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Abstract

Abstract

Clostridioides difficiles the leading cause of hospHa$sociated diarrhoea, and presentsungent
threat to global healtlg owing, at least in part, to its ability to resist a wide array of antibiotics.
Treatments forC. difficilanfection are limited, and rely largely upon metronidazole, fidaxomicin,
and vancomycin. Vancomycin is the current friné drugof choicein the UK, and is one of the
primary treatments forC. difficilevorldwide. Perhaps surprisingly for such an adafgairganism,
vancomycin resistance . difficilds not widespread, and knowledge of resistance pathways,
beyond regulatory changes to tvanoperon, is lacking. However, isolated reportsedistance in
clinic, coupled with anecdotal reports of treatmt failure, suggest more effort should be placed on
understanding the routes, mechanisms and costsesistance To bridge this gap, this work aimed
to provide a thorough genetic and molecular characterisation of vancomycin resista@cdliifficile
Experimental evolution undemcreasing vancomycin dosiemonstrated higHevel vancomycin
resistance could evolve rapidly, at the cost of pleiotropic phenictghangesThe genetic basis of
resistance was revealdtirough genome sequencing of resistantastis highlightingmultiple
alternative routes to resistance acquisitidncluding mutations imangenes,comR and the
previously uncharacterisedacS Through recapitulation of observed mutatioinsa clean genetic
backgroundthe mechanisms ofanSand dacSmediated resistance alterations to the terminal b
Ala in nascent peptidoglycaywere determined, and synergistic interactions between these
pathways leading to highkevel vancomycin resistance were uncovered. Importantly, only two
mutations wererequired for highlevel resistance, a vital consideration fidinicalmonitoring.
Overall these mutational and mechanistic insights provasolid foundation to guide future

genomicsurveillanceof vancomycin resistance @. difficile
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Introduction

1 Introduction

1.1 Clostridioides difficile

Clostridioides difficiles a grampositive obligate anaerobe, capable of causing disease thrthegh
faecaloral transmission of robust endospor@3eakin et al., 2012)'hese metabolically dormant

spores are able to persist in a range of environments, being resistant to oxygen, heat, and many
common disinfectant§ O2 Y i NA 6 dzi Ay 3 (G2 o620GK G4KS 2NHIyAayYQa ad
associated healthcare costs and difftguwof treating infection(Adams et al., 2013L. difficilas
responsible for over 120,000 infections per year in Europe alone, and is thedezmdise of
hospitatassociated diarrhoe(ECDPC, 2023)s well as being an important nosocomial pathogen, a
recent paradignshift has seen increasing reports of conmmity-acquiredC. difficilanfection (CDI)
(ECDPC, 2023)lthough often less severe, communéigquired CDI is responsible for an estimated
20-27% of all cases, resuig in a significant burdefiiao 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 difficiletypically arises from morsevere manifestations,
including pseudomembranous colitis, fulminant colitis and toxic megad®apnik 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 treatm@adng and Kim, 2019 his

results incomplex treatment plans and worsened progng$isle and Stahl, 2015; Napolitano and

Edmiston, 2017)

Paradoxically, antibiotics constitute both the main treatment amajor risk factor forC. difficile
infection. Administration of broadpectrum antimicrobials, either prophylactically or to treat

another infection, lead to disruption of the gut microbiota, resulting in a dysbiotic state in hich
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difficilethrives(Lawley et al., 2012As well as being associated with the bresgpectrum
antimicrobials cephalosporins, clindamyaeind fluoroquinolones; antibiotics commonly used to
treat C. difficildtself can also contribute to CDI, by exacerbating dysbiosis and leaving the patient
acutely sensitive to reinfection or relap@®wens et al., 2008 his recurrence is the most common
complication of CDI, arising in up to 30% of pati€Bteng and Kim, 2019Tollectively, this
combination of factors warrants the recent classificatiorCoflifficild: & | 3/S yaidzNJaoRS I § ¢

2024)

1.1.1 CDI

Clinical manifestations of CDI range from-iatiting diarrhoea to often fatal inflammatory
complications. Typical presentations of CDI involve mild diarrhoea, which resolves without
antibiotic treatment. However, notable complications include severe diarrhoea and dehydration,
colon perforation, kidney failure, and septicaenfZzepiel et al., 2019%evere 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 megacolomwitieming of the

colon due to inflammatiorfFarooq et al., 2015; Sayedy et al., 2018}uch instances, prognosis is
poor ¢ patients with toxic megacolon arising from CDI require aggressive treatments, and have a 38

80% mortality ratgSayedy et al., 2010)

1.1.2 Epdemiology

The phylogenetic diversity &. difficilehas 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 20087 (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 incease in pathogenicity are far from clear. Ribotype 027 strains display increased
expression of toxins, a deletion icdC(putativelyencoding a negative regulator of toxin expression)
(Qurry et al., 2007; Spigaglia and Mastrantonio, 2002; Warny et al., 2808)production of an
additional binary toxifGerding et al., 2014 hese strains also displayed highel resistance to
fluoroquinoloneantibiotics, including the commonly used ciprofloxa@azavi et al., 2007n the
UK, improved hospital management strategies have teduh an 80% reduction in cases from the
height of the 20042007 outbreak, with current annual infection rates lying at 13,0d@nsfield et
al., 2020; PHE, 2024} difficileis responsible for an estimated 29,000 and 1,800 deaths per year in
the USA and UK respectivélessa et al2015; UKHSA, 2022} ase fatality is approximately 15%,
however this increases with each subsequent infection recurré@ode and Stahl, 2019)espite
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&idibutable costs excelling
$6.3 billion(Heimann et al., 2018)n England, CDI costs £5,88015,00 per cas€Heimann et al.,
2018) This burderis not solely economic with the average UK patient stay being 37 days, CDI puts
huge pressures on healthcare faciliti®eigadas Ramirez and Bouza, 20D8gpite less emphasis
being placed on the burden of CDI in loviecome 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 antdigh HIV prevalence, CDI burden is likely to be {Rgiidan 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 CDlI is influenced by a randg. dfifficilevirulence factors, including
production of various toxins and surface proteins. Primapdthogenesis is driven by the activity of

