality of the gDNA was determined through agarose gel electrophoresis, the quantity was 

measured via Qubit, and the purity was determined via A260 spectrophotometry. 

 

Crude gDNA extraction, for use in screening PCRs, was performed using Chelex 100 resin (Sigma). 

Single colonies of C. difficile were resuspended in 100 µL of nuclease free water (NEB) containing a 

small amount of Chelex. Samples were incubated at 100°C for 10 min and briefly centrifuged. The 

supernatant was used in PCR reactions (2.5 µL of DNA per 20 µL PCR reaction). Chelex-based gDNA 

extraction was performed on the day for PCR. 
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2.2.2 Polymerase Chain Reaction (PCR) 

PCR was used to amplify sections of genomic or plasmid DNA. PCR was performed using a T100 

thermocycler (Bio-Rad), and using primers synthesised by Eurofins. 

 

Phusion high-fidelity polymerase mastermix (NEB) was used in instances where high fidelity was 

necessary. A 20 µL reaction comprised 10 µL Phusion 2x mastermix, 100 ng gDNA (or 1 ng plasmid 

DNA) template, 10 µM forward and reverse primers, and nuclease free water (NEB). Dimethyl 

sulfoxide (DMSO) was added at 5 to 10% (v/v) for primer lengths over 35 bp to help with DNA 

melting. The reaction was performed using an initial denaturation of 98°C for 30 s, followed by 35 

cycles of 98°C denaturation for 30 s, 50-65°C annealing for 30 s, 72°C extension for 15-30 s per kb 

DNA, and a final extension of 72°C for 5 min, to complete partial products. 

 

Taq red polymerase (PCR biosystems) was used for colony PCR screening, where fidelity was less 

important. A 20 µL reaction contained 10 µL Taq red mastermix, 10 µM forward and reverse primers, 

8 µL nuclease free water (NEB) and 1 colony. The reaction was performed as follows: initial 

denaturation (and E. coli cell lysis) at 95°C for 3 min, 35 cycles of 95°C denaturation for 30 s, 58°C 

annealing for 30 s, 72°C extension for 1 min per kb, and a final extension at 72°C for 5 min. 

 

2.2.3 Agarose Gel Electrophoresis 

Agarose (VWR) was made to 0.8-3% (w/v) in Tris-acetate-EDTA buffer (Thermo Scientific) and 

dissolved by microwaving. 0.8% (w/v) was used as standard, however higher percentage gels were 

used to resolve smaller DNA fragments. 55°C molten agarose was cast with SybrSafe (1/10,000 final 

volume, Invitrogen). The set gel was submerged in 1 x Tris-acetate-EDTA buffer (Thermo Scientific) in 

the electrophoresis tank, and 5 µL of 1 kb plus DNA ladder (NEB) was added to the first well. Purple 

loading dye (NEB) or UView (Bio-Rad, for gel extraction only) was added to the samples prior to 
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loading. Electrophoresis was generally performed at 110 V for 30 min, with minor alterations 

dependant on gel composition. Gels were imaged using a ChemiDoc MP imager (Bio-Rad).  

 

2.2.4 PCR Purification 

PCR fragments were purified using the GeneJET PCR Purification kit (Thermo Scientific), as per the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 5b! ǿŀǎ ŜƭǳǘŜŘ ƛƴ нл ҡ[ ƻŦ ƴǳŎƭŜŀǎŜ ŦǊŜŜ ǿŀǘŜǊ όb9.ύΣ ŀƴŘ ǉǳŀƴǘƛŦƛŜŘ 

using A260 spectrophotometry. 

 

2.2.5 Gel Extraction of DNA 

Samples were resolved as above (2.2.3), and visualised using an ultraviolet transilluminator. Bands 

were excised with a scalpel and placed in a microfuge tube with 1:1 concentration of binding buffer 

and 2.5 µL of 3 M sodium acetate. DNA was extracted from the gel using the GeneJET Gel Extraction 

ƪƛǘ ό¢ƘŜǊƳƻ {ŎƛŜƴǘƛŦƛŎύΣ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ ¢ƘŜ 5b! ǿŀǎ ŜƭǳǘŜŘ ǳǎƛƴƎ нл ҡ[ ƻŦ 

50°C nuclease free water (NEB), and quantified using A260 spectrophotometry. 

 

2.2.6 Restriction Endonuclease Digestion of DNA 

5ƛƎŜǎǘƛƻƴ ƻŦ 5b! ǳǎƛƴƎ ǊŜǎǘǊƛŎǘƛƻƴ ŜƴŘƻƴǳŎƭŜŀǎŜǎ όb9.ύ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. A 20 µL reaction was assembled using 1-2 µg DNA, 2 µL of the appropriate 10x buffer 

όb9.ύΣ ŀƴŘ м ҡ[ ƻŦ ŜƴȊȅƳŜΦ ¢ƘŜ ǊŜŀŎǘƛƻƴ ǿŀǎ ƛƴŎǳōŀǘŜŘ ŀǘ ǘƘŜ ŜƴȊȅƳŜΩǎ ƻǇǘƛƳǳƳ ǘŜƳǇŜǊŀǘǳǊŜ 

(usually 37°C) for 1 h, unless otherwise specified. 

 

For PCR screening by digest, which was used in identifying SNP mutants, digestion of a large number 

of samples was performed directly in the PCR tube. Here, 1 µL of enzyme was added to the 20 µL 
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t/w ǎŀƳǇƭŜ ŀŦǘŜǊ ǘƘŜ t/w ƘŀŘ ŦƛƴƛǎƘŜŘ ŀƴŘ ŎƻƻƭŜŘΦ wŜŀŎǘƛƻƴǎ ǿŜǊŜ ƛƴŎǳōŀǘŜŘ ŀǘ ǘƘŜ ŜƴȊȅƳŜΩǎ 

optimum temperature for 1 h. 

 

To ǊŜƳƻǾŜ 5b! ǘŜƳǇƭŀǘŜ ŦǊƻƳ ŎƻƳǇƭŜǘŜŘ tƘǳǎƛƻƴ t/w ǊŜŀŎǘƛƻƴǎΣ н ˃[ ƻŦ 5ǇƴL όb9.ύ ǿŀǎ ŀŘŘŜŘ ǘƻ 

the 20 µL PCR sample, after the PCR had finished and cooled, and incubated at 37°C for 2 h. The 

sample was then purified as above (2.2.5). 

 

2.2.7 Ligation of DNA 

DNA fragments were ligated using T4 DNA ligase (NEB), and were assembled as follows: 1 µL T4 

ligase buffer, 0.5 µL T4 ligase, 25 ng vector DNA, insert DNA at a 1:3 molar ratio vector:insert, and 

nuclease free water (NEB) up to a final volume of 10 µL. Reactions were incubated for 1 h at room 

temperature, before being used for E. coli transformations (2.2.10).  

 

2.2.8 Gibson Assembly of DNA Fragments 

Gibson assembly was used to ligate multiple overlapping fragments of DNA in a single step (Gibson 

et al., 2009). NEBBuilder was used to design primers to amplify fragments with a 30 bp overlap to 

the adjacent fragment.  

 

The vector DNA was linearised by digestion (2.2.6) and purified by gel extraction (2.2.5). Insert 

fragments were amplified by PCR (2.2.2) and purified (2.2.4). 3-fragment Gibson assembly was 

performed in a final volume of 20 µL, composed as follows: 10 µL of 2x isothermal assembly 

mastermix (Gibson et al., 2009), 50 ng of linearised vector, insert fragments at a 1:2:2 molar ratio of 

vector:insert:insert, and nuclease free water (NEB) up to 20 µL. Reactions were incubated at 50°C for 

4 h, before being used for E. coli transformations (2.2.10). 
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2.2.9 Production of Chemically Competent E. coli 

Overnight cultures of E. coli CA434 were sub-cultured (1:100) and grown to exponential phase 

(optical density (OD)600nm 0.4 - 0.6). Cells were harvested by centrifugation (10 min, 4,000 x g, 4°C) 

and resuspended in 5 mL ice-cold CaCl2 (100 mM), before being incubated on ice for 15 min. Cells 

were harvested as before, and resuspended in 1 mL of a solution containing 100 mM CaCl2 and 15% 

(v/v) glycerol. Cells were incubated for 2 h on ice, before being aliquoted (50 µL), snap frozen in 

liquid nitrogen, and stored at -80°C. 

 

2.2.10  Transformation of E. coli 

b9.рʰ ŎƻƳǇŜǘŜƴǘ E. coli cells (NEB) were used for cloning and plasmid propagation, and CA434 

were used as the conjugation donor, to transfer plasmids into C. difficile. Both E. coli strains were 

transformed using the same heat shock method, except using 2 µL of ligation product or Gibson 

ŀǎǎŜƳōƭȅ όb9.рʰύ, or 0.5 µL plasmid miniprep (CA434). 

 

A 50 µL aliquot of competent cells was thawed on ice for 10 min, and split into 25 µL volumes in pre-

chilled microfuge tubes. DNA was added as above, and the samples were incubated on ice for 30 

min. Samples were heat shocked at 42°C for 30 s, and incubated on ice for 2 min, before the addition 

of 500 µL SOC media (NEB). The samples were incubated with shaking at 37°C for 1 h, before 100 µL 

was spread on LB agar plates supplemented with appropriate antibiotics.  

 

2.2.11  Plasmid DNA Isolation 

5 mL of overnight E. coli culture was harvested via centrifugation (10 min, 4000 x g). Plasmid DNA 

was extracted via the GeneJET Plasmid Miniprep kit (Thermo Scientific), through selective binding to 

ǘƘŜ ǎƛƭƛŎŀ ǎǇƛƴ ŎƻƭǳƳƴΣ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ 5b! ǿŀǎ ŜƭǳǘŜŘ ƛƴ рл ҡ[ 
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nuclease free water (NEB), and quantified using the A260 spectrophotometry. Plasmids used in this 

project can be found in Appendix II. 

 

2.2.12  Sanger Sequencing of DNA 

Sanger sequencing of PCR fragments and plasmid DNA was carried out by Genewiz. Sequencing 

alignments and analyses were performed using Geneious (Biomatters). 

 

2.2.13  Conjugative Transfer of Plasmid DNA into C. difficile 

Transfer of plasmid DNA into C. difficile was performed as previously described (Kirk and Fagan, 

2016). In brief, 200 µL of overnight C. difficile culture was heat-treated at 50°C for 15 min. 1 ml of 

overnight E. coli CA434 culture was harvested via centrifugation (3000 x g, 2 min), and resuspended 

using the heat-treated C. difficile. The cell mixture was spotted onto BHI agar, and incubated in the 

anaerobic cabinet for 24 h. Growth was subsequently harvested from the plate using 1 mL TY broth. 

The harvested material (both neat and diluted 1:5) was spread on a series of BHI plates 

supplemented with thiamphenicol and colistin. Thiamphenicol was used for plasmid selection, whilst 

colistin was used to kill E. coli. Single transconjugant colonies were restreaked to purity on the above 

selective plates, before being frozen at -80°C. 

 

2.2.14  Mutagenesis using Allele Exchange in C. difficile 

Allele-exchange mutagenesis, utilising the codA heterologous counterselection system, was 

performed as described previously (Cartman et al., 2012). Vector insert fragments were either 

synthesised by Genewiz, or manually generated by PCR (2.2.2). In the latter case, primers designed 

for Gibson assembly (2.2.8) were used to amplify 1200 bp regions of the genome upstream and 

downstream of the region of interest (homology arms). Amplified fragments were purified as above 
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(2.2.4). The vector backbone was digested (2.2.6) and purified (2.2.5). The new plasmid, comprising 

the vector and homology arm inserts, was assembled via Gibson assembly (2.2.8). Alternatively, for 

synthesis fragments, the vector backbone was digested (2.2.6) and purified (2.2.5), and the new 

plasmid was assembled via ligation (2.2.7). In either case, the resultant plasmid was transformed 

(2.2.10) into E. coli NEB5h Σ sequenced (2.2.12), and transformed (2.2.10) into E. coli CA434, before 

being conjugated into C. difficile (2.2.13).  

 

Single recombination events, whereby the plasmid had integrated into the C. difficile genome, were 

visualised as larger colonies on selective BHI agar, since the growth rate of such colonies was faster, 

as plasmid replication rate was no longer limiting. Putative single crossovers were confirmed via PCR 

using combinations of primers situated within the vector and flanking the homology arms. Single 

recombinants were restreaked onto non-selective BHI agar, and incubated for 2-3 days, to allow a 

second recombination event to occur, and for the plasmid to be lost. Growth from the non-selective 

BHI plates was harvested using 1 mL of sterile phosphate-buffered saline (PBS), serially diluted, and 

plated onto CDMM with 5-fluorocytosine. In the presence of codA, 5-fluorocytosine is lethal, thus 

selecting against plasmid carriage. After 48 h, colonies were screened by PCR using primers flanking 

the homology arms. Positive colonies were restreaked to purity and tested for growth on BHI 

supplemented with thiamphenicol to ensure the plasmid had been lost. Mutants were confirmed 

with Sanger sequencing and frozen in 80% glycerol at -80°C. 

 

2.2.15  Overexpression in C. difficile  

Overexpression was achieved using the tet-inducible expression system, as described previously 

(Fagan and Fairweather, 2011). The gene of interest was amplified from the genome using PCR 

(2.2.2), digested (2.2.6), and purified as above (2.2.4). The vector backbone was digested (2.2.6) and 

purified (2.2.5), and the new plasmid was assembled via ligation (2.2.7). The new plasmid was then 
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transformed (2.2.10) into E. coli NEB5h Σ sequenced (2.2.12), and transformed (2.2.10) into E. coli 

CA434, before being conjugated into C. difficile (2.2.13).  

 

2.2.16  Bioinformatics Relating to Mutagenesis 

Geneious software v7.1.9 (Biomatters) was routinely used for primer design, in silico digestion, and 

Sanger sequencing alignments. Primers for Gibson assembly were designed using NEBuilder. 

Compatible endonuclease enzymes for use in diagnostic restriction digests were determined using 

NEBcutter.  

 

2.3  Evolution Methods  

2.3.1 Directed Evolution of C. difficile 

Directed evolution of C. difficile was performed using a broth-based gradient approach, whereby 10 

individually barcoded parallel lines were evolved for a period of 30 passages (60 days). For each 

passage, a 6-well plate was assembled for each parallel line, containing 4 mL of TY broth with a 

gradient spanning 0.25 to 8x the current vancomycin MIC (determined from the previous passage, or 

from the ancestral MIC, in the case of the first passage). This allowed the gradient to rise with 

increasing levels of vancomycin resistance.  

 

Overnight C. difficile cultures, derived from single colonies, were adjusted to OD600nm 1.0. The 

evolution was initiated by adding 10 µL of adjusted culture to each well of the assembled 6-well 

plates, before incubating for 48 h at 37°C. Plates were visually inspected after 48 h, and fresh plates 

were assembled as above. 10 µL of the well with the highest antibiotic concentration supporting 

growth was used to inoculate the wells of the subsequent passage. For each parallel line, a control 

well was passaged without antibiotic. 1 mL of each parallel population, and the corresponding 
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control, was frozen at -80°C in 15% glycerol whenever the MIC increased; and after passages 10, 20 

and 30.  

 

2.3.2 Genome Sequencing of C. difficile 

For short-read sequencing of C. difficile isolates, library prep (Nextera XT Library Prep Kit (Illumina, 

San Diego, USA)) and 30x illumina sequencing (NovaSeq 6000, 250 bp paired end protocol) was 

performed at MicrobesNG (Birmingham, UK). Reads were trimmed at MicrobesNG using 

Trimmomatic (v0.30) with a sliding window quality cut-off of Q15. 

 

For long-read sequencing of C. difficile isolates, library prep (Oxford Nanopore Technologies SQK-

RBK114.96 kit (ONT, UK)) and nanopore sequencing (GridION, FLO-MIN114 (R.10.4.1) flow cell) was 

performed at MicrobesNG (Birmingham, UK). 

 

For sequencing of bacterial populations, library prep (Nextera DNA Flex Library Prep Kit (Illumina, 

San Diego, USA)) and 250x Illumina sequencing (NovaSeq 6000, 150bp paired end protocol) was 

performed at SNPsaurus (Oregon, USA). Reads were trimmed using Trimmomatic (v0.39) with the 

following criteria: leading:3; trailing:3; slidingwindow:4:15; minlen:36. 

 

2.3.3 Genome Sequencing Analysis of C. difficile Isolates 

To ensure sufficient quality for analysis, trimmed reads were checked using FastQC (v0.11.9) (Simon 

Andrews, 2019). 

 

A custom script, inspired by a previously described mutant analysis pipeline (Wright et al., 2019), 

was used to analyse isolates. First, reads were aligned to the C. difficile reference (R20291, accession 

number: FN545816) using BWA-mem (v0.7.17) (Li and Durbin, 2009) and sorted using SAMtools 
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(v1.43) (Li et al., 2009). Coverage across the genome was inferred using Bedtools (v2.30.0) (Quinlan 

and Hall, 2010) genomecov and map functions. PCR duplicates were removed via Picard (v2.25.2) 

(http://broadinstitute.github.io/picard/). SAMtools (v1.43) mpileup was used to generate the 

required mpileup file for Varscan. Variants were then called using Varscan (v2.4.3-1) (Koboldt et al., 

2009) mpileup2cns (calling SNPs, insertions and deletions) using the following parameters: min-

coverage 4; min-reads2 4; min-var-freq 0.80; p-value 0.05; variants 1; output-vcf 1. This required a 

minimum of 4 reads, and a minimum frequency of 80%, to support a variant. Variant call format 

(Vcf) files were annotated using snpEff (v5.0) (Cingolani et al., 2012).  