toxins A and B, encoded within the pathogenicity lodeLO3.
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1.1.3.1 PaLoc
TheC. difficilePaLospans a 19.6 kb region, with a typically highly conserved genomic localisation
and organisation, and encodes 5 proteingolved in toxiAmediated pathogenesid-{gurel.la). The
five genes in théalLodncludetcdAandtcdB,encoding toxins A and B respectively; as weltdR,
tcdEandtcdC.TcdR is an alternative sigma factor and likely positive regulator of toxin production,
since purifiedC. difficileRNA polymerase was unable to bind to thd promoter regions in the
absence of TcdR, and interaction of TcdR with the RNA pawadéioloenzyme allowed
transcriptional activatiorfGovind et al., 2015; Mani and Dupuy, 2Q009dR also activates its own
promoter, in a positie feedback loop, allowing regulation of the entifal.oc TcdGvasthought to
be an antisigma factor involved in modulating toxin expression through sequestration of TcdR
(Matamouros et al., 2007)ndeed, thel8 bptcdCdeletioncharacteristic of ribotype 027 has been
attributed to increased toxin expression in these straktswever, the role of TcdC hescently
been disputedafter identification of dw-toxin ribotype 027 clinical isolates, which still possess the
archetypaltcdCdeletion(Anwar et al., 2022)Additionally, orrection of the 18 brcdCdeletion
through allele exchange had no effect on toxin produc(i@artman et al., 20125uggestinghe
function of TcdC requires further classificatidine exact function of TcdE$alsopreviously been
controversial, however it seems likely that this hdllke protein is involved in toxin secretion, as
recently demonstrated in clinical straifiglajumdar and Govind, 2022; Mani and Dupuy, 2001)
Holins are membrane proteinsommonly encoded by doubkiranded DNA phage, which are
required for host cell lysis. ThedEopen 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 frjqodent strain R20291

(Govind et al., 2015)
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Toxins A (TcdA) and B (TcdB) consist of a broadly similaddmain structure and are highly
similar, with 4% amino acid identity, suggestive of an originating gene duplication evigiré
1.1a). The Nerminal consists of a glucosyltransferase domain (GTD), next to which is a small
cysteine protease domain, involved in auto processing for the release of théRedid et al., 201Q)
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 GTDthehumen of
endocytic vesicles into the host cell cytoplasm. Ther@inal receptor binding domain (also known
as Cterminal combined repetitive oligopeptides (CROPs) domain) can bind to a range of

carbohydrates, likely facilitating toxin binding to tbell surfacgHartleyTassell et al., 2019)

The proposed mode of action, known as the ABCD model (activity (A), binding (B), (€tting
delivery (D)), is similar between both TcdA and Té&dRu(el.1b) (Jank and Aktories, 2008)ere,
TcdA and TcdB bind to cellular receptors. Once bound, the toxins uneedgaytosis, through a
clathrinrrdynamindependent pathwayPapatheodorou et al., 2010%ubsequent acidification of the
endosome results in a carmational change of the toxin, allowing membrane insertion and
formation of a channehrough which the glucosyl transferase domain pag&ssth et al., 2001;

v Q5 y Silnthefcypasol, thertoxms)undergo a further change, induced by the host
cofactor inositol hexakisphosphate. This allows activation of the toxin cysteine prateasan, and
results in toxin autocleavage at a position between the cysteine protease and glucosyltransferase
domains, releasing the glucosyltransferase domain into the cyt{égmrer 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 pathodBresistone et al.,
2020) In the cytosol, the GTD is able to inactivate members of thegdlnosine tiphosphatase
(GTPase) family, including Rho, Rac and Cdc42auifdr of glucose fromridine diphosphate

glucose(UDRglucose) to these proteins at a conserved threonine res{daek et al., 2007; Just et
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al., 1995) Since Rho GTPases control pleiotropic signal transduction pathvieystidn 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(Gerhardet al., 2008; Janoir, 2018n fact, TcdA and TcdB are capable of causing
both type | (apoptosis) and type Il (necrosis) programmed cell d&atth and Ballard, 2005)
Changes in Rho GTPase function also evoke changes in proinflammatory sigatdivays,
resulting in the production of proinflammatory cytokines interleukin-gili) = { dzY 2 dzidtbry S ONER & A
(TNFY = -8/ Fnis,lcupled with the subsequent influx of neutrophils, leads to further host

tissue damage characteristic of GBlladan and Petri, 2012)

1132 CDT

Characterisation of the hypervirulent ribotype 027 epidemic strain, first reported at the stamneof t
millennium, showed a combination of factors putatively involved in increased virulencetehigih
fluoroquinolone resistancegn 18 bptcdCmutation, and possession of a further toxgrC. difficile
binary toxin (CDTLoo et al., 2005)CDT is an ARibosylating toxin, comased of 2 proteins, the
crystal structures of which have been reported recefdinderson et al., 2020; Xu et al., 2020pTa

is an ADPRibosyltransferase, the enzymaticroponent 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 lipolysitimulated lipoprotein receptor, present in host cells in the livadney,

small intestine and colo(Papatheodorou et al., 2011Jhis binding is followed by accumulation of
lipid rafts, oligomerisation and induction of endocytofitemmasi et al., 2015; Papatheodorou et al.,
2010) In the resulting endosome, acidification triggers membrane insertion and pore formation by
CDThb, allowing translocation of CDTa into the cytosol. Refolding of CDTa after translocation is
mediated by host chaperones, including Hsp90 and C{fprtst et al., 2018 DTa then ADP
ribosylates cellular actin at Arg177, producing AibBse and nicotinamide as biproducts. The
modified actin is prevented from further polymerisation due to the AibBse moiety. Eventually,

this leads to complete depolymerisation of thetia 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., 2009wever, CDT displays a multifaceted approach to host
cell toxicity, since actin polymieation results in redistribution of the microtubule network.
Microtubules are involved in a range of cellular processes, including intracellular transport, cell
division and cilia formatiofAkhmanova and Steinmetz, 201&)DT hijacks this network, resulting in
formation of long cellular protrusions which incregSediffcile adherence to host cells, both vitro
and in mouse modeléSchwan et al., 2014, 2009 etails of the mechanism of CDT are reviewed in

detail elsewhergAktories et al., 2011; Gerding dt,&2014)

The regulation of CDT is distinct from, but entwined with, Bad.o¢ sincecdtAand cdtBare located
on a separate 6.2 kb chromosomal region of the genome, knovddsoc. CdtLamontains the two
genes encoding CDT, acdtR¢ a LytTR farhy orphan response regulator. CdtR is a positive
regulator of both CDT and tieaLodn hypervirulent straingLyon et al., 2016 NonCDT producing
C. difficilestrains contain either a truncated version of tBeltLo¢or a 68 bp insertion sequence at

this site(Carter et al., 207).
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Figurel.l - The Pathogenicity Locus and Toxin ModeabioA

(A) The pathogenicity locu®éLot is omprisedof 5 genestcdAandtcdB encoding toxins A and B
respectivelyicdR encoding aralternative sigma factor and likely positive regulator of Bre_oc
(regulation shown above in green¢dE encoding a holitike protein putatively involved in toxin
secretion; andcdC aputative anti-sigma factor and negative regulator of tRaLoqgenes

(regulation shown above in red). Toxins A and B both consist of a broadly simitdofoaim

structure. At the Nerminal, the glucosyltransferase domain (GTD) is the active toxin moiety which
inactivates members of the Rho GTPase family. A cystemtegse domain is next to the GTD, and is
involved in autgprocessing 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 theGTD from the lumen of endocytic vesicles into the host cell cytoplasm. The final
Gterminal receptorbinding domain (also known ast€minal combined repetitive oligopeptides

(CROB) domain) binds to a range of cellular receptdB) Toxin mode of actio The toxins bind to

various cellular receptors via thet€minal CROPs domain, triggering clathdependent

endocytosis (1) followed by acidification of the resulting vesicle (2). The drop in pH triggers a
conformational change in the delivery domaiieh 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/ad multi
cellular disruption, including dysregulation of actin depolyisation, which causes disruption of
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tight junctions and loss of intestinal barrier function, induction of proinflammatory cytokines and

activation of programmed cell deatReproduced fronBuddle and Fagan, 202®8der a CBY
licence.

1.1.4 Cell Wall

1.1.4.1 Structue

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 attteve antibiotic target. The cell wall is comprised
primarily of peptidoglycai a heteropolymer of glycan chains that are crtinked by peptides. The
glycan chains consist afternatingi -1,4linked N-acetylglucosamine (GIcNAc) angabketylmuramic

acid (MurNAc) residuesnaking thepolysaccharide backbon&hese glycan chains can vary in levels

of glycanN-deacetylation or @cetylationbetween speciesC. difficiledisplays high levels -

deacetyhtionin GIcNAgesidues, which aids in lysozyme resistaf¢elimer and Tomasz, 2000)

The peptide stem is linked to tidurNAG andconsists of {Alanine, BGlutamate meso

diaminopimelic acid (A2pmand two DAlanines (FAla) inC. difficilg(Coullon andCandela, 2022)

The peptide stem is synthesised as a pentapeptide, which may be trimmed during asge¢hably
majority of peptidoglycan peptides are tetrapeptides, followed by tripeptide§.idifficile(Peltier

et al., 2011)These peptide stemare crosdinked to neighbouring peptide stems, to strengthen the
cell wall, creating the mature peptidoglycan mesh structiéigyrel.2a). The process afosslinking
nascent peptidoglycan is essential, and inhibition of crosslinking is a primary mechanism of multiple
antibiotics. Crosslinking of peptidoglycan in bacteria most commonly occursAl@BA2pn? (4,3),
howeverC. difficileexhibits a high amdance ofA2pn# MA2pn? (3,3) crosslinks. In fact, 3,3

crosslinking accounts for the majority (75%) of crosslinka iifficile(Coullon et al., 2020)
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1.1.4.2 Assembly
The initial stages of peptidoglycan synthesis occur in the cytoplagmrel.2b). MurNAc is
synthesisd from GIcNA@recursorgEgan et al., 2020, 2015; Galinier et al., 20E8)ther
modification of MurNAc occurs via the addition of a pentapeptide stem, catalysed by a series of
amino adail ligases, primarily encoded by thaur gene cluster. This MurNAmentapeptide precursor
is bound toUndPin the inner face of the cytoplasmic membrane via MraY, forming lipid I. Addition
of aGIcNAdo lipid I, catalysed by MurG, forms lipidUIndPPGIcNAeMurNAcpentapeptidd. Lipid
Il'is then flipped across the cytoplasmic membrandlippase MurJand the nascent peptidoglycan
is polymerised via glycosyltransferases. The glycan chains must then béndtedssia
transpeptidases. 4,3 crdgiks are catalysed Hy,Dtranspeptidasegpenicillinbinding proteins
(PBP3) whereby the donor pentapeptide loses its terminal@, with the crosslink formed
between the 4' position DAla and the 3 position of a neighbouring peptide. 3,3 crosstirite
catalysed by L franspeptidases, which ugetrapeptides as donotdnC. difficilethere are 3
canonical,Dtranspeptidases, which can be deleted simultaneously with minimal impact on
peptidoglycan structure, indicating the presence of novel,-nanonical,D-transpeptidasesvhich
are as yet unidentifiedGalley et al., 2024 Carboxypeptidases are highly redundant, and are
involved in producing tetrapeptide donors for Hanspeptidases, as well as peptidoglycan

maintenance and turnovelEgan et al., 2020)
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(A) Cell wall structure the peptidoglycan cell wall is composed of alternatiBigNAeMurNAc

residues. These may be 4,38xf A2pm3or 3,3(A2pm3f A2pm3 crosslinked. (B) Cell wall
assemblyg MurNAc is synthesised from GIcNAc, and the pentapeptide stem is added to MurNAc
through a series of amino acid ligase reactions. MurNAc is converted to lipid I, and GIcNAc is added
to produce lipid Il. This is flipgeacross the cytoplasmic membrane, and incorporated by
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glycosyltransferase enzymes to produce peptidoglycan chains. These aréirdtedsy D,Band
L,Dtranspeptidases.