 

The Breseq (v0.35.5) (Deatherage and Barrick, 2014) pipeline was also used to call variants using 

default parameters, and putative variants were retained if detected in both analysis pipelines. 

Variants identified were manually verified using the integrative genomics viewer (IGV) (v2.8.6) 

(Robinson et al., 2011). 

 

2.3.4 Closing Isolate Genomes Using Nanopore 

Genome assembly of long-read sequencing data was performed at MicrobesNG (Birmingham, UK): 

reads were assembled using Flye (v2.9.2-b1786) (Kolmogorov et al., 2019), polished using Medaka 

(v1.8.0) (ONT, 2024), and annotated using Bakta (v1.8.1) (Schwengers et al., 2021). 

 

For a given isolate, Nanopore and Illumina data were amalgamated using Polypolish (v0.6.0) (Wick 

and Holt, 2022), to generate complete closed genomes and to reduce erroneous base calls. Short 

read sequences were first aligned to the Nanopore assembly using BWA-mem (v0.7.17) (Li and 

Durbin, 2009), using the -a parameter. Alignments were filtered by insert size using Polypolish, with 

default parameters, to remove spurious repeat alignments. The Nanopore assembly was then 

polished with the Illumina data using Polypolish, generating a polished fasta. This was annotated 
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with Prokka (v1.14.6) (Seemann, 2014). Variants were then called using Snippy (v4.6.0) (Seemann, 

2015) with default parameters. Identified variants were manually verified using IGV (v2.8.6) 

(Robinson et al., 2011). 

 

2.3.5 Genome Sequencing Analysis of C. difficile Populations 

C. difficile populations were analysed using a pipeline that followed the same custom script as for 

isolates (2.3.3), with modifications to SNP calling parameters and filtering. Realistic sequencing data 

was simulated using InSilicoSeq (v1.5.4) (Gourlé et al., 2019) at multiple coverage depths (80x, 100x, 

300x), with SNPs seeded at 5% frequency. Simulated sequences were analysed using the custom 

pipeline, and a range of Varscan parameters (P-values, min-coverage, min-reads2) were trialled to 

generate a set of parameters to accurately call variants without false positives.  

 

Different varscan parameters were used depending on the coverage depth of a particular 

population, to allow calling of low frequency variants with a strong evidence base. For samples with 

an average coverage across the genome of 100x or higher, the following Varscan (v2.4.3-1) 

mpileup2cns parameters were used: min-coverage 80; min-var-freq 0.05; p-value 0.05; variants 1; 

output-vcf 1. A minimum of 4 reads were required to support a variant, and the cut-off for variant 

calling was 5%. Samples with an average coverage across the genome of below 100x used the 

following Varscan (v2.4.3-1) mpileup2cns parameters: min-coverage 4; min-reads2 4; min-var-freq 

0.05; p-value 0.05; variants 1; output-vcf 1. Here, a minimum of 4 reads were required to support a 

variant (as with high coverage samples), meaning the minimum variant frequency possible to call 

was inversely scaled (4/coverage at position). Variants were filtered using Varscan (v2.4.3-1) 

compare to discard variants that never reached above 10% frequency by the end of the evolution. 

Variants were also manually inspected to ensure no variants remained the same frequency across all 

time points, indicating a false call. 
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Mutations occurring within genes were visualised in the Kyoto encyclopedia of genes and genomes 

(KEGG) colour mapper (Kanehisa et al., 2022) to view KEGG pathways. 

 

2.3.6 Principal Component Analysis (PCA) 

Multiple results can be visualised in a single graph using principal component analysis. PCAs were 

computed using the prcomp() function in Base R (http://www.rproject.org/), and visualised using the 

factoextra package.  

 

2.4  Phenotypic Assays  

2.4.1 Minimum Inhibitory Concentration (MIC) 

MICs were performed using standard agar dilution methods (CLSI, 2024). Overnight cultures of C. 

difficile were adjusted to OD600nm 0.1. 2.5 µL of sample was spotted onto BHI plates with ranging 

antibiotic concentrations, in biological triplicate and technical duplicate. Plates were incubated for 

48 h before the MIC was determined. Plates were then imaged using a Scan 4000 colony counter 

(Interscience). In the case of overexpression strains, the appropriate inducing agent, and antibiotics 

to select for the plasmid, were included.  

 

2.4.2 Growth Analysis 

Growth curves were performed anaerobically in 96 well plates using a Stratus microplate reader 

(Cerillo). Overnight cultures of C. difficile were adjusted to OD600nm 0.05 and incubated at 37°C for 1 h 

to equilibrate the cultures. The 96 well plate lid was treated with 0.05% Triton X-100 + 20% ethanol 

to prevent condensation. 200 µL of the equilibrated samples were used to assemble the 96 well 

plate, and measurements were taken at minimum in biological and technical triplicate. The OD600nm 
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was taken every 3 minutes over a 24 h period. Values for the blank (media only) wells were removed 

from all well measurements, and the data was plotted in Graphpad Prism (v9.0.2), before being 

analysed in RStudio (v4.1.0) using the GrowthCurver package (v0.3.0) (Sprouffske and Wagner, 

2016). 

 

2.4.3 Sporulation Efficiency Determination 

Sporulation efficiency was determined based on methods previously described (Dembek et al., 

2015). Briefly, C. difficile overnight cultures were subcultured in TY to OD600nm 0.01 and grown for 8 

h. Cultures were adjusted again to OD600nm 0.01, subcultured 1:100 immediately into 10 mL TY broth, 

and grown overnight to obtain spore-free cultures in early stationary phase (T = 0). At T = 0, and the 

following 5 days, total viable counts were enumerated by spotting 10-fold serial dilutions, made in 

PBS, in technical triplicate onto BHIS agar with 0.1% sodium taurocholate. Colonies were counted 

after 24 h incubation. Spore counts were enumerated using the above method following heat 

treatment (65°C for 30 min), to kill vegetative cells in the sample.  

 

2.4.4 Mutation Rate Assay 

The mutation rate of mutants compared to their respective wildtypes was determined using 

rifampicin. 10 mL C. difficile overnight cultures were concentrated 10-fold. 200 µL of concentrated 

cells were spread onto BHI plates supplemented with 0.015 µg/mL rifampicin (8x MIC). The 

remaining culture was used to determine total viable counts by spotting 10-fold serial dilutions, 

made in PBS, in technical triplicate onto non-selective BHI plates. After 24 h incubation, total counts 

and mutation counts were calculated, and mutation rates were determined. A minimum of 5 

biological replicates were used to derive the mutation rate for a particular strain. 
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2.5  Microscopy  

2.5.1 Phase Contrast Microscopy 

2.5.1.1 Cell Fixation 

1 mL of sample was harvested via centrifugation (2 min at 4000 x g), and washed 3 times in PBS, 

before addition of 4% paraformaldehyde. Samples were incubated at room temperature for 15 min, 

washed twice more in PBS, and resuspended in dH2O. Samples were stored at 4°C. 

2.5.1.2 Phase Contrast Imaging 

For phase contrast microscopy, samples were fixed as above and resuspended in sterile dH2O to an 

appropriate cell density before being dried onto glass slides. Slides were then rinsed with distilled 

water and dried. Cover slips were then mounted using 80% glycerol, and samples were imaged using 

a 100x Phase Contrast objective on the Nikon Ti eclipse widefield imaging microscope, using NIS 

elements software, at the University of Sheffield Wolfson Light Microscopy Facility. 

2.5.1.3 Cell Length Analysis Using MicrobeJ 

Phase contrast images were analysed to determine cell length in Fiji (v2.9.0) using MicrobeJ (v5.13l) 

(Ducret et al., 2016). MicrobeJ recognises bacteria and takes cell length measurements. These were 

manually verified for each image. At least 185 cells were used to average cell length for each sample.  

 

2.5.2 Fluorescence Microscopy 

2.5.2.1 Cell Fixation 

Samples were grown to an OD600nm of 0.3 before staining with 3 µg/mL Vancomycin BODIPY FL 

Conjugate (ThermoFisher) for 30 min. {ŀƳǇƭŜǎ ǿŜǊŜ ŦƛȄŜŘ ǳǎƛƴƎ ŀ ŦƛȄŀǘƛƻƴ ŎƻŎƪǘŀƛƭ ŎƻƴǎƛǎǘƛƴƎ ƻŦ нл ˃[ 

1 M Na3PO4 όǇI тΦпύΣ млл ˃[ мс҈ όǿκǾύ ǇŀǊŀŦƻǊƳŀƭŘŜƘȅŘŜ ŀƴŘ п ˃[ нр҈ όǿκǾύ ƎƭǳǘŀǊŀƭŘŜƘȅŘŜ 

(Ransom et al., 2015). 500 µL of sample was added to the fixation cocktail and incubated for 15 min 
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at 37°C. Cells were harvested via centrifugation (2 min at 6000 x g) and washed five times in PBS, 

before resuspending in 30 µL PBS.  

2.5.2.2 Fluorescence Microscopy Imaging 

For fluorescence microscopy, samples were fixed as above mounted immediately on an agarose pad 

(2% w/v) in a 35 mm glass bottom dish (Ibidi). Samples were imaged using a 100x Plan Apochromat 

phase contrast objective on a Nikon Ti-E microscope with Perfect Focus system, using NIS elements 

software. Samples were imaged in phase contrast and with Green Fluorescent Protein (GFP) filter. 

Fluorescence imaging was performed by Anne Williams in the William Durham Laboratory. 

2.5.2.3 Fluorescence Intensity Analysis 

Fluorescence microscopy analysis was performed by Anne Williams in the William Durham 

Laboratory. Images were segmented using Ilastik (Berg et al., 2019) and analysed using FAST 

(Meacock and Durham, 2023). A custom Matlab (vR2023a) script was used to extract fluorescence 

intensity profiles across the central 70% of the cell along the long axis (Figure 2.1). The fluorescence 

intensity profile for each cell was then normalised by its average background fluorescence, derived 

from the average fluorescence intensity of the outer 15% of the cell at each pole. The maximum 

intensity along the fluorescence profile was determined for each cell and used to generate a swarm 

plot comparing maximum fluorescence across samples. 
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Fluorescence intensity was determined by a custom Matlab script. Intensity profiles were normalised 

ǘƻ ǘƘŜ ŎŜƭƭΩǎ ŀǾŜǊŀƎŜ ōŀŎƪƎǊƻǳƴŘ ŦƭǳƻǊŜǎŎŜƴŎe. The maximum intensity for each cell was used to 

generate a swarm plot. Schematic adapted with permission from Anne Williams.  

N
o

rm
a

lis
e

 flu
o

re
s
ce

n
ce

 in
te

n
s
ity

 
p

ro
file

 (B
) b

y
 a

ve
ra

g
e

 b
a

c
kg

ro
u

n
d

 
flu

o
re

s
c
e

n
ce

 (A1+
 A

2)

F
lu

o
re

s
c
e

n
ce

 in
te

n
s
ity

 
p

ro
file

 o
u

tp
u

t

C
e

ll L
o

n
g

 A
x
is

B
C

e
n
tra

l 7
0

%
 o

f ce
ll

A
1

B
a

ckg
ro

u
n

d
 

flu
o

re
s
c
e

n
ce

A
2

B
a

ckg
ro

u
n

d
 

flu
o

re
s
c
e

n
ce

D
e
te

rm
in

e
 m

a
xim

u
m

 in
te

n
s
ity

 o
f 

ce
ll

R
e

p
e

a
t fo

r a
ll c

e
lls

 a
n

d
 a

ll s
a

m
p

le
s
 

a
n

d
 g

e
n

e
ra

te
 s

w
a

rm
 p

lo
t

1
3

2
4

Figure 2.1 - Fluorescence Intensity Analysis 
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2.5.3 Transmission Electron Microscopy 

2.5.3.1 Cell Fixation 

For electron microscopy, 500 µL of sample was added to the fixation cocktail described above 

(2.5.2.1) and incubated for 30 min at 37°C, before a further 15 min incubation on ice. Fixed cells 

were harvested via centrifugation (2 min at 6000 x g) and washed 3 times in tris-buffered saline 

(TBS). Pellets were resuspended in 30 µL TBS and stored at 4°C. 

2.5.3.2 Electron Microscopy 

Electron microscopy imaging and analysis was performed by Christopher Hill at the electron 

microscopy unit at the University of Sheffield. Glutaraldehyde-fixed samples were washed in 0.1 M 

sodium cacodylate buffer, before a secondary fixation using 1% aqueous osmium tetroxide. Samples 

were washed again using 0.1 M sodium cacodylate buffer, before being dehydrated with ethanol, 

embedded in resin, and thin sectioned using a Reichert Ultramicrotome. Sections were then 

ǘǊŀƴǎŦŜǊǊŜŘ ƻƴǘƻ ŎƻǇǇŜǊ ŎƻŀǘŜŘ ƎǊƛŘǎ ŀƴŘ ǎǘŀƛƴŜŘ ǿƛǘƘ ǳǊŀƴȅƭ ŀŎŜǘŀǘŜ ŀƴŘ wŜȅƴƻƭŘΩǎ ƭŜŀŘ ŎƛǘǊŀǘŜΦ 

Sections were visualised using the FEI Tecnai T12 with a tungsten source operated at 80 kV, and 

imaged using a Gatan Orius SC1000B camera. 

 

2.6  RNA and Quantitative Reverse Transcription 

PCR (qRT-PCR) 

2.6.1 RNA Isolation 

RNA was extracted from 5 mL of log-phase cells. On reaching OD600nm 0.5, 10 mL of RNA Protect 

(Qiagen) was added to samples. Samples were incubated for 5 min at 37°C, before being harvested 

by centrifugation (10 min at 4,000 x g at 4°C). Pellets were resuspended in 1 mL of RNA Pro solution 

from the FastRNA Pro Blue Kit (MP Biosciences), and added to a matrix tube containing 0.1 mm 
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silica beads. Cells were lysed using the FastPrep-24 5G instrument (MP Biomedicals) using 2 cycles of 

20s (6 m/s), with 2 min on ice between cycles. Matrix beads were removed via centrifugation (16000 

x g for 10 min at 4°C), and liquid was transferred to a microfuge tube and incubated at room 

ǘŜƳǇŜǊŀǘǳǊŜ ŦƻǊ р ƳƛƴΦ олл ˃[ ƻŦ ŎƘƭƻǊƻŦƻǊƳ ǿŀǎ ǘƘŜƴ ŀŘŘŜŘΣ ŀƴŘ ǎŀƳǇƭŜǎ ǿŜǊŜ ǾƻǊǘŜȄŜŘ ŦƻǊ мл ǎΦ 

Samples were centrifuged (16000 x g for 10 min at 4°C) to separate the phases, and the aqueous 

phase was transferred to a new microfuge tube containing 500 µL 100% ethanol. Samples were 

incubated at -20°C overnight, and then centrifuged (16000 x g for 15 min at 4°C). The pellets were 

washed in 500 µL 70% ethanol, centrifuged again (16000 x g for 5 min at 4°C), and air dried for 5 min. 

RNA was eluted in 45 µL of nuclease free water (NEB). 

 

5b!ǎŜ ǘǊŜŀǘƳŜƴǘ ǿŀǎ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ ǘƘŜ ¢ǳǊōƻ 5bŀǎŜ ƪƛǘ ό!ƳōƛƻƴύΣ ŀǎ ǇŜǊ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ 

instructions. The samples were then cleaned up using the RNeasy MinElute cleanup kit (Qiagen), 

ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ 

 

RNA quantity and purity was measured via A260 spectrophotometry, and samples were stored at -

80°C.  

 

2.6.2 Generation of cDNA 

First strand complementary DNA (cDNA) was synthesised from 5 µg RNA using SuperScript III 

Reverse Transcriptase (ThermoFisher). 26 µL (5 µg) RNA was mixed with 2µL deoxyribonucleotide 

triphosphate όŘb¢tύ ƳƛȄ ŀƴŘ м ҡ[ ƻŦ мл ˃a ǊŀƴŘƻƳ ƘŜȄŀƻƭƛƎƻǎΣ ƘŜŀǘŜŘ ǘƻ срϲ/ όр ƳƛƴύΣ ŀƴŘ ŎƻƻƭŜŘ 

on ice (2 min). A mastermix containing 8 µL 5x reverse transcriptase buffer, 2 µL 0.1 M dithiothreitol 

(DTT), 1 µL RiboLock RNase inhibitor (Thermo), and 2 µL SuperScript III Reverse Transcriptase was 

added to samples. Reverse transcription was performed using a temperature cycle of 25°C for 5 min, 
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50°C for 30 min, and 70°C for 15 min. An additional 86 µL of nuclease free water (NEB) was added to 

ǎŀƳǇƭŜǎΣ ǎƻ ǘƘŀǘ ŀƭƭ ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ǿŜǊŜ Ŝǉǳŀƭ ǘƻ пл ƴƎκҡ[Σ ŀƴŘ р ˃[ ǿŀǎ Ŝǉǳŀƭ ǘƻ нлл ƴƎ ƻŦ Ŏ5b!Φ  

 

Reverse Transcriptase negative samples were also prepared, as above, but without the addition of 

SuperScript III, to monitor DNA contamination. 

 

2.6.3 Plasmid for qRT-PCR 

Expression of genes using qRT-PCR was measured as described in Turner et al., 2009, whereby exact 

copy number of target gene was measured using a plasmid, containing a single copy of each target 

gene, to standardise the assay. This plasmid was designed to include each target transcript back-to-

back, plus the housekeeping gene rpoA (most commonly used reference in C. difficile quantification 

studies). The fragment was synthesised by Genewiz and cloned into a pUC-GW-Kan backbone. 

 

The plasmid was transformed into NEB5 h(2.2.10), purified, and linearised using an enzyme chosen 

(depending on the plasmid sequence) to cut only once. This was then diluted to 2x107 ŎƻǇƛŜǎ ǇŜǊ ˃[Φ 

 

2.6.4 Melt Curve Analysis 

Melt curve analysis was used prior to qRT-PCR to assess whether the reactions produced single 

specific products, and to determine the optimal temperature to measure fluorescence. Target 

fragments were amplified using standard PCR (2.2.2) using the qRT-PCR plasmid (2.6.3) as a 

template, and purified (2.2.4). The melt curve reaction was assembled by combining 20 µL of SYBR 

Green JumpStart Taq ReadyMix (Sigma-Aldrich) and 5 µL of purified PCR product. The reaction was 

run on the BioRad CFX Connect Real Time System, using the melt curve template in the BioRad CFX 

manager (v3.1). 
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2.6.5 Primer Matrix 

qRT-PCR reactions were optimised using a primer matrix. Reactions were set up as below, using the 

qRT-PCR plasmid (2.6.3) as a template. 4 dilutions of plasmid (2x107 - 2x104 copies per ˃L) were 

measured, using 3 primer dilutions (1/5, 1/10, 1/20). A matrix was completed for all target genes. 

Optimal conditions were chosen based on efficiency (80-90%, within 5% for all targets).  

 

2.6.6 qRT-PCR 

qRT-PCR was performed using SYBR Green JumpStart Taq ReadyMix (Sigma-Aldrich). Each reaction 

comprised 25 µL SYBR Green JumpStart Taq ReadyMix, 7 µL MgCl2, 11 µL nuclease free water (NEB), 

н ˃[ ƻŦ ǇǊƛƳŜǊ ǇŀƛǊ όŀǇǇǊƻǇǊƛŀǘŜ Řƛƭǳǘƛƻƴ ŘŜǘŜǊƳƛƴŜŘ ōȅ ǇǊƛƳŜǊ ƳŀǘǊƛȄύΣ ŀƴŘ р ҡ[ Ŏ5b! 

(concentration of 40 ng/µL, giving 200 ng). Standard curves were made for each experiment using 

the plasmid, serially diluted from 2x107 - 2x101 ŎƻǇƛŜǎ ǇŜǊ ˃[ ƛƴ ƭŀƳōŘŀ 5b! όtǊƻƳŜƎŀύ ǘƻ ƳƛƳƛŎ 

DNA-rich sample conditions. Negative (water) and reverse transcriptase negative samples were run 

in parallel to monitor DNA contamination. Experiments were run using the BioRad CFX Connect Real 

Time System. Amplification was initiated via a denaturation (95°C, 3 min), which was followed by 40 

cycles of 95°C for 10 s, 58°C for 10 s, 72°C for 15 s, and ~ 70°C for 10 s to measure fluorescence 

(depending on optimal temperature identified in the melt curve). After cycle completion, a melt 

curve was performed as standard. qRT-PCR was performed in biological and technical triplicate. 

Copy number was calculated using the BioRad CFX manager (v3.1), and results were expressed as 

copies per 1000 copies of rpoA. 
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3.1  Introduction  

Large-scale, highly parallel experimental evolution has been accomplished in multiple bacterial 

species, the most famous of these being the long-term E. coli evolution performed by Lenski and 

colleagues (Lenski, 2017). Evolving multiple populations in parallel is invaluable for studying 

antibiotic resistance, allowing appreciation of alternative routes to resistance and population 

dynamics. This was demonstrated again in E. coli, whereby a 6-population evolution of triclosan 

resistance revealed how resistance can occur through multiple different mutations in the fabI gene, 

ǘƘŜ ŀƴǘƛōƛƻǘƛŎΩǎ ƳƻƭŜŎǳƭŀǊ ǘŀǊƎŜǘ (Leyn et al., 2021). This convergent evolution not only suggested 

that FabI is the sole target of triclosan, but showed how multiple mutations could lead to the same 

outcome. Beyond this, sequencing isolates from multiple time points during the evolution provided a 

detailed picture of initial mutations which were later outcompeted by variants providing higher-level 

resistance.  

 

Multiple variations of classical experimental evolution have been used to advance understanding of 

antimicrobial resistance. A notable example, the intentional inclusion of hypermutators to drive 

accelerated evolution and mutation accumulation, was recently used to explore metronidazole 

resistance in C. difficile (Deshpande et al., 2020). A hypermutator phenotype can be induced by 
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deletion of mutSL, encoding a DNA damage repair system (Prunier and Leclercq, 2005). Since stable 

metronidazole resistant isolates have been historically difficult to obtain, evolving resistance in a 

mutSL knockout was used to investigate the accumulation of mutations leading to resistance. This 

led to identification of multiple genes involved in both low- and high-level metronidazole resistance. 

Vancomycin resistance has been slow to evolve in C. difficile in clinic, with relatively few examples of 

resistant clinical isolates (Greentree et al., 2022). Experimental evolution of vancomycin resistance in 

C. difficile may therefore benefit from a similar approach, to enable investigation beyond first-step 

resistance. 

 

However, the lack of reported vancomycin resistant clinical isolates could potentially be explained by 

a high fitness cost of resistance carriage. Since a full phenotypic characterisation of laboratory-

derived vancomycin resistant C. difficile isolates has not been reported, an investigation into 

important fitness parameters, such as growth and sporulation efficiency, would be beneficial. 

Similarly, as cross-resistance is a common phenomenon, often reported in other species, 

understanding the relationships between vancomycin resistance and resistance to other antibiotics 

in C. difficile would be of particular clinical importance.  

 

3.2  Aims and Outcomes  

The work presented in this chapter aimed to address these shortfalls, to provide a new standard for 

highly parallel laboratory evolution in C. difficile. Mutagenesis was used to generate a clinically-

relevant, but non-pathogenic, strain of C. difficile for experimental evolution of vancomycin 

resistance. This strain was further modified by the deletion of mutSL, and by genetic barcoding for 

future characterisation. A highly parallel evolution was performed, producing vancomycin resistant 

populations. Phenotypic characterisations, including growth and sporulation efficiency analyses, 
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were performed to assess potential fitness costs of resistance acquisition. Sequencing of both 

isolates and populations was then performed to assess vancomycin resistance on both an individual 

and population level, to allow understanding of the routes to resistance, and the population 

dynamics involved in high-level resistance. 

 

  



 

Experimental Evolution of Vancomycin Resistance in C. difficile 
 

61 
 

3.3  Results  

3.3.1 Large-scale, Parallel Evolution in C. difficile 

3.3.1.1 Production of Parental Isolates 

C. difficile with an MIC >16 µg/mL may be described as highly resistant to vancomycin (Greentree et 

al., 2022). In order to evolve high-level vancomycin resistance in the clinically relevant ribotype 027 

C. difficile strain R20291, it was first prudent to generate a non-pathogenic background. This was 

achieved previously by the Fagan lab group (data not published) by the deletion of 18 kb, spanning 

the entire PaLoc, including the genes encoding both major toxins and associated regulatory proteins, 

resulting in the ǎǘǊŀƛƴ wнлнфмɲPaLoc.  

 

To accelerate vancomycin resistance evolution, a subsequent deletion, removing the mutSL genes 

encoding a DNA-damage repair system, generated the hypermutable variant R20291ɲPaLocɲmutSL. 

Mutagenesis of C. difficile was performed by allelic exchange. Specifically, regions approximately 

1,200 bp either side of the mutSL cluster were amplified from the genome via PCR, using the primer 

pairs RF2066/RF2067 and RF2068/RF2069. The resulting fragments, the left and right homology 

arms, were then joined together and inserted into pJAK112 (linearised by BamHI/SacI restriction 

digest) via Gibson assembly (Figure 3.1). The new construct, pJEB002, was transformed into E. coli 

b9.рʰΦ hƴŎŜ ǘƘŜ ǇW9.ллн ǎŜǉǳŜƴŎŜ ǿŀǎ Ŏƻƴfirmed to be correct, the plasmid was transformed into 

E. coli CA434, before conjugation into C. difficile wнлнфмɲPaLoc. Colonies were screened by PCR to 

confirm single recombination ς i.e. insertion of the plasmid into the C. difficile genome at the desired 

site. Colonies where single recombination was confirmed were grown on BHI, before harvesting to, 

and incubation on, CDMM agar with 5-fluorocytosine. The plasmid-encoded codA gene selects 

against plasmid carriage in the presence of 5-fluorocytosine, since codA encodes a cytosine 
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deaminase, which converts 5-fluorocytosine to cytotoxic 5-fluorouracil. The resulting colonies were 

screened for the deletion of mutSL by PCR, and the deletion was confirmed via Sanger sequencing. 

 

 

Fragments approximately 1200 bp either side of the target gene(s) ς known as the left homology 
arm (LHA) and right homology arm (RHA) ς were amplified. Gibson assembly was used to 
incorporate the LHA and RHA into the linearised pJAK112 vector backbone to produce the 
mutagenesis vector construct. The pJAK112 vector contains traJ for conjugative transfer, codA for 
negative selection, plasmid replication genes for both E. coli and C. difficile, and catP for 
chloramphenicol/thiamphenicol resistance (plasmid selection). 
  

LHA RHATarget Gene

LHA RHA

Chromosome

PCR amplification

Gibson Assembly

SacI BamHI

Chloramphenicol / 
Thiamphenicol
resistance

Plasmid replication 
proteins

Conjugative 
transfer

Negative selection

Figure 3.1 - Generating a Mutagenesis Vector 
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To differentiate the 10 replicate lines used in the experimental evolution, 9-nucleotide barcode (Bc) 

sequences were inserted downstream of the pyrE gene in five wнлнфмɲPaLoc, and five 

R20291ɲPaLocɲmutSL isolates. This resulted in 10 individually barcoded replicate lines 

(R20291ɲPaLoc pyrE::barcode 1-5; R20291ɲPaLocɲmutSL pyrE::barcode 7-11). Barcodes were 

designed to be differentiable even in the presence of mutations, accounting for potential disruption 

in hypermutators. Table 3.1 summarises the construction of plasmids for strains relevant to this 

chapter. 

 

Table 3.1 - Strains and Constructs Relevant to This Chapter 

 

  

Strain Construction  Plasmid 

wнлнфмҟPaLoc Previously constructed. pJAK143 

wнлнфмҟtŀ[ƻŎɲƳǳǘ{[ Homology arm amplification using RF2066/RF2067 and 
RF2068/RF2069. Gibson assembly into linearised 
pJAK112. 

pJEB002 

wнлнфмҟPaLoc 
pyrE::barcode 1 

Plasmid previously constructed via Genewiz synthesis, 
followed by ligation into pJAK081 linearised by 
RF1810/RF1811. 

pJAK201 

wнлнфмҟPaLoc 
pyrE::barcode 2 

Plasmid previously constructed via Genewiz synthesis, 
followed by ligation into pJAK081 linearised by 
RF1810/RF1811. 

pJAK202 

wнлнфмҟPaLoc 
pyrE::barcode 3 

Plasmid previously constructed via inverse PCR of 
pJAK201 with RF1902/RF1903 

pJAK203 

wнлнфмҟPaLoc 
pyrE::barcode 4 

Plasmid previously constructed via inverse PCR of 
pJAK201 with RF1904/RF1905 

pJAK204 

wнлнфмҟPaLoc 
pyrE::barcode 5 

Plasmid previously constructed via inverse PCR of 
pJAK201 with RF1906/RF1907 

pJAK205 

wнлнфмҟtŀ[ƻŎɲƳǳǘ{[ 
pyrE::barcode 7  

Plasmid previously constructed via inverse PCR of 
pJAK201 with RF1912/RF1913 

pJAK207 

wнлнфмҟPaLocɲmutSL 
pyrE::barcode 8 

Plasmid previously constructed via inverse PCR of 
pJAK201 with RF1914/RF1915 

pJAK208 

wнлнфмҟPaLocɲmutSL 
pyrE::barcode 9 

 Plasmid previously constructed via inverse PCR of 
pJAK201 with RF1916/RF1917 

pJAK209 

wнлнфмҟPaLocɲmutSL 
pyrE::barcode 10 

Plasmid previously constructed via inverse PCR of 
pJAK201 with RF1918/RF1919 

pJAK210 

wнлнфмҟPaLocɲmutSL 
pyrE::barcode 11 

Plasmid previously constructed via inverse PCR of 
pJAK201 with RF1920/RF1921 

pJAK211 
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3.3.1.2 ɲmutSL Increases Mutation Rate 20-fold 

To assess the change in mutation rate following the deletion of DNA-damage repair system genes 

mutSL, a rifampicin resistance assay was performed. Rifampicin is commonly used for mutation rate 

assays due to resistance being conferred by single base pair substitutions in rpoB (Guérillot et al., 

2018). Overnight cultures of R20291ɲPaLoc and R20291ɲPaLocɲmutSL were concentrated 10-fold 

and used to calculate colony forming units (CFU). The remainder of the sample was spread on BHI 

plates containing 8x MIC rifampicin. The mutation rate was calculated by dividing mutants per mL by 

CFU per mL. The deletion of mutSL from R20291ɲPaLoc yielded an approximate 20-fold increase in 

mutation rate. 

 

3.3.1.3 Vancomycin Resistance Evolves Rapidly in C. difficile During in vitro Experimental Evolution 

The experimental evolution was performed using a broth-based gradient approach. This method was 

chosen since it allows the exertion of high selective pressures, whilst minimising the risk of 

extinction, since sub-MIC growth is captured at each passage. The evolution was initiated by 

inoculating 6-well plates filled with TY media (4 mL per well) with the 10 barcoded strains. Each well 

was supplemented with vancomycin at either 0.25x, 0.5x, 1x, 2x, 4x, or 8x the initial MIC of 1 µg/mL. 

The populations were then passaged every 48 h. After a visual inspection, cells from the well with 

the highest antibiotic concentration permitting growth were propagated in a 1:400 dilution to a 

fresh 6-well plate. A vancomycin gradient across the plate was maintained at 0.25x ς 8x MIC each 

passage, by using the MIC from the previous passage to calculate subsequent vancomycin 

concentrations. This process was repeated for a total of 30 serial transfers per replicate line. 

Populations underwent approximately 8.64 generations per transfer, yielding approximately 259 

generations throughout the course of the experiment. Alongside the vancomycin evolution, ten 

matched control populations were propagated under equivalent conditions in the absence of 

vancomycin, to control for mutations arising due to laboratory adaptation. 
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Resistance evolved rapidly in all ten replicate populations propagated with vancomycin selection 

(Figure 3.2a). Nine of the ten replicate lines evolved to grow in 2 µg/mL vancomycin by the end of 

the second passage (P2). Although not measured by a classical MIC assay, growth in 2 µg/mL 

vancomycin suggests an MIC of 4 µg/mL (referred to hereafter as the apparent MIC), meaning nine 

of the ten evolved populations reached the European committee on antimicrobial susceptibility 

testing (EUCAST) breakpoint within 144 h. An apparent MIC of 16 µg/mL was relatively stable in 

many replicate populations, being maintained for long periods. In contrast, an apparent MIC of 32 

µg/mL was often unstable, being lost in subsequent passages at least once in eight of the ten 

replicate populations, however this was usually regained (six of the ten replicate populations). An 

apparent MIC of 64 µg/mL was only observed in one replicate line (Bc9), but evolved three separate 

times across the evolution. This was a highly unstable occurrence, which was immediately lost in the 

subsequent passage each time. All ten replicate lines had an apparent MIC of 16 (Bc2, 3, 4) or 32 

(Bc1, 5, 7, 8, 9, 10, 11) µg/mL vancomycin by passage 30 (P30). 

 

To investigate whether R20291ɲPaLocɲmutSL promoted accelerated vancomycin resistance 

evolution, the apparent MICs at each time point for wild type (WT) (R20291ɲPaLoc pyrE::barcode 1-

5) and hyper-mutating (R20291ɲPaLocɲmutSL pyrE::barcode 7-11) replicate evolved populations 

were averaged and subjected to linear regression analysis. The hyper-mutating replicate lines 

showed significantly accelerated vancomycin resistance evolution compared to WT replicate lines 

(Figure 3.2b). 

  



 

Experimental Evolution of Vancomycin Resistance in C. difficile 
 

66 
 

 

Figure 3.2 - Evolution of Vancomycin Resistance 
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(A) Changes in apparent vancomycin MIC over the course of a 30 transfer experimental evolution. 
Apparent MIC was determined as the well with the lowest vancomycin concentration showing no 
clear growth. (B) Shown are the means and standard deviations of the apparent MIC for five wild 
type (open squares) and five hyper-mutating (closed circles) populations. Linear regressions fitted to 
each data set, blue and pink respectively, are significantly different by Analysis of Covariance 
(ANCOVA), P=0.0008. (C) Agar dilution MICs of clones isolated from the P30 populations. Dark pink 
shows an MIC consistent with the apparent MIC of the population from which it was isolated. 
Medium pink shows a 2-fold MIC reduction, and light pink shows a 4-fold MIC reduction, compared 
to the apparent MIC of the respective populations. The colony chosen for sequencing (and 
subsequent phenotypic characterisations) is shown in the final column. 
 