1.2 C. difficile Treatments

Antibiotic chemotherapy often results in further dysb®sind increased risk of recurrent infection.
Despite this, treatment for CDI typically relies on metronidazole, fidaxomicin or vancomycin. Non
antibiotic alternatives, such daecalmicrobiotatransplantation(FMT) or defined microbiome

reconstitution, ae however becoming more common.

1.2.1 Metronidazole

Metronidazole is &-nitroimidazoleprodrug, which, although synthetic, derives frazn

nitroimidazole a compound isolated froiStreptomyces spn the 19509 Leitsch, 2019)Since
metronidazole is a prodrug, it is inactive until taken up and reduced. The transfer of electrons
activates metronidazole tracellularly, 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, sinpestbence of
oxygen reoxidises 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 coraganabl
rates to vancomycin at a cheaper prigaitan et al., 2023)Additionally, although noted, resistance
was reported to be transient, highly unstable and heterogengdertin et d., 2008; Peldez et al.,
2008) More recently however, multiple mechanisms of metronidazole resistanCe dlifficilehave
been reported, resulting in metronidazole no longer being recommended as thelinenantibiotic

for treating CD(NICE, 2021)
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1.2.2 Fidaxomicin

Fidaxomiciris amacrocyclic lactone antibioti@ semisynthetic product derived froActinomycetes

(Dorst et al., 2020)idaxomicin targets thieacterial RNAdolymeraseg anattractive antibiotic

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

the potential to be targeted by both broadnd narrowspectrum antibiotic§Artsimovitch et al.,

2012) Fidaxomicins a narrowspectrum antibiotic, whiclacts to inhibi RNApolymeraseat a site

distinct from rifamycin through binding to the DNémplate-RNApolymerase complex prior to

GNF YAONRLIIAZ2Y AYAGAIGA2Y® ¢KAA (N} LA GKS O2YLX SE
with the -35and-10 sequencdLin et al., 2018; Venugopal and Johnson, 20028 specificity of

fidaxomicin was uncovered recently usitryo-electron microscopysincethe C. difficileRNA

polymerasewas shown tgossess fidaxomicirbinding determinant absent from other members

of the gut microbiomgCao et al., 202

Fidaxomicin presents many virtugdt is highly specific, angrovides high faecal, and low serum,
concentrationgZhanel et al., 2015)t has minimal adverse effects ¢he 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{iinatantibiotic, vancomycin, in
relation to clinical responseend safety. The hesitancy surrounding uptake for mainstream use of
fidaxomicin is therefore largely centred round cqst 10day course of fidaxomicin is estimated to
cost3845.44USD vs23.28USDfor vancomycir(Patel et al., 2023Despite multiple studies
suggesting fidaxomicin is actually cestving, by reducing hospital stay times anduregence rates,
the higher upfront cost has remained a barrier to widespread use of this antilp@sitagher et al.,

2015; Patel et al., 2023)
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1.2.3 Vancomycin

Vancomycin is a glycopeptide breagectrum antibiotic used to treat gram positive pathogens. It is

a natural product antibiotic, initiallisolated in the 1950s, fror8treptomyces orientali®Rubinstein

and Keynan, 2014Yancomycin side effects are broaahging, from kidney and urimaprobems to
hearing los¢Peng et al., 2020jneaning &hough 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 (Gl) infections, since it is poorly absorbed by the Gl tract,
meaning it reaches high concentrations in the gut lanje y  Aldc&m antimicrobials,

vancomycin impactsell wall biogenesis at multiple levejdy binding to the terminal \la of the

lipid 1l pentapeptide chain in nascent peptidoglycan, vancomycin inhibits transpeptidation reactions,
preventing peptidglycan crosslinking. It also impedes glycosyltransferase activity, inhibiting glycan
chain elongatior{Sogios and Savchenko, 2020hese actions achieve bactericidal activity by
compromising the envelope, leading to increased osmotic pressure an@Sysigos 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 tthange in practicéCzepiel

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

mild, moderate and severe CDI, as well as for recurrent infec(WIGE, 2021}t 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 Feaecal Microbiota Transplantatig@MT)
Ca¢ Ay@2f@dSa IRYAYAaAaUNIXrdA2y 2F FFSOS&a FNRBRY | KSI
previouslyhealthy microbiome (autologous) to restore the natural gut flora. This has gained
popularity as a treatmentor CDI over the last decade, however the procedure has yet to be
standardisedand there have been reports of adverseeats posttransplantation(Lee et al., 2015)
Typically, faeces can loelivered via colonoscopy, enema, nasogasube or oral capsulg®asson
et al., 2020) The virtues of FMT are well established, as both a standalone and combination therapy:
one trial suggested clinical resolution follogi FMT wa 92%(Quraishi et al., 2017yvhile another
found FMT with vancomycin provided an 81% cliniceblation of CDlIsignificantly higher than
treatment with vancomycin alonéNood et al., 2013Moreover, the potential of FMT to treat the
major complication, recurrent CDI, should not be forgottemrecent study found a 68% success
rate across complex patients with recurrent CDI alongside multiplaadidities and extended
antibiotic use(Nowak et al., 2019Despite intase effort in recent years, the underlying mechanism
of FMFmediated restoration of colonisation resistance is still dispuiatlikely involves a
combination of competition for resources, immune modulation and production of inhibitory
metabolites. Intrigiingly 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 n the effectiveness of FMDitt 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
pseudomembranousolitis, FMT has reduced efficacy and often requisgseat treatment(Sbahi

and Palma, 2016 here is also a question mark over manipulation of the microbiQuespite

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

essentiakonstituents, is lackinfGupta 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 pathogenslteadyvulnerable patientgLee 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 desirald, and this is reflected in the array of new microbiofnased therapeutics in clinical
development or already undergoing clinical trials for treatment of CDI. Among these are those
derived from donor faecesuch as SER)9 from Seres Therapeutics, conisigtof spores of mixed
Firmicute species purified following ethanol treatméhtcGovern et al., 2021and suspensions of
defined bacterial communities grown in pure auk such as the-8pecies VE303 from Vedanta

Bioscience¢Dsouza et al., 2022)

1.3 Resistance to Antibiotics in  C. difficile

One of the most important factors i@. difficilecolonisationis antibiotic resistance~gurel.3). Prior
exposure to antibiotics has long since beexepted as the primary risk factor for CDI, since
increased abundance @. difficilein the colon correlates with dysbiosis, most commonly caused
through antibioic exposurglLawley et al., 2009Being 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 exacesbaif gut dysbiosis due to antibiotic
treatment. Thus, antibiotic resistance allows colonisation, avoidance of clearance, persistence and

recurrenceg impacting all aspects of infection.