 
 
To assess the heterogeneity of the replicate evolved populations at the end of the evolution, 

multiple individual clones (minimum 6 per replicate line) were isolated from each evolved 

population at P30. The MIC of each individual clone was measured by agar dilution. Of the 82 clones 

tested, 38 (46%) had an MIC consistent with the apparent MIC of the population from which they 

were isolated (Figure 3.2c). In fact, only two evolved populations showed complete homogeneity in 

MIC ς Bc4 and Bc10 reliably displayed an MIC consistent with the apparent MIC of their respective 

populations. The remaining replicate populations produced variable MICs: 42 clones displayed MICs 

2-fold lower than the apparent MIC of their respective populations, while two clones displayed MICs 

4-fold lower. The most heterogeneous populations in terms of range of clonal MICs were Bc3 and 

Bc5. Overall, this demonstrates significant variation within evolved populations by the end of the 

evolution. 

 

3.3.2 Phenotypic Analysis of Resistant Isolates 

Clones isolated from the P30 evolved populations, referred to hereafter as evolved isolates, were 

phenotypically assayed in terms of growth, sporulation efficiency, and morphology. The evolved 

isolate assayed for each replicate barcode was the same as the isolate chosen for sequencing (shown 

in Figure 3.2c). 
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3.3.2.1 Vancomycin Resistant Clones Display Reduced Growth 

To assess the consequences of vancomycin resistance on evolved isolate fitness, growth was 

measured in vitro in rich liquid media (TY broth) (Figure 3.3a). Each evolved isolate was compared to 

its respective parental strain. All 10 evolved isolates displayed growth defects, with some exhibiting 

more severe impairments. In particular, Bc1, 7 and 10 showed slower growth and a reduced 

maximum optical density (OD). Bc11 showed the most extreme growth phenotype, with very slow 

growth and the lowest OD after 8 h.   

 

To statistically compare growth differences between evolved isolates and their matched parental 

strains, growth curves were analysed using the R package Growthcurver (Sprouffske and Wagner, 

2016). Growthcurver summarises plate reader outputs, providing multiple parameters for growth 

measurement, such as generation time (t_gen) and area under the curve (AUC). To assess which 

growth measurement was the most representative, a cross correlation of Growthcurver outputs was 

performed using the R package Hmisc (Harrell and Dupont, 2019). Cross correlations were visualised 

using the R package Corrplot to produce a correlation matrix, highlighting the most associated 

variables (Wei and Simko, 2021) (Figure 3.3b). The best measurement of growth was determined to 

be AUC, which was subsequently used to statistically compare growth of each evolved isolate with 

its matched parental strain, using {ǘǳŘŜƴǘΩǎ ǘ-tests with Welch's correction. All evolved isolates 

displayed significantly different growth profiles compared with their matched parental strain, 

showing vancomycin resistance negatively impacts growth in rich media. 
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Figure 3.3 - Growth of Evolved Isolates 
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(A) Growth over time in rich media (TY broth) was evaluated by measuring OD at 600 nm in a 96 well 
microplate spectrometer. Growth of each evolved isolate (coloured lines) was compared to its 
matched parental strain (black lines). Shown are the mean and standard deviation of repeats, 
assayed at minimum in biological and technical triplicate. For each strain, area under the curve was 
determined using the GrowthCurver R pacƪŀƎŜ ŀƴŘ ǘƘŜǎŜ ǿŜǊŜ ŎƻƳǇŀǊŜŘ ǳǎƛƴƎ {ǘǳŘŜƴǘΩǎ ǘ-tests 
with Welch's correction, with the P value shown on each graph. All pairwise differences are 
significant. (B) Cross-correlation of Growthcurver outputs to determine the best measure of growth 
to compare samples. 
 
 
 

3.3.2.2 Vancomycin Resistance Results in a Range of Sporulation Phenotypes 

Since sporulation is a key hallmark of C. difficile virulence and pathogenicity, the sporulation (and 

germination) efficiency of evolved isolates was assessed. Sporulation efficiency was determined 

using heat resistance by comparing total cell counts with heat-treated (65°C, 30 min) spore counts 

over a period of 5 days. Each evolved isolate was compared to R20291ɲPaLoc in biological duplicate 

and technical triplicate. Sporulation efficiency was statistically assessed by comparing the spore 

count AUC of each evolved isolate to the WT spore count AUC, as this provided a representative 

measure of sporulation rate and efficiency. From this, a range of sporulation phenotypes were 

apparent ς Bc3 and Bc5 displayed no difference in sporulation efficiency, with a profile almost 

identical to the WT. Several strains did, however, display impaired sporulation phenotypes of 

ranging severities (Figure 3.4). Bc4 showed mild defects in sporulation, with a similar apparent rate 

to the WT, but with reduced sporulation efficiency. Bc8 showed a delayed sporulation phenotype, 

whereby efficiency at time point 5 was comparable to the WT, but earlier time points demonstrated 

a slower population transition from vegetative cells to spores. Bc7, 9 and 10 had severe sporulation 

defects, with both reduced sporulation rates and efficiencies. The most severe sporulation 

phenotype, a total lack of sporulation, was found in Bc11. Taken together, it is clear vancomycin 

resistance can result in pleiotropic sporulation defects.  
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Sporulation efficiencies of each evolved isolate (coloured lines) were compared to the same parental 
wнлнфмɲPaLoc (black lines). All evolved isolates were compared to wнлнфмɲPaLoc, regardless of 
their parental mutational background (ɲmutSL, barcode). Stationary phase cultures were incubated 
anaerobically for 5 days with samples taken daily to enumerate total CFUs (dotted lines) and spores 
(solid lines), following incubation at 65°C for 30 min to kill vegetative cells. Shown are the mean and 
standard deviations of biological duplicates assayed in triplicate. For each strain, spore CFU area 
under the curve was determined using GraphPad Prism, and these were compared using Dunnett's 
T3 multiple comparisons test with the adjusted P value shown on each graph. * = significant 
difference, N.S. = not significant. 

Figure 3.4 - Sporulation of Evolved Isolates 
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3.3.2.3 Altered Morphological Changes at the Cellular Level 

Since vancomycin impacts the cell wall, it was not unfeasible to consider the potential morphological 

ramifications of resistance acquisition. On account of this, evolved isolates and the R20291 WT were 

imaged via phase contrast microscopy to determine whether there were morphological differences 

on a cellular level. Despite cell morphology being broadly similar, large variations in cell length were 

observed between evolved isolates (Figure 3.5a). To investigate this further, cell lengths of evolved 

ƛǎƻƭŀǘŜǎ ŀƴŘ ǘƘŜ wнлнфмɲPaLoc WT were analysed using microbeJ (Ducret et al., 2016). Cells were 

first segmented, before length measurements of all cells in-frame were performed. A minimum of 

185 cells, across multiple images and multiple biological replicates, were measured. The length 

measurements were visualised using a violin plot, and statistically analysed using a one-way analysis 

of variance (ANOVA) with Dunnett's T3 multiple comparisons (Figure 3.5b). Bc 2, 7, 8 and 9 showed 

no significant difference in cell length compared to the WT. Of the evolved isolates with a 

significantly different median cell length, Bc4 was the only replicate to be significantly smaller than 

the WT. Bc 1, 3, 5, 10 and 11 were all significantly longer than the WT, with Bc5 being the largest. 
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Phase contrast light microscopy of mid-log cultures of each wild type (A) and hyper-mutating (B) 
evolved isolateΣ ǿƛǘƘ wнлнфмɲPaLoc for comparison. Shown is a representative field of view for each 
strain. (C) Images were analysed using MicrobeJ to determine lengths of at least 185 individual cells 
for each strain. Shown is an all-point violin plot with the median indicated by a solid horizontal line. 
{ǘŀǘƛǎǘƛŎŀƭ ǎƛƎƴƛŦƛŎŀƴŎŜ ƻŦ ŜǾƻƭǾŜŘ ƛǎƻƭŀǘŜǎ ŀƎŀƛƴǎǘ ǘƘŜ wнлнфмɲPaLoc control was calculated using a 
one-way ANOVA with Dunnett's T3 multiple comparisons test, ** = P<0.0001, N.S. = not significant. 
 
 
 

3.3.2.4 Electron Microscopy of Evolved Isolates 

Since vancomycin resistance resulted in varied sporulation and cell length phenotypes, changes in 

spore ultrastructure as a consequence of vancomycin resistance were investigated via transmission 

ŜƭŜŎǘǊƻƴ ƳƛŎǊƻǎŎƻǇȅ ό¢9aύΦ 9ǾƻƭǾŜŘ ƛǎƻƭŀǘŜǎΣ ŀƴŘ ǘƘŜ wнлнфмɲPaLoc WT control, were grown in TY 

broth for 5 days before fixation, processing and imaging. Electron microscopy imaging was 

performed by Christopher Hill at the University of Sheffield Electron Microscopy Unit. 

 

C. difficile spores are complex, multi-structured entities, the basic components of which are labelled 

in Figure 3.6. The dense, darkly stained spore core houses the DNA, and is well protected by the 

outer layers (Buddle and Fagan, 2023). These layers comprise an inner membrane, primordial cell 

wall, a flexible peptidoglycan cortex, outer membrane, proteinaceous spore coat and exosporuim. 

Most of the evolved isolates had typical spore morphologies with clearly identifiable spore 

structures, consistent with those of the WT (Figure 3.6). The exosporuim was clearly discernible on 

Bc1, 2, 3, 5 and 8. Bc9 displayed altered spore morphologies, with a large core, but thin cortex and 

spore coat layers. No obvious examples of spores could be found in Bc11 samples, consistent with 

the lack of sporulation observed in the sporulation efficiency assay. 

  

Figure 3.5 - Cell Morphology of Evolved Isolates 
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Spore ultrastructure of C. difficile WT (A) and hyper-mutating (B) evolved isolates, with 
wнлнфмɲPaLoc for comparison. Basic spore features are labelled on wнлнфмɲPaLoc. Images taken 
after 5 days of growth in TY medium. Shown is a representative spore structure for each replicate 
line. 
  

A Bc1 Bc2 Bc3

Bc4 Bc5

Bc7 Bc8 Bc9

Bc10 PaLoc (WT)
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Cortex
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Figure 3.6 - Thin Sections of Evolved Isolate Spores 
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3.3.2.5 Evolved Isolates Have Similar Evolutionary Trajectories 

Pulling together the above phenotypic observations allows visualisation of the evolutionary 

trajectories of the evolved isolates. There are multiple approaches to determining patterns of 

phenotypic evolution, with principal component analysis ς plotting phenotypic observations in a 

phenotypic change vector ς being the gold-standard (Adams and Collyer, 2009). PCA allows 

consolidation of multiple variables into a single plot, reducing the dimensionality of datasets whilst 

preserving information (Jolliffe and Cadima, 2016). This provides an assessment of trajectories, their 

magnitude, and parallelism between replicate lines. For simplicity, only the five WT-derived evolved 

isolates, and the R20291ɲPaLoc ancestor, were assessed. To generate the PCA, phenotypic 

observations were first condensed into single representative measurements. For growth analysis, 

this was determined to be AUC (section 3.3.2.1). Similarly, sporulation AUC was used to represent 

sporulation variation (section 3.3.2.2). Cell length and MIC were also incorporated, and all 

measurements were made relative to the WT. The PCA was computed using the prcomp() function 

in Base R (http://www.rproject.org/), and visualised using the factoextra package (Kassambara and 

Mundt, 2020). The first 2 principal components were plotted, since together these explained 93% of 

the variance (Figure 3.7). 

 

Visualising the evolved isolates in multivariate phenotype space showed all five evolved isolates 

followed similar evolutionary trajectories away from the parental WT ancestor. These trajectories 

were generally associated with lower sporulation efficiency and growth defects, albeit with 

divergence in relation to cell size, and extent of the fitness burdens. Bc3 was closest in fitness to the 

parental WT in terms of phenotypes measured. Bc2 and Bc4 appeared to have the worst 

fitness/resistance trade off, as both showed reductions in growth and sporulation, without the 

benefit of the high MICs displayed by Bc1 and Bc5. There was also no sub-clustering by resistance 
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mechanism, suggesting fitness is not solely determined by mutations relating to resistance, but also 

by accumulation of non-beneficial mutations throughout the course of the evolution. 

 

 

Principal Component Analysis (PCA) of P30 isolates from populations Bc1-5 (coloured points) vs the 
ancestral strain (black triangle), with PC1 versus PC2 plotted, accounting for 93% variance. The 
loadings (sporulation efficiency, growth, MIC, cell length) are shown in respective locations. Arrows 
show the evolutionary trajectories of wild-type replicate lines from their ancestor in multivariate 
phenotype space. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 3.7 - Principal Component Analysis of Evolved Isolates Bc1-5 
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3.3.2.6 Evolved Isolates Display Teicoplanin Cross-Resistance 

To investigate whether evolution of vancomycin resistance is associated with cross-resistance to 

other antibiotics, the MICs of evolved isolates and ǘƘŜ wнлнфмɲPaLoc WT were measured for 

teicoplanin. Teicoplanin is a semisynthetic glycopeptide antibiotic, acting in a similar manor to 

vancomycin to inhibit cell wall synthesis. On the grounds of this, it is not out of the question that one 

or more of the resistance mechanisms displayed by the evolved isolates may also provide protection 

against this antibiotic.  

 

All of the ten evolved isolates displayed elevated teicoplanin MICs relative to the WT (WT MIC 0.25 

µg/mL) (Figure 3.8). Increases were, however, relatively small ς a 2-fold increase was observed for 

six of the ten evolved isolates (Bc2, 3, 4, 5, 7, and 11), and a 4-fold increase was observed for the 

remaining four evolved isolates (Bc1, 8, 9, and 10). 4-fold increases were most often observed in 

hyper-mutating replicate lines. There was no correlation between vancomycin and teicoplanin 

resistance amongst the evolved isolates (P=0.2, data not shown). Despite being highly resistant to 

vancomycin, the low-level cross resistance observed suggests there are alternative teicoplanin 

resistance mechanisms which do not overlap with the captured vancomycin resistance mechanisms. 
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¢ŜƛŎƻǇƭŀƴƛƴ aL/ ƻŦ ŜǾƻƭǾŜŘ ƛǎƻƭŀǘŜǎΦ aL/ ƳŜŀǎǳǊŜŘ ōȅ ŀƎŀǊ Řƛƭǳǘƛƻƴ ƻƴ .ILΣ ǿƛǘƘ wнлнфмɲPaLoc as 
the WT control. Assays were performed in biological triplicate and technical duplicate. Shown is a 
single representative biological replicate. 
 
 
 

3.3.3 Genetic Basis of Vancomycin Resistance (Isolates) 

In order to understand the genetic basis of vancomycin resistance on an individual level, evolved 

isolates were sequenced. A single isolate from each of the ten replicate populations, which had an 

MIC consistent with the apparent MIC of the population from which it was isolated (section 3.3.1.3), 

Isolate Teicoplanin (µg/mL)

0 0.12 0.25 0.5 1 MIC

R20291ȹ

Paloc
0.25

P30 Bc1 1

P30 Bc2 0.5

P30 Bc3 0.5

P30 Bc4 0.5

P30 Bc5 0.5

P30 Bc7 0.5

P30 Bc8 1

P30 Bc9 1

P30 Bc10 1

P30 Bc11 0.5

Figure 3.8 - Teicoplanin Cross-resistance of Evolved Isolates 
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was selected for whole genome sequencing. One random isolate from each of the ten control 

populations was also sequenced as a matched control. Short-read 30x whole genome sequencing 

was performed using the Illumina NovaSeq 6000 at MicrobesNG. 

3.3.3.1 Creating an Optimised Isolate Sequencing Analysis Pipeline 

An optimised sequencing analysis pipeline was developed as part of this project, based on a resistant 

mutant analysis pipeline described previously (Wright et al., 2019). Illumina reads were trimmed by 

Trimmomatic (v0.30) at MicrobesNG. Trimmed reads were checked using FastQC (v0.11.9) (S 

Andrews, 2019), and aligned to the R20291 reference genome using BWA-mem (v0.7.17) (Li and 

Durbin, 2009). PCR duplicates, which occur when an error is amplified through PCR (increasing its 

likelihood of being falsely called as a variant), were removed using Picard (v2.25.2) 

(http://broadinstitute.github.io/picard/). The mpileup utility within SAMtools (v1.43) was 

subsequently used to generate the mpileup file required for Varscan. Mpileup summarises each base 

in a sequence, generating a table comprising the reference base, read bases, coverage and quality. 

Varscan (v2.4.3-1) (Koboldt et al., 2009) was chosen for variant detection due to its high sensitivity 

and specificity, its potential for use in both isolate and pooled sequencing samples, and since it 

provides increased freedom to optimise various parameters. Variants were called using Varscan 

parameters optimised for the genome sequence coverage, to reduce false positive and false 

negative calls. A minimum of 80% frequency was required for variant calls, a standard for isolate 

variant calling (Kaewprasert et al., 2022). To validate variants, samples were re-analysed using 

Breseq (v0.35.5) (Deatherage and Barrick, 2014), with variants being retained if detected in both 

analysis pipelines. The validated variants were also manually checked in IGV (v2.8.6) (Robinson et al., 

2011).  

3.3.3.2 SNPs, Frameshifts and Deletions Contribute to Vancomycin Resistance 

Analysis was focussed on variants which were observed in isolates evolved with vancomycin, but not 

in ancestral or matched-control isolates ς so-called vancomycin-unique variants ς since these are the 
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most likely to have evolved in response to vancomycin selection. Overall, 114 vancomycin-unique 

variants were observed across the ten evolved isolates (Appendix V - Isolate Variants). Wild type-

derived evolved isolates contained between one and three vancomycin-unique mutations per 

genome. In hyper-mutating evolved isolates, between 14 and 26 vancomycin-unique mutations per 

genome were observed. Of the 114 vancomycin-unique mutations observed, within-gene SNPs 

accounted for 43% of the variants, of which 67.4% were nonsynonymous and 32.6% were 

synonymous. Frameshifts accounted for a further 31% of variants, and in-frame deletions accounted 

for 1.8%.  

3.3.3.3 Parallel Evolution Observed Across all Ten Replicate Lines  

Parallel evolution is defined as the repeated evolution of a genotype in independent populations ς 

for example, variants occurring in the same genetic locus in multiple replicate populations. Given the 

size of the C. difficile genome, parallel evolution should be improbable ς even with a strong selective 

pressure such as vancomycin, there ought to be countless ways to evolve resistance, given the many 

genes involved in peptidoglycan biosynthesis and maintenance, and the many more genes involved 

in regulation. The presence of parallel evolution in these circumstances therefore suggests strong 

selection, and a potential role of these mutations in vancomycin resistance.  

 

In the five WT-derived evolved isolates, parallel evolution was observed at three genomic loci: vanT 

in 3 isolates, CDR20291_3437 (simplified to CD3437 hereafter) in 2 isolates and comR in 2 isolates 

(Figure 3.9). WhatΩs more, mutations in comR always co-occurred with mutations in vanT (Bc3 and 

Bc4) (although conversely, vanT occurred without comR in Bc5). VanT is a putative serine racemase 

encoded within a VanG-type cluster (referred to hereafter as the van cluster) that was previously 

implicated in decreased vancomycin susceptibility in C. difficile (Shen et al., 2020). comR encodes a 

homologue of the RNA degradosome component polynucleotide phosphorylase (PNPase), 

suggesting that RNA stability may play a role in the vanT-associated mechanism of vancomycin 
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resistance. Consistent with this possibility, the coexisting mutations in Bc5, the other WT-derived 

evolved isolate carrying a vanT mutation, included maa, which encodes a putative maltose O-

acetyltransferase; and a 75 bp deletion that completely removed an intergenic region downstream 

of rpmH and before rnpA, a locus encoding another predicted component of the RNA degradosome. 

Mutations affecting RNA stability were not observed in the other two WT-derived evolved isolates. 

 

CD3437, mutated in Bc1 and Bc2, encodes a predicted two-component system histidine kinase, with 

its cognate response regulator encoded by CD3438. The nearby locus CD3439 encodes a putative 

D,D-carboxypeptidase that likely plays a role in peptidoglycan modification through the removal of 

the terminal D-Ala from the stem peptide. Based on their predicted functions, these genes were 

renamed to dacS (CD3437, histidine kinase), dacR (CD3438, response regulator) and dacJ (CD3439, 

D,D-carboxypeptidase). Despite not being implicated in vancomycin resistance previously, the 

dacJRS cluster displayed strong evidence of selection. Consistent with this, all five hyper-mutating 

evolved isolates had mutations in either the van cluster (1 had a nonsynonymous mutation in vanT 

and 1 in vanS) or the dacJRS cluster, meaning all ten evolved isolates carried mutations in at least 

one of these two gene clusters. Mutations in vanT and dacS appeared to be mutually exclusive in the 

WT-derived evolved isolates, however in the hyper-mutating isolate Bc8, mutations in both dacS and 

CD1523 (vanS), encoding a two-component system sensor histidine kinase that is thought to 

regulate the van operon in response to vancomycin, were observed. This suggests the two pathways 

to resistance are not entirely mutually exclusive. 

 

dacS displayed no obvious co-occurrence with other mutations. In fact, illumina sequence data 

suggested there were no other unique mutations in Bc1. Conversely, in Bc2, nonsynonymous 

mutations in bclA3 and CD3124 were observed. bclA3 encodes a spore surface protein with no 

known function in vegetative cells, while CD3124 encodes an orphan histidine kinase of unknown 
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function. CD3124 showed striking parallelism at the SNP-level across the evolved isolates, being 

mutated in four of the ten isolates (Bc2, 7, 9, and 10), with an identical frameshift mutation in three 

(Bc7, 9, and 10) (Figure 3.9). 

 

Beyond those already mentioned, there were multiple occurrences of parallel evolution across the 

five hyper-mutating evolved isolates. One notable example was mreB2, which was mutated in 3 

hyper-mutating evolved isolates (Bc8, 9, and 10). MreB2, a bacterial actin homologue, is a rod shape 

determining protein and a component of the C. difficile elongasome, which directs localisation of 

peptidoglycan synthesis. Two mreB genes exist in C. difficile, mreB and mreB2, both of which are 

essential for growth in vitro (Dembek et al., 2015). mreB2 lies within the core elongsasome operon 

alongside mreCD and min genes, displaying the closest homology to B. subtilis mreB, and is the 

primary MreB-encoding gene in C. difficile (Enany, 2017). Interestingly, a further gene in this cluster, 

CD0985, displayed mutations in 2 hyper-mutating evolved isolates (Bc7 and Bc8), suggesting a role of 

the elongasome in vancomycin resistance. Mutations in elongasome-encoding genes were only 

observed in hyper-mutating evolved isolates, demonstrating the interesting evolutionary concept 

that hypermutators possess a larger evolutionary potential, allowing them to potentiate novel 

evolutionary paths not explored by the WT-derived evolved isolates (Figure 3.9). Furthermore, sdaB, 

which encodes an L-serine dehydratase, displayed mutations in two of the five hyper-mutating 

evolved isolates (Bc9 and Bc11). sdaB has previously been implicated in vancomycin resistance in 

early C. difficile evolution studies (Leeds et al., 2014). Although not subject to parallel evolution in 

this study, asnB1, encoding an asparagine synthetase, was mutated in Bc11. AsnB1 has previously 

been associated with vancomycin sensitivity in C. difficile, being responsible for peptidoglycan 

amidation in the presence of vancomycin (Ammam et al., 2020). The targeting of this gene therefore 

demonstrates a wider, more general, parallelism beyond this experimental evolution. 
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The remainder of this project focusses on the two key pathways to vancomycin resistance observed 

in the WT-derived evolved isolates ς dacJRS and the van cluster. These two pathways were present 

in all ten of the evolved isolates, and therefore likely represent significant drivers of vancomycin 

resistance in C. difficile. 
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Figure 3.9 - Genetic Basis of Isolate Resistance 
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The chromosomal locations of non-synonymous, vancomycin-unique variants in WT (top) and hyper-
mutating (bottom) derived C. difficile evolved isolates. Each concentric circle represents a single C. 
difficile genome, colour coded according to population as indicated in the key on the right. A full list 
of all variants shown here and including synonymous and intergenic mutations is included in 
Appendix V. 
 
 
 

3.3.4 Population Dynamics in Evolving Populations 

Having identified the presence of two major routes to resistance on an individual level, the 

contributions of these pathways to vancomycin resistance at the population level were assessed 

through pooled population sequencing. To understand the evolutionary dynamics driving the 

evolving populations, pooled population sequencing was performed at multiple time points. Whole 

population samples from all ten replicate lines were sequenced at three time points: passage 10, 20 

and 30, to capture changes across the entire experimental evolution. Control populations, from 

matched-control replicate lines (passaged in absence of vancomycin) were also sequenced at 

passage 10, 20 and 30, to control for changes occurring due to laboratory adaptation. Short-read 

pooled genome sequencing was performed using the Illumina NovaSeq 6000 at SNPsaurus. 

Sequencing was performed at 250x coverage to enable identification of low-frequency mutations. 

3.3.4.1 Creating an Optimised Pooled Sequencing Analysis Pipeline 

Population sequencing data differs from isolate sequence data, since the major aim of population 

sequencing is to discern both the variants present, and their relative frequencies in the population. 

To get the richest possible population data, low frequency variants must therefore be identifiable. 

For evolutionary study, 5% frequency is the gold-standard aim. This means adjustments are 

necessary to enable calling of low frequency SNPs, without false positive (erroneous calls) or false 

negative (not calling a true positive) errors. The result of this is a frequency/coverage trade-off: the 

variant frequency it is possible to call is inversely scaled with coverage. Low frequency variant calling 

thus requires high levels of coverage across the genome. 
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A sequence analysis pipeline, optimised for pooled sequencing samples and adjustable for coverage 

level, was developed as part of this project, based on the isolate sequencing pipeline described 

above (section 3.3.3.1). The initial stages of the pooled sequencing analysis pipeline were identical to 

the isolate pipeline, with divergence arising after generation of mpileup files. Coverage across the 

genome was plotted using Bedtools (v2.30.0) (Quinlan and Hall, 2010) genomecov and map 

functions. Average genome-wide coverage across all samples was 322x, however average coverage 

varied from 22x to 641x in vancomycin evolved populations. This disparity in coverage created 

additional complexity for analysis, which was solved using sequencing simulations. 

 

Sequencing data based on the R20291 genome was simulated at multiple coverage depths (80x, 

100x, 300x), using InSilicoSeq (v1.5.4) (Gourlé et al., 2019), with defined SNPs seeded at 5% 

frequency. Simulated sequences were evaluated using the analysis pipeline, and a range of Varscan 

parameters were trialled to generate a set of parameters to accurately call variants at all coverage 

levels. In all cases, a minimum coverage setting of 80% of the average coverage across the genome 

resulted in identification of all seeded SNPs. As is the gold-standard for variant calling (Warden et al., 

2014), a minimum of four reads were required to support a variant call. In order to achieve 5% 

frequency calling, the evolutionary gold-standard, with a minimum of four supporting reads and a 

minimum coverage of 80% of the average coverage, 100x coverage was required. This resulted in 

two sets of varscan parameters, dependent on average coverage across the genome (with 100x as 

the cut-off), to allow the lowest frequency calls possible with a strong evidence base. For samples 

with an average coverage across the genome of 100x or higher, the following Varscan (v2.4.3-1) 

mpileup2cns parameters were used: min-coverage 80; min-var-freq 0.05; p-value 0.05; variants 1; 

output-vcf 1 ς allowing variant calls as low as 5% frequency. Conversely, samples with an average 

coverage across the genome of below 100x used the following Varscan (v2.4.3-1) mpileup2cns 

parameters: min-coverage 4; min-reads2 4; min-var-freq 0.05; p-value 0.05; variants 1; output-vcf 1. 
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As with high-coverage samples, a minimum of four supporting reads were required to call a variant, 

however the minimum variant frequency call possible was inversely scaled (4/coverage at position), 

allowing low frequency calls only with good evidence. Despite potentially losing some richness, this 

allowed the quality of variant calls to remain consistent across samples.  

 

Due to the large number of variants across the populations, variants were filtered to focus on those 

which were most likely to have evolved in response to vancomycin selection. As with evolved isolate 

sequences, analysis focussed on variants which were observed in populations evolved with 

vancomycin, but not in matched-control populations (vancomycin-unique variants). Further filtering 

discarded variants that never reached above 10% frequency across the entire evolution, since these 

were unlikely to have large impacts on population resistance. Variants were also manually inspected 

ensure no variants remained the same frequency across all time points, indicating a false call. 
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3.3.4.2  Multiple KEGG Pathways are Affected by Vancomycin Resistance 

Nonsynonymous vancomycin-unique mutations were visualised using KEGG colour mapper, to 

understand the distribution of mutations within functional classes. Mutations were clustered within 

17 functional classes (Figure 3.10). The best represented classes were two component systems and 

ATP Binding Cassette (ABC) transporters, with six and four matched genes respectively. Genes 

involved in resistance and peptidoglycan biosynthesis were next best represented. 

 

Genes impacted by mutations during evolution (except those in the transiently hyper-mutating Bc1 
P20) were visualised in KEGG colour mapper and assigned to cellular pathways. Two component 
systems and ABC transporters were the best-represented functional classes. 
  

Figure 3.10 - KEGG Pathway Analysis of Genes Identified in Evolved Populations 
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3.3.4.3 Alternate Evolutionary Pathways Display Different Dynamics 

In total, discounting variants found in Bc1 P20, 535 vancomycin-unique variants were identified 

across all ten replicate populations throughout all time points in the evolution. Bc1 P20 was 

removed from the analysis, as this sample contained 520 additional mutations, which likely reflect 

random mutation due to the emergence of a spontaneous hyper-mutator phenotype (Figure 3.11a). 

This phenotype was transient ς only 12 mutations were present in Bc1 P10, and only 4 were present 

in Bc1 P30 ς however no high frequency mutations in DNA repair genes were identified as 

potentiators.  

 

Variants were defined as fixed if they were present in more than 95% of the population, and 

remained so throughout the remaining time points of the evolution. P30 variants present in over 

95% of the population were also included in analysis. Mutations which sweep through a population 

to reach fixation may be indicative of positive selection, especially if similar variants evolve in 

parallel across multiple populations. The population dynamics and fixation rates of the evolved 

populations were investigated, with particular focus on the two key pathways to resistance 

identified in the evolved isolates (Figure 3.11 and Figure 3.12). The dacS and vanT pathways showed 

highly contrasting selection dynamics: dacS mutations rapidly rose to high frequency, reaching 

fixation by P10. Interestingly, the same pattern was observed for dacR mutations in Bc7 and Bc10. At 

P10, the apparent population MICs ranged from 8-16 µg/mL, suggesting such variants are important 

for providing early, albeit lower-level, vancomycin resistance.  

 

By contrast, mutations in vanT arose later and only reached fixation by P20 or P30. These mutations 

were preceded by other, high frequency, mutations at P10 that did not survive, being supplanted by 

vanT variants which presumably conferred higher levels of vancomycin resistance and/or fitness. In 

Bc3, the two preceding high frequency mutations (both T>TA) were very close together, separated 
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by only 7 bp, in an intergenic region downstream of CD0482, encoding a uridine kinase, and 

upstream of glsA, encoding a glutaminase. These mutations are outside of the likely glsA promoter 

region, but could affect its regulation. Interestingly, changes in glutamine metabolism have 

previously been linked to vancomycin resistance in Staphylococcus aureus (Cui et al., 2000). The 

single high frequency mutation in Bc5 at P10 was a nonsynonymous substitution in CD3034, which 

introduced a Gly255Asp mutation in the encoded D-hydantoinase, an enzyme which may play a role 

in D-amino acid synthesis. Taken together, this suggests vanT is unlikely to be required for first-step 

resistance. vanT mutations may provide higher-level vancomycin resistance, allowing supplantation  

of earlier mutations, or may require potentiating prerequisite mutations to arise first, however no 

secondary mutations common to all populations with vanT mutations were identified. 

 

Beyond the two key pathways, interesting population dynamics were observed for other putative 

vancomycin resistance mechanisms. Like dacS, CD3124 mutations arose early, reaching fixation by 

P10 in four of the ten evolved populations, again hinting this may be important for first-step, lower 

level vancomycin resistance. Mutations in mreB2, however, displayed no consistency in population 

dynamics, becoming fixed at P10 in Bc9, and P20 in the other populations. In CD0985, another gene 

in the elongasome cluster mutated in Bc7 and Bc8, mutations were slower to arise. Bc8 displayed an 

interesting selection dynamic here, since both mreB2 and CD0985 contained high frequency 

mutations at P20, however by P30, the mreB2 variant was no longer present, leaving only the fixed 

mutation in CD0985. This suggests mutations in CD0985 may provide increased resistance, or 

perhaps increased fitness, compared to mreB2. Intriguingly, despite arising in multiple populations, 

mutations in vanS were consistently low frequency in the populations they arose in, and never 

reached fixation ς either remaining low frequency throughout the course of the evolution, or being 

lost from the populations (Figure 3.11f). This perhaps suggests vanS does not provide a large 

increase in vancomycin resistance, allowing selection to favour alternative mutations. 
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Overall, sequencing populations over time presents a valuable method to understand both the 

drivers of vancomycin resistance, and the comparative dynamics of alternative resistance pathways. 

Sequencing in this way also provides an explanation for the lack of homogeneity in MIC observed in 

isolates from the populations at the end of the evolution (Figure 3.2c), as multiple low frequency 

P30 mutations can be observed for each population (Figure 3.11 and Figure 3.12). This lack of 

homogeneity in the population suggests the potential to evolve resistance which is higher-level, 

more stable, or less costly. 
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Figure 3.11 - Population Dynamics of WT-derived Gene Variants Over Time 
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Accumulation of variants in the WT-derived C. difficile lineages Bc1 (A), Bc2 (B), Bc3 (C), Bc4 (D) and 
Bc5 (E). Each circle plot represents the 4.2 Mb genome of a single evolving population after 10 (inner 
ring), 20 (middle ring) and 30 passages (outer ring), with the locations of non-synonymous within 
gene variants indicated with black circles and the penetrance of each mutation in the population 
indicated by the size of the circle. The line graphs show the frequency of all variants (intergenic, 
synonymous, non-synonymous, frameshifts and nonsense) in each population. The vancomycin MIC 
for each population is also indicated by the shaded region. Mutations also identified in the 
respective end point clone (Figure 3.9) are highlighted by the coloured lines. Note population Bc1 
evolved an apparent hypermutator phenotype prior to P20, with 520 variants identified at that time 
point. For simplicity only variants present in P10 and P30 are labelled. A full list of all variants shown 
here, including those in Bc1 P20, is included in Appendix VI. (F) Relative frequencies and time of 
emergence of mutations in genes dacS, dacR, dacJ, vanT and vanS across all ten evolving 
populations. 
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Accumulation of variants in the hyper-mutating C. difficile lineages Bc7 (A), Bc8 (B), Bc9 (C), Bc10 (D) 
and Bc11 (E). Each circle plot represents the 4.2 Mb genome of a single evolving population after 10 
(inner ring), 20 (middle ring) and 30 passages (outer ring), with the locations of non-synonymous 
within gene variants indicated with black circles and the penetrance of each mutation in the 
population indicated by the size of the circle. The line graphs show the frequency of all variants 
(intergenic, synonymous, non-synonymous and nonsense) in each population. The vancomycin MIC 
for each population is also indicated by the shaded region. Mutations also identified in the 
respective end point clone (Figure 3.9) are highlighted by the coloured lines. A full list of all variants 
shown here is included in Appendix VI.  