1.3.1 Contribution of Atimicrobial Resistande C. difficilgpathogencity

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

microbiomeassociated colonisation resistance is far from clear, but is likely a-facitied
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phenomenon involving competition for nutrients, immune mdation, and production of harmful
metabolites(Ducarmon et al., 2019The best understood factor is the iagt on bile acid
metabolism, and in particular, the conversion of deconjugated primary bile acioto/cholate
and lithocholate by members of the microbiome with-@dehydroxylase activit{Buffie et al., 2015)
Treatment with antibiotics, either prophylactically or for anettinfection, 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, all@vutiicileto
colonise and flouriskLawley et al., 20095upporting this, a wealth of clinical evidence links
antibiotic exposure to CDI: retrospective cohort studies have implicated dosdyerurhantibiotics
used, and days of antibiotic exposure with CDI, with risk increasing in aldpsadent manner
(Stevens et al., 2011kurther, a striking recent study suggested that odds of infection increased by
12.8% with every day of antibiotic theragihowever this was dependent on both the antibiotic
used, and route of administratiofWebb et al., 2020)Although many antimicrobials are associated
with CDI, risk is most highigsociated with broadpectrum antibiotics, including cephalosporins,
carbapenems, fluoroquinolones, and clindamy@ebb et al., 2020)in mouse models, clindamycin
reduced microbiome diversity by 90% for 28 days, which increasech@tllity and led to colonic
inflammation, even in recovering migesuggesting antibiotic exposure increases not only the risk,
but severity of COBuffie et al., 2012)Of course, recurrenceeither through relapse or reinfection
¢ is also highly associated with anititic use(Gémez et al., 2017)n paediatric recurrent CDI
patients, antibiotic exposure and recent surgery were significant recurrence risk fésformlson
et al., 2015) Other clinical studies report similar outcomes, with antibiotics, and previous use of
fluoroquinolones, being independenisk factors for recurrencésong and Kin2019) Therefore,
antibiotic use undoubtedly has a large impact on the abilit¢ odlifficileo act as an opportunistic

pathogen.
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The success @. difficileas a pathogen is inherently linked to its ability to resist antibiotics. The 4.29
Mb gerome ofC. difficilehas demonstrated an extraordinary ability to accumulate resistance
determinants to a multitude of antibiotics, including aminoglycosides, tetracyclines, erythromycin,
clindamycin, betdactams, and cephalosporiiBeng et al., 2017; Spigaglia, 201&)is 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 irgpagwis.
Resistance to the macrolidincosamidestreptograminB (MLg} family of antibiotics, encompassing
erythromycin and clindamycin, is achieved through ribosomal methylation, and is gained via
acquisition of transposons, such a5B88 containingermgenes(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 affinifipzyubak and Yap, 2016jowever, severdl. difficile
erythromycin resistant strains have been identified which kxck genesg suggesting the presence
of yet uncharacterised alternative resistance mechaniégpgaglia et al., 201I)etracycline
resistance is less widespreadGdndifficile however conjugative transpossrhave allowed transfer
of tetM to certain strains, providing a mechanism of ribosome protection against tetracyBlorey
et al., 2014) Perhaps the most intriguing capability is that of fluoroquinolone resistance. Not
unusually, resistance occurs\alterations to the DNA gyrase subunits, typically Glyrguel.3)
(Dridi et al., 2002)However, the emergence of ribotype 027 was associated withspigad
fluoroquinolone use, and the epidemic strains possessed recantyired higHevel
fluoroquinolone resistanc@/Nasels et al., 2015%ince antibiotics target essential cellular processes,
resistance is often associated with large fitness burdelmsvever, competition analysis of strains
carrying mutations seen i@. difficiled27 clinical isolates found fluoroquinolone resistance did not

lead to fitness costm vitro (Wasels et al., 2015)
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1.3.2 Resistance to Antibiotics Used to Tréatifficile

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 statQs difficileas an urgent
threat; and (ii) such treatment options aredil to be further limited through the high degree of
adaptation and flexibility in th€. difficilegenome. As discussed above, until recently, three
antibiotics were commonplace for the treatment of CDI. Metronidazole was typically the antibiotic
of choie for mildto-moderate CDI in first instance of infection, while vancomycin was reserved for
severe and severeomplicated disease. Fidaxomicin was often overlooked due to higher cost, being
significantly more expensive than metronidaz@@uz, 2012; Nelson et al., 201 2021,
vancomycirbecame the ationalinstitute for health andcare excellencgNICEyecommended

front-line antibiotic for CDI, replacing metronidazole as the-instance treatmen{NICE, 2021)

This move reflects both high metronidazatdated recurrence rates, and increasing reports of
metronidazole resistance, but poses risks of its d@nvterms 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 failuréBanawas, 2018Resistance i€. difficilewas previously thought to
be transient, however a recent explosion in research focussed on characterising metronidazole
resistance has led to the discoverynodiltiple heritable pathways to reduced susceptibiliBgure