Figure 3.12 - Population Dynamics of Hyper-mutating Gene Variants Over Time 
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3.4  Discussion  

Vancomycin is the current front line antibiotic for treatment of CDI. Despite vancomycin resistance 

being well established in other organisms (Ahmed and Baptiste, 2018; Cong et al., 2019; Dyrkell et 

al., 2021), relatively little evidence of vancomycin resistance in C. difficile has come to light. Whether 

this reflects an underlying constraint on resistance, such as a large associated fitness burden, or 

simply a lack of routine clinical monitoring, is unknown. Studying vancomycin resistance through 

experimental evolution presents a unique opportunity to unpick the routes and dynamics of 

resistance acquisition, without the complexities of strain divergence and long-term genetic drift 

which accompanies clinical isolate study. In this chapter, an extensive exploration of vancomycin 

resistance was attained through experimental evolution, phenotypic characterisation and whole 

genome sequencing. C. difficile was shown to evolve high-level resistance rapidly in vitro, primarily 

by two key mechanisms. Resistance was, however, accompanied by pleiotropic growth and 

sporulation defects.   

 

3.4.1 Extending the Bounds of the Current Evolution 

Vancomycin resistance evolved rapidly over 30 passages in all 10 replicate populations, reaching an 

MIC of 16-32x that of the ancestral WT. Sequencing these populations at multiple time points 

allowed visualisation of the population dynamics. An interesting observation, arising from 

population sequencing but also reflected in evolved isolate MIC measurements, was the striking 

heterogeneity of the populations at P30, the end of the evolution. Multiple sub-populations, with 

low- to mid-frequency mutations, were observed at P30 across all 10 replicates. This was mirrored in 

the evolved isolate MIC measurements, whereby isolates displayed variation in MICs, ranging from 

the apparent MIC of their respective populations, to 2- or 4-fold lower. This variation, coined 
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heteroresistance, is common in antibiotic resistant populations (Band and Weiss, 2019). 

Heteroresistance, the phenomenon describing the co-existence of subpopulations with a range of 

antibiotic susceptibilities, is however poorly understood. The presence of subpopulations with 

multiple degrees of vancomycin resistance, perhaps also with multiple levels of fitness, may be 

indicative of population adaptation, preserving both high-level and less-costly resistance. The 

continued evolution of these heterogeneous populations beyond P30, selecting for higher-level 

resistance to further understand mutation accumulation would make interesting further work. 

Higher-level resistance is evidently possible to achieve, having evolved unstably on three occasions 

in Bc9. Although, the unstable nature of high-level resistance observed during this evolution may 

reflect the extreme fitness costs required for such resistance levels. An alternative approach, 

therefore, would involve continued evolution to instead select for increased fitness, through 

accumulation of refining mutations. Compensatory evolution, the process whereby fitness costs may 

be ameliorated by additional mutations elsewhere in the genome (Kimura, 1985), would provide 

useful insight into the ability of C. difficile to evolve high-level, less-costly resistance to vancomycin. 

Indeed, examples of refinement and succession were already observed here, with early high 

frequency mutations conferring moderate increases in MIC being completely supplanted by later 

variants. Notably, compensation can occur in the presence or absence of the antibiotic, and confer a 

fitness advantage in either environment (Schulz zur Wiesch et al., 2010). This has been widely 

demonstrated across multiple species ς for example, compensatory evolution of rifampin resistant E. 

coli in the absence of rifampin produced isolates with increased fitness, without depletion of 

rifampin resistance (Reynolds, 2000). The dynamics of such compensation in C. difficile thus merits 

future work. 
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3.4.2 Further Considerations of Fitness 

Vancomycin resistance was accompanied by severe, albeit varied, fitness defects. A reduction in 

fitness was observed across all evolved isolates in one such measure of fitness, growth in rich media. 

Taken in conjunction with sequence data, it is clear that evolved isolates display reduced growth 

regardless of their route to resistance, suggesting either that all captured vancomycin resistance 

mechanisms negatively impact fitness; or that the observed reduction in fitness is due to 

accumulation of additional mutations, for example those which are non-vancomycin-unique, or 

those which affect cell metabolism and stress responses. Importantly, significant sporulation defects 

were also observed in four of the ten evolved isolates, with a complete absence of sporulation in 

Bc11. The basis of these genetic defects remains unclear, as sporulation is a complex and poorly 

understood process. Some of the evolved isolates contained frameshift mutations in genes found to 

be essential for sporulation, such as pyrR in Bc9 (Dembek et al., 2015). However this pattern cannot 

explain all of the defects observed. Interestingly, although the WT-derived evolved isolates Bc3, 4 

and 5 possess the same vancomycin resistance mechanism, mutations in vanT, variation in 

sporulation efficiency was observed. The Bc4 evolved isolate displayed a reduction in sporulation 

efficiency, whilst Bc3 and Bc5 showed sporulation comparable to the WT control. The Bc4 evolved 

isolate did not display any increase in resistance which may account for the increased fitness burden, 

suggesting the presence of hitchhiking mutations giving rise to reduced fitness. Genetic hitchhiking 

describes the process in which neutral, or even deleterious, mutations rise to high frequency 

through linkage to beneficial mutations (Smith and Haigh, 1974). This means a mutation promoting 

resistance would be selected in the population, even if it arose in a clone containing other 

mutations, deleterious for fitness. In the case of the Bc4 evolved isolate, the observed mutation in 

CD0108 may be the causative deleterious mutation, or perhaps a more general accumulation of non-

vancomycin-unique mutations. Regardless of culpable mutations, the observed sporulation defects 

have wider implications for the survival of vancomycin resistant C. difficile isolates. Since sporulation 
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is a key part of the C. difficile lifecycle, and is essential for disease transmission, such defects would 

likely be an evolutionary dead-end if similar variants were to emerge in clinic (Deakin et al., 2012).  

 

This chapter explored some of the key phenotypes arising from experimental evolution, to 

understand the costs of vancomycin resistance. Nevertheless, multiple aspects of fitness remain 

unexplored. Further investigations of fitness to include germination efficiencies, and toxin 

production, two more key features of C. difficile virulence, would be beneficial. A caveat of evolving 

a non-ǘƻȄƛƎŜƴƛŎ ǎǘǊŀƛƴΣ wнлнфмɲPaLoc, is the inability to directly measure the latter, however 

performing toxin assays in recapitulated strains would be helpful to understand whether acquisition 

of vancomycin resistance impacts the pathogenicity of C. difficile. Exploring the clinical pertinence of 

the observed fitness defects, through competition studies, would allow better conclusions to be 

made regarding the implications of these defects. Competition studies, in mice treated with 

vancomycin, would be the gold-standard approach to understand the survival of vancomycin 

resistant strains in vivo (Collins et al., 2015). 

 

3.4.3 Wider Implications of Cross-resistance 

Low-level teicoplanin cross-resistance, ranging from 2 to 4x the WT MIC, was observed across all ten 

evolved isolates. Teicoplanin, like vancomycin, has a mode of action involving binding the terminal 

D-Ala on the pentapeptide stem of nascent peptidoglycan. However unlike vancomycin, the 

lipoglycopeptide teicoplanin contains a hydrophobic moiety, allowing interaction with the 

membrane (Zeng et al., 2016). The comparatively low reduction in susceptibility, compared to that 

of vancomycin, suggests the existence of teicoplanin resistance pathways alternative to the 

vancomycin resistance mechanisms observed here. Interestingly, this low-level cross resistance was 

observed in the inverse direction in teicoplanin resistant S. aureus, which only displayed low-level 
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vancomycin resistance (Vaudaux et al., 2001). Although it is well documented that certain van 

operons can induce teicoplanin resistance phenotypes, explanations beyond this are lacking (Selim, 

2022). Regardless, even low levels of cross-resistance have the potential to be clinically significant ς 

reports on both vancomycin and metronidazole resistance in C. difficile suggest that even low 

reductions in susceptibility can significantly alter clinical cure rate (Eubank et al., 2024; Gonzales-

Luna et al., 2021). Although teicoplanin is not routinely used for CDI, evidence suggests it is a strong 

candidate for treatment of severe CDI, displaying good efficacy and low recurrence rates (Popovic et 

al., 2018). The observed cross resistance therefore has significant implications regarding reducing 

the clinical repertoire for treatment of CDI. 

 

Beyond teicoplanin, cross-resistance to other antibiotics remains unexplored. In S. aureus, evidence 

of cross-resistance between daptomycin and vancomycin has been observed (Thitiananpakorn et al., 

2020). A broader exploration of vancomycin cross-resistance, with specific focus on antibiotics which 

are potent against C. difficile, would be beneficial. Generating a C. difficile vancomycin cross-

resistance network, in a similar approach to that of Lázár and colleagues, could be instrumental for 

advising treatment regimes in clinical settings (Lázár et al., 2014). 

 

Alternatively, collateral sensitivity ς whereby resistance to one antibiotic results in sensitivity to 

another ς would be another useful research avenue to further understand C. difficile vancomycin 

resistance (Roemhild and Andersson, 2021). This has been widely studied in other organisms ς for 

example, tigecycline resistant E. coli display collateral sensitivity to nitrofurantoin (Roemhild et al., 

2020). Collateral sensitivity resulting from vancomycin resistance has also been reported ς in 

Enterococcus faecium, vancomycin resistance resulted in sensitivity to pleuromutilin antibiotics (Li et 

al., 2022). In mouse models, use of pleuromutilin antibiotics improved survival against vancomycin-

resistant E. faecium, suggesting collateral sensitivity could be used to expand the arsenal of potential 
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treatments. As some, but not all, pleuromutilin antibiotics display activity against C. difficile, 

investigation of this phenomena would be interesting.  

 

3.4.4 Pathways to Vancomycin Resistance 

Sequencing the evolved isolates revealed two predominant pathways to vancomycin resistance, 

observed in all ten replicate lines. These pathways were centred around mutations in the van cluster 

(mainly mutations in vanT, encoding the serine/alanine racemase component of the cluster), or in 

the dacJRS gene cluster (encoding a two component system and a D,D-carboxypeptidase). Although 

around 85% of C. difficile strains are thought to carry the van cluster (Ammam et al., 2012), the 

majority of isolates are vancomycin-sensitive, which has historically sparked controversy regarding 

whether the van cluster in C. difficile is involved in resistance. Early reports suggested the van 

cluster, although active on a transcriptional level, does not affect cell wall composition (Ammam et 

al., 2013; Peltier et al., 2013). However, recent evolutionary work found mutations in the vanSR two 

component system led to de-repression of the van cluster, allowing constitutive expression of the 

van operon and reduced vancomycin susceptibility (Shen et al., 2020). These mutations were 

mirrored in vancomycin resistant clinical isolates, together confirming a role of this cluster in 

vancomycin resistance. Interestingly, mutations in vanS were only transiently present in the 

experimental evolution presented here, consistently remaining at low frequency across the three 

populations in which they were observed. This suggests only a minor role of vanS in the vancomycin 

resistance observed here. In contrast, mutations to vanT were common, fixing in four of ten 

replicate lines. The vanT-encoded serine/alanine racemase is comprised of two domains, an N-

terminal membrane-bound domain, likely involved in L-Ser uptake, and a C-terminal racemase 

domain, which converts serine or alanine from L- to D- form (Meziane-Cherif et al., 2015). VanT likely 

contributes to vancomycin resistance by converting L-Ser to D-Ser, required for the production of D-

Ser terminating pentapeptides in nascent peptidoglycan. Mutations in vanT alone have not before 
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been reported in relation to vancomycin resistance. The mechanism by which these mutations alter 

VanT function to confer vancomycin resistance in C. difficile therefore merits further study. 

 

Mutations in the dacJRS cluster have not been previously associated with vancomycin resistance, but 

were observed in six of the ten evolved populations. dacJRS encodes a two component system 

(dacSR) and a putative D,D-carboxypeptidase (dacJ), suggesting a plausible mechanism of 

vancomycin resistance through removal of the terminal D-Ala residue in nascent peptidoglycan 

(Ghosh et al., 2008)Φ ¢Ƙƛǎ ƳŜŎƘŀƴƛǎƳ Ƴŀȅ ǇǊƻǾƛŘŜ άŦƛǊǎǘ-ǎǘŜǇέ ǾŀƴŎƻƳȅŎƛƴ ǊŜǎƛǎǘŀƴŎŜΣ ǎƛƴŎŜ ŦƛȄŀǘƛƻƴ 

of variant dacS alleles occurred by P10 in three populations (Bc1, 2 and 9), as did the identical 

dacRc.532A>G variant in two populations (Bc7 and 10). Although this parallelism suggests strong 

evolutionary selection under vancomycin pressures, such mutations have not yet been reported in 

clinical isolates (Kolte and Nübel, 2024). It would be interesting, however, to quantify the strength of 

selection imposed on this cluster, compared to other areas of the C. difficile genome, both in the 

evolved isolates presented here and in clinical isolates. This approach is common in evolutionary 

biology, and can be calculated in multiple ways (Cadzow et al., 2014). 

 

Aside from the two key pathways identified, parallel evolution was observed across genes encoded 

within the elongasome gene cluster, mreB2 and CD0985. Mutations in these two genes were 

observed across four of the ten replicate populations (Bc7, 8, 9 and 10). Mutations in genes 

responsible for directing peptidoglycan synthesis and maintenance are perhaps unsurprising, 

however, because of their function, both mreB2 and CD0985 are essential in C. difficile. This 

essentiality limits the further investigation of these genes by classical molecular methods. No 

evidence of the involvement of either gene in vancomycin resistance has been noted previously, 

however mreB was found to be mutated in daptomycin-resistant Bacillus subtilis (Hachmann et al., 

2011; Tran et al., 2015). Importantly, recapitulation of mreB mutations had little effect on 
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daptomycin resistance, suggesting these mutations were compensatory, rather than resistance-

determining. It is not out of the question, therefore, that the missense mutations observed in this 

evolution are also compensatory.  

 

A mutation in asnB1, encoding an asparagine synthetase, was observed in Bc11. Population 

sequencing showed this mutation gradually rose to fixation throughout the evolution, suggesting it 

may be a refining mutation, not required for first-step resistance. AsnB1 is responsible for 

peptidoglycan amidation of A2pm, which controls the activity of an L,D-carboxypeptidase (Bernard 

et al., 2011). This enzyme has actually been implicated in vancomycin sensitivity in C. difficile 

(Ammam et al., 2020). AsnB1 was shown to be responsible for peptidoglycan amidation in the 

presence of vancomycin, which resulted in increased sensitivity, potentially via interfering with 

vancomycin resistance mechanisms. The mutation observed in Bc11 may therefore reduce the 

activity of AsnB1, leading to a reduction of peptidoglycan amidation in the presence of vancomycin 

to increase resistance. This putative mechanism of resistance could easily be tested through 

recapitulation of the observed asnB1 mutation, along with measurement of MIC, enzyme activity 

assays, and peptidoglycan structural analysis in the presence and absence of vancomycin.  

 

As with most experimental evolution studies, the focus of this project has primarily been on 

nonsynonymous, vancomycin-unique mutations. However, it is important not to forget the putative 

impacts of synonymous mutations on resistance. Synonymous mutations, by their very nature, do 

not lead to change in the encoded protein, however can affect gene expression through codon usage 

bias, mRNA structure modification, or mRNA stability alterations (Bailey et al., 2021). Codon usage 

bias, the non-uniform use of synonymous codons, has long since been appreciated, and the 

observation that essential genes contain higher frequencies of optimal codons is not new (Gouy and 

Gautier, 1982; Grantham et al., 1980). However, research into synonymous mutations as drivers of 



 

Experimental Evolution of Vancomycin Resistance in C. difficile 
 

104 
 

adaptation is in its infancy. Recently, multiple experimental evolution studies have reported 

synonymous mutations as drivers of adaptive evolution, and even drivers of antibiotic resistance ς a 

synonymous mutation repeatedly identified in the ompK36 gene of carbapenem resistant Klebsiella 

pneumoniae was shown to reduce OmpK36 translation through alterations to the mRNA secondary 

structure. As OmpK36 promotes carbapenem influx, this synonymous mutation-driven gene 

knockdown was able to promote carbapenem resistance (Wong et al., 2022). Future investigations 

may therefore involve a deeper examination of genetic parallelism of synonymous mutations 

observed during the evolution presented here. 

 

3.4.5 Clinical Significance of Observed Mutations 

The clinical significance of the mutations observed during this experimental evolution remains an 

open question. So far, dacS mutations identical to those observed here have not been reported in 

publically available C. difficile isolate sequences (Kolte and Nübel, 2024). However, vancomycin has 

only been used as the front-line antibiotic for CDI since 2021 (NICE, 2021), meaning comparatively 

few genomes are available in which vancomycin is known to have been a significant selection 

pressure. Therefore, longitudinal observations would be needed over the coming years to monitor 

new C. difficile clinical isolates. This would uncover whether the mutations observed during this 

evolution arise in clinical isolates, allowing a true appreciation of the clinical significance of this 

work.
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4.1   Introduction  

Two component systems (TCS) are ubiquitous across bacteria, and are an essential regulatory 

mechanism which modulate a multitude of fundamental cellular processes (Hirakawa et al., 2020). 

TCS allow bacteria to sense and respond to environmental stimuli, and regulate metabolism, 

virulence, and antibiotic resistance. Although not completely understood, it is clear that TCS are also 

prominent regulators of sporulation in C. difficile (Edwards and McBride, 2023, 2014). In their 

simplest form, TCS comprise of two proteins, a histidine kinase and their cognate response 

regulator. The histidine kinase is typically a homodimeric transmembrane protein, which consists of 

a sensor domain, typically extracellular, and a cytoplasmic signalling domain. The response regulator 

consists of a receiver domain and DNA-binding domain (Hirakawa et al., 2020; Yan et al., 2019). 

Signal transduction occurs when the histidine kinase senses a stimulus and auto-phosphorylates at a 

conserved histidine residue. This phosphoryl group is transferred to the response regulator, altering 

its conformation and thus DNA-binding affinity. Response regulators may be activators or repressors, 

modifying the expression of their regulons as such (Rajeev et al., 2020). Tens of thousands of TCS 

have now been identified in bacteria, including many permutations of the canonical TCS (Ulrich and 

Zhulin, 2010). For example, a single histidine kinase can regulate multiple response regulators, and 

multiple histidine kinases can regulate a single response regulator (Schaller et al., 2011). Many 

complex multistep phosphorelays have also been characterised ς for example, the regulation of 

sporulation in B. subtilis involves five histidine kinases acting on a single response regulator, Spo0F, 
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which phosphorylates Spo0B, which in turn phosphorylates Spo0A, the global sporulation regulator 

(Piggot and Hilbert, 2004).  

 

Since two component systems promote bacterial survival and adaptation by allowing them to 

respond to environmental stressors, their large contribution to antibiotic resistance, observed across 

bacterial species, is unsurprising. A huge number of antibiotic resistance-promoting TCS are now 

well characterised ς for example, increased expression of the VraSR TCS, involved in the regulation 

of cell wall stress, was associated with daptomycin resistance in S. aureus (Mehta et al., 2012). TCS 

may also contribute to resistance by regulating antibiotic efflux ς PhoPQ, a TCS responsible for 

regulation of an ABC transporter capable of tetracycline efflux, was associated with tetracycline 

resistance in P. aeruginosa (Chen and Duan, 2016). Additionally, TCS may control more targeted 

resistance mechanisms ς in P. aeruginosa, the CreBC TCS was associated with high-ƭŜǾŜƭ ʲ-lactam 

resistance through induction of ̡-lactamase AmpC (Zamorano et al., 2014). Similarly, in vancomycin 

resistant Enterococcus species, the VanSR TCS promotes resistance through increased expression of 

the van operon genes, resulting in alteration of the vancomycin target (Evers and Courvalin, 1996). 

As discussed previously, C. difficile also possesses a homologous VanSR TCS, which can promote 

vancomycin resistance when constitutively expressed (Shen et al., 2020). 

 

C. difficile encodes around 50 TCS, the majority of which remain uncharacterised, although recently, 

a few examples of antibiotic resistance-associated TCS have been identified. One such TCS, DraRS, 

was found to promote daptomycin resistance, likely mediated by induction of genes involved in cell 

envelope biogenesis and stress responses (Pannullo et al., 2023b). The HexRK TCS also promotes 

daptomycin resistance in C. difficile, through regulation of HexSDF proteins which alter the cell 

membrane composition (Pannullo et al., 2023a). Additionally, the WalRK TCS, which has been well-

characterised in other species, was recently found to be essential for viability, and responsible for 



 

Exploring the Role of dacJRS in Vancomycin Resistance 
 

107 
 

cell envelope biogenesis, the downregulation of which resulted in increased vancomycin sensitivity 

in C. difficile (Müh et al., 2022).  

 

In the previous chapter, experimental evolution coupled with whole genome sequencing was used 

to understand the pathways to vancomycin resistance in C. difficile. Exploring the population 

dynamics and genetic parallelism across replicate populations allowed identification of the 

previously uncharacterised TCS dacRS, and upstream gene dacJ, that were mutated in six of the ten 

evolved isolates, showing clear evidence of selection. In the evolved populations, mutations in dacRS 

always rose rapidly to fixation, suggesting a role in first-step vancomycin resistance. However, the 

individual contribution of this TCS to resistance, and its mechanism, was unknown.  

 

4.2  Aims and Outcomes  

This chapter describes the full characterisation the dacJRS gene cluster, including its contribution to 

vancomycin resistance, the fitness costs associated with this pathway, and the mechanism by which 

mutations in dacJRS result in increased resistance. To achieve this, dacS mutations observed in 

evolved isolates were recapitulated in the parental R20291ɲPaLoc background. The contribution of 

these mutations to resistance were tested using MIC assays, and the phenotypic effects of SNP 

carriage were assessed using growth curves and sporulation efficiency assays. The mechanism of 

dacJRS-mediated resistance was determined through qRT-PCR and fluorescence microscopy. 
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4.3  Results  

4.3.1 The Contribution of dacJRS to Vancomycin Resistance 

To assess the contribution of dacJRS to vancomycin resistance, mutations observed in the evolved 

isolates were precisely recapitulated in the parental R20291ɲPaLoc background. Recapitulation, as 

opposed to classical gene knockout, was used for these investigations, since the missense mutations 

observed were more subtle than crude deletions, calling for a more nuanced approach. dacJRS 

mutations were observed in six of the ten evolved isolates (Bc1,2,7,8,9 and 10). Mutations in dacS, 

the histidine kinase, were chosen for further study. Of these, the Bc1 and Bc8/9 mutations were 

chosen for recapitulation: illumina data suggested that the only nonsynonymous, vancomycin-

unique mutation present in the Bc1 isolate occurred in dacS (Appendix V), and both Bc8 and Bc9 

evolved isolates displayed an identical dacS SNP, showing parallel evolution to the SNP level, and 

thus strong selection for this allele. Table 4.1 summarises the dacJRS mutations present in evolved 

isolates. 

 

Table 4.1 - dacJRS Mutations in Evolved Isolates 

.ŀǊŎƻŘŜ DŜƴŜ aǳǘŀǝƻƴ 

.Ŏм ŘŀŎ{ ŘŀŎ{ŎΦтмпDҔ¢ 

.Ŏн ŘŀŎ{ ŘŀŎ{ŎΦтфу!Ҕ¢ 

.Ŏт ŘŀŎw ŘŀŎwŎΦрон!ҔD 

.Ŏу ŘŀŎ{ ŘŀŎ{ŎΦрпу¢Ҕ/ 

.Ŏф ŘŀŎ{ 

ŘŀŎW 

ŘŀŎ{ŎΦрпу¢Ҕ/ 

ŘŀŎWŎΦпту!ҔD 

.Ŏмл ŘŀŎw ŘŀŎwŎΦрон!ҔD 

 
 
 

4.3.1.1 Recapitulation of dacSc.714G>T and dacSc.548T>C 

Mutagenesis of C. difficile was performed by allelic exchange. Specifically, 2 kb fragments comprising 

approximately 1 kb either side of the SNP, with the altered allele in the middle, were designed. A 
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further synonymous mutation was introduced near to the SNP, to remove a restriction enzyme site 

and simplify screening. The fragments, flanked by BamHI and SacI sites, were synthesised by 

Genewiz and inserted into pUC-GW-Kan vectors. The fragments were then subcloned into pJAK112 

vectors (linearised via BamHI/SacI restriction digest), resulting in the constructs pJEB026 and 

pJEB019 (Bc1 and Bc8/9, respectively). The new constructs were transformed and conjugated as 

previously described. Colonies were screened for the new SNP using PCR, followed by diagnostic 

digest. Removal of a restriction site in the mutants resulted in an altered fragment profile that was 

readily distinguishable from the WT. Recapitulation of the SNPs was confirmed using Sanger 

sequencing, generating strains R20291ɲPaLoc dacSc.714G>T (Bc1) and R20291ɲPaLoc dacSc.548T>C 

(Bc8/9). Table 4.2 summarises the construction of plasmids for strains relevant to this chapter. 

 

Table 4.2 - Strains and Constructs Relevant to This Chapter 

Strain Construction  Plasmid 

wнлнфмҟPaLoc 
dacSc.548T>C 

Fragment designed to contain the dacSc.548T>C point 
mutation with approximately 1 kb either side of the SNP. 
Fragment synthesised by Genewiz, followed by ligation 
into linearised pJAK112. 

pJEB019 

wнлнфмҟPaLoc 
dacSc.714G>T 

Fragment designed to contain the dacSc.714G>T point 
mutation with approximately 1 kb either side of the SNP. 
Fragment synthesised by Genewiz, followed by ligation 
into linearised pJAK112. 

pJEB026 

wнлнфмҟPaLoc  
dacSc.548T>C 
vanTc.347G>A 

Fragments containing point mutations synthesised by 
Genewiz, followed by ligation into linearised pJAK112. 
Double mutant generated by addition of pJEB008 to 
wнлнфмҟPaLoc 
dacSc.548T>C. 

pJEB019, 
pJEB008 

.ŎмҟdacJ Fragment designed to contain 1 kb regions either side of 
dacJ. Fragment synthesised by Genewiz, followed by 
ligation into linearised pJAK112. Strain and plasmid made 
by Lucy Thompson. 

pLMT003 

wнлнфмҟPaLoc  
ҟdacRS 

Fragment designed to contain 1 kb regions either side of 
dacRS. Fragment synthesised by Genewiz, followed by 
ligation into linearised pJAK112. Strain and plasmid made 
by Lucy Thompson. 

pLMT002 
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4.3.1.2 dacS SNPs Contribute to Vancomycin Resistance 

To assess whether mutations in dacS alone are sufficient to confer vancomycin resistance, 

vancomycin MICs were performed for recapitulated strains using standard agar dilution. Both 

R20291ɲPaLoc dacSc.714G>T (Bc1) and R20291ɲPaLoc dacSc.548T>C (Bc8/9) showed an MIC of 4 

µg/mL, 4-fold higher than the parental R20291ɲPaLoc (Figure 4.1). This confirmed that dacS plays a 

significant role in vancomycin resistance in C. difficileΣ ŀƴŘ ŘƻŜǎƴΩǘ ǊŜǉǳƛǊŜ ǘƘŜ ǇǊŜǎŜnce of additional 

mutations or prerequisites. Together with the population sequencing data, this confirms the 

involvement of the dacS pathway in first-step resistance.  

 

Vancomycin MICs of R20291ɲPaLoc, R20291ɲPaLoc dacSc.714G>T and R20291ɲPaLoc 
dacSc.548T>C. MICs determined by agar dilution on BHI. Assays were performed in biological 
triplicate and technical duplicate. Shown is a single representative biological replicate. 
 

Isolate Vancomycin (µg/mL)

0 0.5 1 2 4 MIC

R20291ȹPaloc 1

R20291ȹPaLoc

dacSc.714G>T
4

R20291ȹPaLoc 

dacSc.548T>C 
4

Figure 4.1 - dacS Mutations Result in Vancomycin Resistance 
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4.3.2 Phenotypic Analysis of Recapitulated Strains 

To understand how the dacJRS pathway contributes to the loss of fitness observed in evolved 

isolates, phenotypic assessments of growth and sporulation were performed. 

4.3.2.1 dacS Mutations Result in Growth Defects 

To evaluate growth of the dacS recapitulated strains, R20291ɲPaLoc dacSc.714G>T and 

R20291ɲPaLoc dacSc.548T>C were assayed in rich media as described in the previous chapter, and 

compared with the parental R20291ɲPaLoc control (Figure 4.2a). Again, AUC was used to statistically 

compare growth of each of each strain with the control. Both dacS SNP strains displayed significant 

growth defects, with longer generation times and reduced AUC. R20291ɲPaLoc dacSc.714G>T 

showed a growth profile similar to that of the Bc1 evolved isolate, suggesting the dacS SNP is a large 

contributor to the Bc1 phenotype. Interestingly, the growth defects in evolved isolates Bc8 and Bc9, 

although significant, were much less prominent than those displayed by R20291ɲPaLoc 

dacSc.548T>C, indicating the action of compensatory evolution in these evolved isolates to reduce 

the fitness burden of dacS SNP carriage. This phenomena happened in both Bc8 and Bc9 evolved 

isolates, but not Bc1, providing further evidence of accelerated evolution in these hyper-mutating 

lines.  
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(A) Growth over time in rich media (TY broth) was evaluated by measuring OD at 600 nm in a 96 well 
microplate spectrometer. Growth of R20291ɲPaLoc dacSc.714G>T and R20291ɲPaLoc dacSc.548T>C 
shown below the evolved isolates (from Figure 3.3) from which the mutations were derived. Each 
recapitulated strain is compared to R20291ɲPaLoc (black lines). The mean and standard deviation of 
repeats, assayed in biological and technical triplicate, are presented. For each strain, area under the 
curve was determined using the GrowthCurver R package. AUC was ŎƻƳǇŀǊŜŘ ǳǎƛƴƎ {ǘǳŘŜƴǘΩǎ ǘ-tests 
with Welch's correction, with the P value shown on each graph. (B) Sporulation efficiencies of 
R20291ɲPaLoc dacSc.714G>T ŀƴŘ wнлнфмɲPaLoc dacSc.548T>C (coloured lines) compared to the 
ǇŀǊŜƴǘŀƭ wнлнфмɲPaLoc (black lines). Sporulation efficiencies of evolved isolates from Figure 3.4 are 

Figure 4.2 - Growth and Sporulation of dacS Recapitulated Strains 
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also shown. Stationary phase cultures were incubated for 5 days with samples taken daily to 
enumerate total colony forming units (CFUs, dotted lines) and spores (solid lines), following 
incubation at 65°C for 30 min to kill vegetative cells. Shown are the mean and standard deviations of 
samples assayed in biological and technical triplicate. For each strain, spore CFU area under the 
curve was determined using Graphpad Prism and these were compared using Dunnett's T3 multiple 
comparisons test with the adjusted P value shown on each graph. * = significant difference, N.S. = 
not significant. 
 
 
 

4.3.2.2 dacS Mutations Do Not Alter Sporulation Efficiencies 

The impact of dacS SNPs on sporulation efficiency was assessed as described in the previous chapter, 

using total and sporulation counts over a period of 5 days. The sporulation efficiencies of 

R20291ɲPaLoc dacSc.714G>T and R20291ɲPaLoc dacSc.548T>C were compared to R20291ɲPaLoc 

(Figure 4.2b). Neither dacS SNP-containing strain resulted in visual differences in sporulation rate or 

efficiency. Although the difference in sporulation efficiency for R20291ɲPaLoc dacSc.714G>T was 

statistically significant, it was clear there was no biologically significant difference in sporulation, 

highlighting some of the shortfalls in statistical methods for this data type. This data suggests the 

reduction in sporulation rate (Bc8) and efficiency (Bc9) observed in the evolved isolates was due to 

other mutations, and not dacS.  

 

Taken together, these assays show that dacS mutations partially explain the phenotypes observed in 

evolved isolates, since they do contribute to fitness defects in terms of growth, but do not affect 

sporulation efficiency. 

4.3.2.3 dacS Mutations Do Not Contribute to Teicoplanin Cross-Resistance 

As a 4-fold increase in teicoplanin resistance was observed in the evolved isolates from which the 

dacS recapitulated SNPs derive, the teicoplanin MICs for R20291ɲPaLoc dacSc.714G>T and 

R20291ɲPaLoc dacSc.548T>C were measured, to investigate whether dacS mutations result in 

antibiotic cross-resistance. Both dacS recapitulated SNP strains showed an MIC of 0.25 µg/mL, 

identical to that of the R20291ɲPaLoc control. This suggests not only that the dacS pathway to 
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vancomycin resistance does not contribute to teicoplanin cross-resistance, but also that the cross-

resistance observed in the evolved isolates is due to a further, thus far unknown, pathway.  

 

4.3.3 dacS Does Not Act on the van Cluster 

Through experimental evolution and genome sequencing, two key pathways to vancomycin 

resistance, the van cluster and dacJRS, were identified. Analysis of population dynamics showed 

clearly that although the two pathways evolved across all ten populations, they were largely 

mutually exclusive ς although mutations in dacS and vanS coexisted in a small number of cases, 

there was no evidence of dacJRS/vanT co-occurrence across the evolved populations. Since both 

pathways displayed high levels of parallel evolution, this exclusivity raised questions regarding the 

potential cross-actions of the two mechanisms. The hypothesis that this mutual exclusivity arose 

from downstream convergence of the dacS/van pathways was therefore investigated. 

4.3.3.1 No Synergy Observed for dacS and vanT Mutations 

To investigate whether the dacS and van cluster pathways were cross-acting, a strain containing 

both dacS (Bc1) and vanT (Bc5) ǊŜŎŀǇƛǘǳƭŀǘŜŘ {btǎ όwнлнфмҟPaLoc dacSc.548T>C vanTc.347G>A) 

was generated, the construction of which is summarised in Table 4.2. If mutations in dacS and vanT 

were indeed involved in different pathways, targeting separate mechanisms, then additive 

(combined effects are summed), or even synergistic (combined effects are greater than the sum of 

both), interactions would be expected. Alternatively, if dacS and vanT pathways had precisely the 

same target, the effects of both would be unlikely to differ from that of either alone. It was 

hypothesised either of these eventualities would be reflected in the vancomycin MIC of 

wнлнфмҟPaLoc dacSc.548T>C vanTc.347G>A. No positive interaction, additive or synergistic, was 

ƻōǎŜǊǾŜŘ ƛƴ ǘƘŜ wнлнфмҟPaLoc dacSc.548T>C vanTc.347G>A strain. The MIC was the same as that of 

wнлнфмҟPaLoc dacSc.548T>C, at 4 µg/mL. This lack of interaction may suggest the two pathways do 

indeed overlap, however, since the MIC was identical to that of the dacS SNP alone, the possibility 
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that vanT was simply not contributing to resistance in this setting could not be ruled out. Another 

approach to investigate the potential cross-action of the two pathways was therefore explored.  