1.3). One such mechanism involved a 7 kb plasmid, dubbedyWETDRO, which increased resistance
25-fold, and conferred stable resistance to metronidaz{®B®ekhoud et al., 2020Worryingly, pCb
METRO is thought to be horizontally transferrable, and is already internationally disseminated.
However, the lack of universality of thisechanism implies the existence of multiple pathways to

metronidazole resistance. Further clinical isolate studies found multiptgenucleotide
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polymorphisns (SNPs) in genes affecting iron utilisation and electron trangguriting at the
molecular nechanism of resistandg.ynch et al., 2013 his was further uncovered using an
evolutionary approach, which demonstrated the involvement of redox and iron homeostasis genes,
in a deterministic route to resistan¢®eshpande et al., 2020Y1ost recently, mutations in theimB
promoter, resulting in constitutive expressionimB, has been implicated in resistar{Caitan et
al., 2023) NimB, eheme-dependent flavin enzymeromotes resistance through degradation of
metronidazole reactive intermediates, explaining the hedependancy often observed with
metronidazole resistanc@Boekhoud et al., 2021)nterestingly this mutation ceoccurred with
mutations ingyrA which confer fluoroquinolone resistance@ difficileepidemic strains. This
presents a worrying outlook for the future of metriolazole usage. The existence of multiple routes
of resistance to what was once the fiisistance treatment for CDI demonstrates how even
antibiotics used to trea€. difficilecan further contribute to pathogenesis through treatment failure

and recurrence

1.3.4 Fidaxomicin Resistance

Despite the use of fidaxomicin being limitdde to cost, it displays clear benefits to CDI treatment

it prevents spore recovery in vitro gut models(Chilton et al., 2016)andits narrowerspectrum of
activity results in reduced rates of recurrence compared to alternative treatm@utske and

Lamont, 2014)It is worrying, therefore, that resistance halseadybeen describedRigurel.3).

Clinical isolaté50e91 was found to have mutations ipoB,seen previously in laboratory studies
(Leeds et al., 2014Multiple other mutations irrpoBresulting in fidaxomicin resistance have also

been describedMarchandin et al., 2023pespitesome of these isolates displaying fitness costs in
terms of growth, sporulation, and toxin production, G8&displayed no apparent fithess burden
(Schwanbeck et al., 201Bince 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 welktharacterised in other species, and now predominantly used for CDI, vancomycin
resistance irC. difficilehas been poorly defined. That said, vancomycin resistance rates have
increased substantially since 2012, correlating with an increased usage worl@aida et al., 2019)
The whole genome sequence (WGSEotlifficilepublished in 2006 revealedvanGlike cluster,
proposed to confer resistance through changing the terminal#®D-Ala residues to Ala-D-Ser,
reducing vancomycin binding affipi(Sassi et al., 2018; Sebiailet al., 2006)Using an evolutionary
approach, mutations in the twoomponent systenvanSRresponsible for regulating theanG

operon, were shown to result in constitutive expressiowvafGin isolates with reduced vancomycin
susceptibility Figurel.3) (Shen et al., 2020Jurther, &vanR Thrl15Alsubstitution, reported in
clinical isolates from Florida, was also associated reitliced vancomycin susceptibility
(Wickramage et al., 2023Jhe mechanism for this substitutigmiomoting resistance was proposed
to involve enhancing the stability of the ValRIA interaction. The same mutatiavas also

reported in multiple vancomyciresistant clinichisolates from Texas and Kengaggesting
widespread prevalence of this mechani§barkoh et al., 2021P021also marked the first
documentation of plasmiginediated vancomycin resistance@ difficilethrough a broaehost

range and highly transferable plasmid. PlaspX¥d 8498 was associated with reduced vancomycin
susceptibilityin vitro,and more severe CIM vivoin mouse model¢Pu et al., 2021)Despite the
reductions invancomycin susceptibility described being relatively small, from 4x the wildtype
minimum inhibitory oncentration(MIC), these changes potentially have significant effects in ¢linic
a recent study reported reduced vancomycin susceptibility led to redletisical 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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Figurel.3 - Mechanism®f Resistance to Commonly UsediBiotics

Mechanisms o€. difficileresistance to antibiotics commonly used to treat CDI (vancomycin,
fidaxomicin, and metronidazole) and fluoroqgalones. (i) metronidazole (pink): resistance can be
gainedvia the plasmid pCIMETROMetronidazole resistance may also be gained through mutation
of either FeoB1, which reduces intracellular iron, reducing flavodoxin metabolism and metronidazole
activation; or IscR, which also redugemetronidazole activatiar(ii) fidaxomicin (blue): mutations in
RpoB reducé&daxomicin susceptibility(iii) vancomycin (green): Mutationstime vanSRwo-
component system allow constitutive expression of ttaaGlike opeon, which aids vancomycin
resistance thragh replacement of the terminal-Blain peptidoglycan pentapeptidawith D-Ser,
reducing vancmycin binding affinity Plasmid pX1898 has also recently been associated with
resistance, although the meahism is nobunderstood (iv) fluoroquinolones (orange): mutations in
the genes encoding DNA gyrase, particulgyisAresults influoroquinolone resistanceReproduced
from Buddle and Fagan, 202@der a CEBY licence.
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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-eeolution and competition, plasmid carriage,
laboratory adapation, or antibiotic resistance. In respect to antibiotic resistance, experimental
evolution allows a highly controlled, refine picture of the evolutionary dynamics and routes to
resistance, as well as hinting at precise genes responsible, and potastihhnismgMcDonald,

2019) This principle istraightforwardg genes causing a resistance phenotype are likely to be
clustered around the biological gaway or event targeted by the antimicrobi&xperimental

evolution is a highly valuable approach, since the alternatiigelating and studying clinical isolates

¢ relies on waiting for resistance to emerge; and unpicking the complexities of strairedifes,
longterm 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 atioh, 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 exclusieperimental evolution often
recapitulates muations observed in clinical isolates. A recent investigation of krowdifficile
resistance mutations in response to metronidazole, fidaxomicin, and vancomycin found overlap
between mutations discovered by experimental evolution and those present inailisolate

genomes, includinfeoBtg.117delAnvolved in metronidazole resistance, which was present in 11

clinical isolategDeshpande et al., 2020; Kolte and Nibel, 2024)
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1.4.1 The benefitsd 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 i K S LINEZ (i 2 (i & LIA Glactam &mbindtloli tiSeragyS A y 3 |
(Drawz and Bonomo, 201@) w S O 2 Faftaniadey a3 a echanism of resistance informed the
RSOSt 2LIYSy i 27 -ldatrhagedrhibitgig OA OOAREONSB | &1&ckmi KS & 02 LIS
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 informhich antimicrobials under development to take forward to
minimise the risk of the drug becoming obsoléRalmer and Kishony, 2013)nderstanding the
development of resistance in some antingibials can also enhance their appeal. Resistance to
Avidocins, a potentiaC. difficiletherapeutic, resulted in-fyernegative strains through mutation of

slpA which were norpathogenic in hamster mode(&irk 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 specieéDjordjevc et al., 2024)The need for genomic surveillance, to provide ahigh
resolution characterisation of resistance, multidrug resistance, and transfer of resistance is ever
increasingDjordjevic et al., 2024)'tis would have multiple benefitsincluding aiding treatment
decisions and enabling forecasting. This idea has recently been tqalkidg a metagenomics
approach to sequence hospital wastewater, evidence of numecaudsapenemase genegere
detected(Markkanen et al., 2023Although not yet mainstream, genomicrgeillance 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 antibidimadly, there are three approaches
to achieve thisgradientevolution, incremenal (stepvise) exposure, and morbidostéiahn et al.,
2017)(Figurel.4). Gradient methods allow rapid selection of resistant mutants via exerting
maximum selective pressure. Here, an antiigialilution gradient is inoculated, and tit#lution of

the highest concentratiopermitting growth is passaged to a new gradt of increased

concentration Increment methods benefit from using fewer resources, so can be implemented in
vastly parallel eperimentsg samples are simplyansferred to a new plate with a defined
incremental increase in antimicrobial concentration. Extinction is common using this approach, so
careful consideration of incremennaa bystudy basis is require@ahn efal., 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 popudatibns

has the advantage of contiousculture with growth monitoringToprak et al., 2012)
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A - Gradient Method

8x MIC
0.25x MIC

B - Incremental Method
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Figurel.4 - Methods to Stdy Evolution

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) Incrememathod ¢ samples are transferred to new media with
incremental increases in antibiotic. (C) Morbidostats allow continuous culture and dynamic
adjustment of antibiotic concentration.
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1.4.3 The Path to Antibiotic Resistance

1.4.3.1 Multiple Routes to Resistance

Evolution of antibiotic resistancénvolves a highly complex set of tradéfs, and is influenced by a
multitude of external factors. Resistanoey occuthrough acquisition of mutations, or horizontal
transmission of genes into new genetic backgrounds, meahiaigetis often no sirlg pathway to
resistance for g@iven antibiotiog evolutionary trajectories differ depending on the level of
resistance gained, the associated fitness cogt, @xternal selection pressuréSantosLopez et al.,
2019) This was demonstrateith vivothrough Escherichia catilinicd isolate sequencing, as colistin
resistance occurred either througilasmidmediated gain omcr-1 (mobile colistin resistance 1)
encoding gphosphoethanolamine transferaser multiple modifications of themrAand pmrBtwo-
component systeng two distinct evolutionarypathways(Bourrel et al., 2019Both he

environment and bacterial lifestylanpact the pathway to resistanagAcinetobacter baumannii
populations were evolved in the presence of ciprofloxagiaither planktonic or biofilm cultureThe
two populations exhibited vastly different resistance mechanisniiy 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 increassd fitne

in absence of ciprofloxaciisantosLopez et al., 2019)

1.4.3.2 Evolutionary Tradeffsand Fitness Costs

As is true for all evolution, positive changes which allow adaptation are not alwaysutear

evolving antimicrobial resistance, although beneficial in certain niches, often results in evolutionary
trade-offs which impact other aspectd fithess. 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. Evolutionaroffadave
been widely observed across multiple organisms and antibiqtaggrofloxacinresistantE. col

display reductions in growth rate, and aminoglycoside residiamlresult in altered ribosome
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structure and cellular functiofBagel et al., 1999; Holberger and Hayes, 20@%etaanalysis of
antimicrobial resistant bacteria sifaily found high fitness costs to resistance, and reduced
competitive fitness compared to their respective wildtydtelnyk 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 resistanaePseudomonas
aeruginosaoverexpression of tamultidrug efflux pumpViexEFOprNresulted in reduced
production of multiple virulence factors, includipgocyaninand rhamnolipidgKohler et al., 2001)
In Acinetobacter baumannia nosocomial pathogen notorious for persistence and biofilm
production, over production of multidrug efflux pumps resulted in reduction in biofilm formation,
and altered membrane compositiqiyoon et al., 20155imilar observations have been reporied
vivo¢ Streptococcus pneumoniaelactam resistance was associated with virulence attenuation in
infectionmodels(Beceiro et al., 2013; Rieux et al., 2001ltimately, the potential for pleiotropic
fithness effects to result from resistance acquisition is an important considerationlyoufoderstand

the consequences of antibiotic resistance.

1.4.3.3 Evolution of CrosResistance

Nevertheless, gaining resistance need not be solely detrimental. There are multiple examples of
mutation accumulation altering sensitivity to other antibioticse. resistance acquisition leading to
crossresistancgCherny et al., 2021Gostev et al., 2023.4zar et al., 2014Yhis sometimes, but not
always, occurs when antibiotics have similar modes of action, and therefore shared mechanisms of
resistance. The firdarge-scale systematic investigation of this phenomenon occurrel icolj
whereby laboratory evolution to 12 antibiotics was used to establish a -cesistance network
(Lazar et al., 2014Yhis network evidenced the highly frequent nature of ch@ssstance,

worryingly even in antibiotics with vastly different modes of action. In fact, with the exception of
aminoglycoside antibiotics, all tested antibiotic grogxibited crossesistance with multiple other
groups. This crosesistance was not always mode&gincreases in MIC ranged from 2 to 28d.
Similar findings were observed in the already difficaltreat bacteria nethicillin-resistant
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Staphylococcuaureus(MRSAY, when evolved with vancomycin and daptomycin, cross resistance
between these two antibiotics, as well as multiple saythetic glycopeptides such agtavancin
was observedGostev et al., 2023 his was potentiallywk to mutations invalK(part of the two
component system controlling cell wall metabolisamd multiple peptide resistance factanprk
seen in resistant isolates for both antibiotics. Simaacomycin and daptomycare the frontline
antibiotics for treating MRSA, this crasssistance poses an alarming threat. Modellinyivodata
from hospital patients shows similar trends in crossistanceg in multiple species, such &s coli,
Klebsiella pneumonisend P.aeruginosa cross resistance between different antibiotics is abundant.
InE. colj crossresistance between gentamicioiprofloxacinand trimethoprim was apparent
(Cherny et al., 2021Vnderstanding the wider repercussions of acquired resistance to a particular

antibiotic therefore has important clinical consequences.