4.3.3.2 dacS Mutations Do Not Alter Expression of the van Cluster 

Since the van cluster is well-characterised, and has been confirmed as a causative mechanism of 

vancomycin resistance in C. difficile (Shen et al., 2020), the dacS and vanT pathways may be 

regarded as truly separate mechanisms if DacS does not target the van cluster. To investigate 

whether mutations in dacS result in increased expression of genes in the van cluster, qRT-PCR was 

performed.  

 

qRT-PCR ǿŀǎ ǳǎŜŘ ǘƻ ŎƻƳǇŀǊŜ wнлнфмҟPaLoc ŀƴŘ wнлнфмҟPaLoc dacSc.714G>T, in the presence 

(0.5x MIC) and absence of vancomycin. mRNA copy number was assessed against an absolute copy 

number control using serial dilution of the plasmid pJEB032, which contained a single copy of each 

target gene fragment of the van cluster (vanR, vanS, vanG, vanXY, vanT) and housekeeping gene 

rpoA. The copy numbers were standardised using the rpoA housekeeping gene, and results were 

expressed as copies per 1000 copies of rpoA. 

 

bƻ ŘƛŦŦŜǊŜƴŎŜ ƛƴ ŜȄǇǊŜǎǎƛƻƴ ōŜǘǿŜŜƴ wнлнфмҟPaLoc ŀƴŘ wнлнфмҟPaLoc dacSc.714G>T was observed 

for any of the van cluster genes, in either vancomycin condition (Figure 4.3). This showed that 

mutations in dacS do not alter expression of the van cluster, therefore confirming that the dacS 

pathway is novel, acting independently to the van cluster. Although the reason for the mutual 

exclusivity of these two mechanisms is still unidentified, and the downstream mechanisms of the 

dacS and vanT pathways may overlap, this work demonstrates the two key pathways to vancomycin 

resistance observed in the experimental evolution are fundamentally different.  
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qRT-PCR analysis of the van operon genes, and TCS vanSRΣ ƛƴ wнлнфмҟPaLoc (black) and 
wнлнфмҟPaLoc dacSc.714G>T (yellow). Exact copy numbers, normalised relative to the house-
keeping gene rpoA, are shown. qRT-PCR assays were performed in biological and technical triplicate. 
Statistical significance was calculated using a two-way ANOVA with the Tukey post-hoc test. No 
differences were significant.  
 
 
 

4.3.4 dacS Mutations Result in Overexpression of dacJ 

After determining that mutations in dacS do not result in vancomycin resistance by acting on the van 

cluster, the mechanism of resistance associated with dacS was examined. 

4.3.4.1 The dacJRS Gene Cluster 

The genomic organisation of the dacJRS cluster was visualised using Geneious (v7.1.9 

http://www.geneious.com/). Promoters were also predicted using previous global transcription site 

mapping (Fuchs et al., 2021). The dacJRS cluster consists of dacRS, the TCS histidine kinase and 

response regulator, and the upstream dacJ, controlled by a separate promoter (Figure 4.4a). As dacJ 

encodes a putative D,D-carboxypeptidase, which is likely involved in peptidoglycan modification 

through removal of the terminal D-Ala in nascent peptidoglycan, it was hypothesised that DacRS acts 

on DacJ. 

Figure 4.3 - dacS Does Not Alter Expression of the van Cluster 
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4.3.4.2 The DacS Histidine Kinase 

Structural prediction of the dacS-encoded histidine kinase was performed using AlphaFold to 

understand potential impacts of the missense mutations observed (Jumper et al., 2021). DacS was 

modelled as a homodimer, as histidine kinases often exist in this formation, yielding a plausible 

structural model (Figure 4.4b). Both R20291ɲPaLoc dacSc.714G>T (Bc1) and R20291ɲPaLoc 

dacSc.548T>C (Bc8/9) mutations alter the DacS cytoplasmic domain - Glu238Asp (Bc1) within the 

predicted catalytic ATPase domain, and Val183Ala (Bc8/9) within the dimerization and histidine 

phosphorylation domain, suggesting the mutations impact signal transduction as opposed to 

sensing. Although the direct impacts of these mutations on DacS function were not clear, the 

possibility that the mutations in dacS led to altered expression of dacJ was examined.  

 

(A) Genomic organisation of the dacJRS cluster. (B) AlphaFold model of DacS as a dimer (Jumper et 
al., 2021). The transmembrane domains were identified using DeepTMHMM (Hallgren et al., 2022) 
and the Catalytic ATPase and Dimerization and Histidine Phosphorylation domains were predicted 

Figure 4.4 - dacJRS Gene Cluster Organisation and the DacS Histidine Kinase 
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using InterProScan (Jones et al., 2014). The locations of Val183 and Glu238 are highlighted in purple 
on one chain. 
 
 
 

4.3.4.3 dacS SNPs Result in dacJ Overexpression 

qRT-PCR was used to investigate whether the observed mutations in dacS resulted in altered 

expression of the dacJRS gene cluster. RNA from R20291ɲPaLoc dacSc.714G>T (Bc1), R20291ɲPaLoc 

dacSc.548T>C (Bc8/9), and the R20291ɲPaLoc control in the presence (0.5x MIC) and absence of 

vancomycin was extracted, and expression of dacJRS and the housekeeping gene rpoA were 

measured. Expression was quantified as described before (4.3.3.2), whereby a qRT-PCR control 

plasmid, pJEB029, containing a single copy of each target gene fragment was used to generate a 

standard curve from which the exact copy number of target transcripts could be determined. The 

copy numbers were again standardised using the rpoA housekeeping gene, and results were 

expressed as copies per 1000 copies of rpoA. Differences in expression were then statistically 

analysed using a 2-way ANOVA.  

 

Both dacS SNPs resulted in increased expression of all genes in the dacJRS gene cluster, showing the 

dacRS TCS acts on both dacRS and dacJ promoters, to regulate both itself and dacJ (Figure 4.5a). This 

increase was prominent in both the presence and absence of vancomycin, suggesting either that 

dacS SNPs result in constitutive expression of dacJRS, or that dacRS responds to an unknown signal. 

Although there was a significant increase across all genes for both dacS SNP strains, the magnitude 

of change varied from 4.8 fold (for dacS in the presence of vancomycin in the R20291ɲPaLoc 

dacSc.714G>T strain) to 94.6 fold (for dacJ in the presence of vancomycin in the R20291ɲPaLoc 

dacSc.548T>C strain). 
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This data suggests mutations in dacS result in vancomycin resistance through overexpression of dacJ. 

Overexpression of the putative DacJ D,D-carboxypeptidase would likely reduce vancomycin 

sensitivity via removal of the terminal D-Ala from nascent peptidoglycan, the vancomycin target.  

 

(A) qRT-PCR analysis of dacJRS expression in R20291ɲPaLoc (black bars), R20291ɲPaLoc 
dacSc.714G>T (yellow bars), R20291ɲPaLoc dacSc.548T>C (green bars) and R20291ɲPaLocɲdacRS 
(blue bars), in the presence (0.5x MIC) and absence of vancomycin. Exact copy numbers, normalised 
relative to the house-keeping gene rpoA, are shown. Assays were performed in biological and 
technical triplicate. Statistical significance was calculated using a two-way ANOVA with the Tukey-
Kramer test, ** =  P<0.001. (B) Schematic of the consequences of dacS SNPs. Lack of dacJ 
upregulation in R20291ɲPaLocɲdacRS suggests that phosphorylated-DacR acts as an activator of the 
two promoters in the dacJRS cluster, with DacS Glu238Asp or Val183Ala substitutions constitutively 
activating the function of the TCS respectively. The consequence is over-expression of DacJ which is 
then translocated to the cell surface where it can cleave the terminal D-Ala residue in nascent 
peptidoglycan, thereby preventing vancomycin binding. 
 
 
 

Figure 4.5 - dacS Mutations Lead to Increased Expression of dacJRS 
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4.3.4.4 dacS is a Positive Regulator of dacJ 

Through qRT-PCR, the DacRS TCS was shown to regulate itself and dacJ. However, whether DacRS 

was an activator or repressor of expression ς and whether the observed dacS mutations resulted in 

increased dacJRS expression through activation of an activator, or deactivation of a repressor ς was 

unknown. Therefore, to investigate how dacS SNPs result in increased expression of dacJRS, a dacRS 

knockout, R20291ɲPaLocɲdacRS, was constructed by allelic exchange as summarised in Table 4.2. 

qRT-PCR was used to measure expression of dacJ in R20291ɲPaLocɲdacRS and R20291ɲPaLoc as 

described above (section 4.3.4.3). If DacR were a repressor, ɲdacRS would have the same effect as 

the dacS SNPs, removing the repression to increase expression of dacJ. However, if DacR were an 

ŀŎǘƛǾŀǘƻǊΣ ɲdacRS would remove the activation, resulting in little dacJ expression. No increase in dacJ 

expression was observed in the dacRS knockout, confirming the role of DacRS as a positive regulator 

of dacJ (and likely dacRS) transcription (Figure 4.5a). This suggests the dacS SNPs increase the 

activity of the DacRS TCS, leading to increased dacJRS expression (Figure 4.5b). Work relating to 

ɲdacRS was performed by Lucy Thompson όǳƴǇǳōƭƛǎƘŜŘ ƳŀǎǘŜǊΩǎ ŘƛǎǎŜǊǘŀǘƛƻƴύΦ 

4.3.4.5 dacS SNPs Result in Reduced Vancomycin Binding 

The role of DacJ as a D,D-carboxypeptidase could not be directly assayed, since overexpression of 

dacJ was lethal in E. coli, possibly due to the inhibition of cell wall cross-linking from DacJ 

carboxypeptidase activity (data not shown). To confirm that vancomycin resistance in the dacS 

recapitulated SNP mutants was due to overexpression of dacJ, resulting in removal of terminal D-Ala 

residues from peptidoglycan precursors and thus reduced abundance of D-Ala D-Ala vancomycin 

binding sites, vancomycin binding was visualised. It was hypothesised that dacS recapitulated SNP 

mutants would display reduced vancomycin binding due to dacJ overexpression. Vancomycin-

BODIPY is a vancomycin analogue containing a single BODIPY fluorescent dye molecule per 

vancomycin molecule, meaning vancomycin binding to the cell wall can be visualised using 

fluorescence microscopy. Vancomycin-BODIPY binding is typically observed at the mid-cell, the site 

of maximal peptidoglycan synthesis, due to the abundance of pentapeptide precursors at this site. 
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Log phase cells were incubated with vancomycin-BODIPY, fixed, and washed before imaging using 

phase contrast microscopy with a GFP filter. The vancomycin labelling of R20291ɲPaLoc 

dacSc.714G>T (Bc1) and R20291ɲPaLoc dacSc.548T>C (Bc8/9) was compared to the R20291ɲPaLoc 

control. An unlabelled R20291ɲPaLoc control was also included. 

 

¢ƘŜ ǇŀǊŜƴǘŀƭ wнлнфмɲPaLoc strain displayed clear mid-cell vancomycin-BODIPY labelling, consistent 

with the presence of pentapeptide precursors (Figure 4.6a). Conversely, the dacS recapitulated SNP 

mutants R20291ɲPaLoc dacSc.714G>T and R20291ɲPaLoc dacSc.548T>C showed no evidence of 

vancomycin binding, demonstrating that overexpression of dacJ in these strains results in a 

depletion of D-Ala D-Ala vancomycin binding sites. 

 

To quantify vancomycin binding in the R20291ɲPaLoc and dacS recapitulated SNP strains, 

fluorescence intensity profiles were collected for each cell across the long axis. After normalisation 

ǘƻ ǘƘŜ ŎŜƭƭΩǎ ōŀŎƪƎǊƻǳƴŘ ŦƭǳƻǊŜǎŎŜƴŎŜΣ ǘƘŜ ƳŀȄƛƳŀƭ ƛƴǘŜƴǎƛǘȅ ƻŦ ŀƭƭ ƛƳŀƎŜŘ ŎŜƭƭǎ ǿŀǎ ǇƭƻǘǘŜŘ ŦƻǊ ŜŀŎƘ 

strain. The quantification mirrored the observations from the raw images ς a clear increase in 

maximum intensity for the R20291ɲPaLoc, and profiles similar to the unlabelled control for the dacS 

recapitulated strains (Figure 4.6b). Fluorescence quantification was performed by Anne Williams. 
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(A) Representative images of R20291ɲPaLoc, R20291ɲPaLoc dacSc.714G>T and R20291ɲPaLoc 
dacSc.548T>C labelled with vancomycin-BODIPY. An unlabelled R20291ɲPaLoc control is also shown. 
Mid-cell staining is apparent in R20291ɲPaLoc but not in the two dacS recapitulated strains. (B) 
Normalised maximum fluorescence intensity of each cell, gained from the maximum value across its 
intensity profile, was plotted for each strain to quantify differences in vancomycin binding across 
strains.  
 
 
  

Figure 4.6 - DacJ Activity Reduces Vancomycin Binding Sites in the Cell Wall 
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4.3.5 The Contribution of dacJRS to Bc1 Resistance 

Work in this chapter has shown that evolved dacS SNPs result in vancomycin resistance through 

overexpression of the dacJ-encoded D,D-carboxypeptidase, which reduces vancomycin binding at 

the mid-cell. However, how the dacS pathway, which by itself led to a 4-fold increase in vancomycin 

MIC, fits into the 32-fold increase in MIC observed in the evolved isolate Bc1 was not determined. 

Further, although dacS was shown to increase dacJ expression, and mutants with recapitulated dacS 

SNPs displayed reduced vancomycin binding, the role of DacJ was not directly tested to confirm its 

causative effect on resistance and vancomycin binding reduction. To address these points, dacJ was 

deleted from the evolved isolate Bc1, resulting in the strain .ŎмҟdacJ. Construction of this strain is 

described in Table 4.2. Investigations relating to Bc1ҟdacJ were performed by Lucy Thompson 

όǳƴǇǳōƭƛǎƘŜŘ ƳŀǎǘŜǊΩǎ ŘƛǎǎŜǊǘŀǘƛƻƴύΦ 

4.3.5.1 .ŎмҟdacJ Displays Reduced Vancomycin Resistance 

The vancomycin MIC of .ŎмҟdacJ was tested by standard agar dilution, and compared to the evolved 

isolate (Bc1) and the R20291ɲPaLoc control. .ŎмҟdacJ exhibited an MIC of 2 µg/mL, an 8-fold 

reduction from the Bc1 MIC observed in the same assay (Figure 4.7a). This huge reduction in 

resistance from the removal of dacJ directly confirms the major role of the dacJRS pathway in the 

vancomycin resistance observed in Bc1, and confirms the causative role of dacJ.  

 

Interestingly, removal of dacJ from Bc1 did not reduce its MIC to WT-level, as the MIC of .ŎмҟdacJ 

was 2-fold higher than the R20291ɲPaLoc control. Additionally, the presence of dacJ in the Bc1 

evolved isolate increased its MIC from 2 to 16 µg/mL (8-fold), however the overexpression of dacJ 

from the recapitulated dacS SNP resulted in just a 4-fold increase in MIC. Taken together, this 

suggests the presence of a second, minor mechanism of vancomycin resistance in Bc1, providing an 

MIC of 2 µg/mL. The disparity between resistance gains of .ŎмҟdacJ and R20291ɲPaLoc 

dacSc.714G>T could potentially be explained by the synergistic effects of these two mechanisms. 
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However, no second mechanism could be identified from the illumina data (discussed in more detail 

in Chapter 5). 

Figure 4.7 - ɲdacJ Partially Restores Vancomycin Binding in Bc1 
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(A) Vancomycin MICs of R20291ɲPaLoc, .ŎмɲdacJ and Bc1. MICs determined by agar dilution on BHI. 
Assays were performed in biological triplicate and technical duplicate. Shown is a single 
representative biological replicate. (B) Representative images of R20291ɲPaLoc, .ŎмɲdacJ and Bc1 
labelled with vancomycin-BODIPY. An unlabelled R20291ɲPaLoc control is also shown. Mid-cell 
staining is apparent in R20291ɲPaLoc but not in the Bc1 evolved isolate. Deletion of dacJ from Bc1 
partially restores vancomycin binding, indicating the direct role of DacJ in depletion of vancomycin 
binding sites. (C) Normalised maximum fluorescence intensity of each cell, gained from the 
maximum value across its intensity profile, was plotted for each strain to quantify differences in 
vancomycin binding across strains. 
 
 

4.3.5.2 Partial Restoration of Vancomycin Binding was Observed in .ŎмҟdacJ 

To confirm the causative effect of dacJ on vancomycin binding reduction, vancomycin binding of 

.ŎмҟdacJ was compared to the evolved isolate Bc1 and the R20291ɲPaLoc control. To assess 

vancomycin binding, samples were incubated with vancomycin-BODIPY and imaged as above. An 

unlabelled R20291ɲPaLoc control was also included. It was hypothesised that if dacJ were involved 

in depletion of vancomycin binding sites, deletion of dacJ in Bc1 would restore vancomycin binding.  

 

As expected, the Bc1 evolved isolate displayed no evidence of vancomycin binding (Figure 4.7b). 

.ŎмҟdacJ displayed partial restoration of vancomycin binding ς mid-cell binding was clearly present, 

but in a smaller proportion of cells than the R20291ɲPaLoc control. This observation was also 

reflected in the fluorescence quantification (Figure 4.7c). This data confirms the direct role of DacJ in 

vancomycin resistance through depletion of vancomycin binding sites; and suggests that DacJ is the 

major, but not sole, contributing factor to vancomycin resistance in Bc1.  

  


















































































































































































































































































































