1.4.3.4 Synergistic Contributions to Resistance

Synergistic mutationare those where the combined effect is greater than the additive effect of the
individual mutationgPérezPérez et al., 2009Bynergistic interactions enhance antimicrobial
resistance by providing a resistance level higher than either mutation is able to achieve separately.
In C. difficile loss ofiscRworked synergistically witdefectivefeoB1to promote metronidazole
resistance, by further reducing the metabolism of metronidazole into its active @isghpande et

al., 2020) The presence of synergistic mutations was also hypothesised to explaiee#pjtulation

of atolCdeletion did not fully increase resistance to the same degree as its evoluatecpart in
Flavobacterium johnsonig€hodkowski and Shade, 2028)ternatively, synergistic mutations may
enhance antimicrobial resistance by allowing a specific mutatiich does not provide resistance
alone, to have resistance potential. $amonella,substitutions in the AcrB efflux pump only
permitted resistance in the presence of synergistic mutationsitherramRor envZ(Trampari et al.,

2023)
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1.4.4 Studying Resistance Mechanisms Through Experimental Evolution

Experimental evolutiojcoupled withWGSand downstream genetic validatiois a robust approach

to identify both the mode of action and resistance mechanisms to a given antibidtis approach

has been used countless times across multiple organisms and for multiple antibiotics, especially in
the postgenomic ergHartkoorn et al., 20L,2Palmer et al., 2011For example, experimental

evolution was used to identifyne target of pyridomycin iMycobacterium tuberculosigs asingle
non-synonymous mutation imhAwas pinpointed in evolved stirss (Hartkoorn et al., 2012)

Deletion ofinhAresulted in increased pyridomycin sensitivity, and overexpression increased the MIC
15-fold. InhAwas found to be involveth mycolic acid synthesiand pyridomycirmediated

inhibition of this proteinwas determinedas the mode of action of this antimicrohi&8erial passaging
and WGS also allows for novel resistance pathway identificgtioiiznterococcus faecalimultiple
pathways to daptomycin réstance were reported, including alterations to cardiolipin synthase
genes, a mechanism distinct from those describefl.inureugPalmer et al., 2011Y/alidation of
identified candidates also enables understanding of the molecular mechanismesisince. For
example, in vancomycin resista®t aureusthe walKhistidine kinase was implicated in reduced

expression of cell wall metabolism genes, and thickened cell (rhllet al., 2015)

A more reserved approach to utilising experimental evolution can be seen @.tt#ficilefield,

perhaps reflecting the constraints in tools available prior to the last two decades.CEatifficile
evolutionary studies identified mutations in strains evolved in the presence of vancomya®, (

sdaB and fidaxomicinrpoB) respectively{Leeds et al., 2014This smalkcale 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 suppobigd more recent

characterisation o€. difficileclinical isolates with reduced fidaxomicin susceptibility. Single

molecule reakime sequencing revealed a mutationrjpoB and introducing this mutation intG.
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difficile 630 resulted in reduced fidaxonin susceptibility, at the cost of severe defects in toxin
production, spore formation and growtfschwanbeck et al., 2019ince this fithness cost was not
observed in the original clinical isolate, this neatly demonstrates both the evolutionary-tfésle
between resistance and fitness, and the possibilitjnofivocompensatory mechanisms occurring

during clinical selection.

A slightly altered approach to experimental evolution, using laboratlenywved hypermutators, was
used to characterise the accumtitan of mutations leading to metronidazole resistanceCindifficile
(Deshpande et al., 2020yhe DNA naair operonmutSLwas deleted irC. difficileATCC 700057 a
non-pathogenic, toximegative strairg 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, feoBl, xd@imdiscR The order of occurrence of these mutations was further
investigated by sequencing colonies from reigblution time points, demiostrating a deterministic
path of mutation accumulation. This time poidtiven insight into the evolution of resistance@n
difficile provides a novel perspective on the pathways todawd highlevel resistance. However,
evolvirg resistance in a nepathogenicstrain limits the tnical relevance of this worka fact
acknowledged by thauthors themselvesthen commenting ofow likelihood offeoBlbeing

involved in resistance vivg due to its essentiality focolonisation and virulencédditionally, 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 alse issued for the hypothesidriven 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, lidth in
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difficileand beyond, would benefit from a hypothedise approach to pave the way to novel

discoveries.

The genetic basis for vancomycin resistance is largely uncharacteri@edifficile Recently,
evolution of firststep resistance in clinicalhglevant rilbtype 027 strains, coupled with WGS,
identified mutations in thezanSRwo-component system of theanGlike cluster, which were
supported by identical mutations from clinical isola{&hen et al., 20207 hese mutationsesulted

in constitutive expression efanG, conferrirg reduced susceptibility, presumably via modification of
the peptidoglycan from EAla DAla to DAla DSer, resulting in reduced vancomycin binding.
Although a fantastic example of the virtues of experimental evolution for elucidating resistance
mechanismsthisreally only scratches the surface regarding the possibilities for evolutionary
biology. This work captures firsttep resistance, early mutations conferring large fithess benefits,
leaving the potential of mutation accumulation, and routes to Hig¥vel 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 abnstitutive expression of theanoperon have yet to be explored.

In Enterococgithe high fitness cost of theanoperon is well documented, and inducible expression
of these genes help to alleviate this burd@foucault et al., 2010)-urther investigatiomto the

costs of constitutive expression of tii difficilevanoperon 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 diically important pathogei€. difficile Rapid technological

advancements have increased the capacity, ease, and scaliermbial genomicsallowing
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researchers to push the boundaries of experimental evolutioenablenew insighsinto the
evolutionarydynamics of antimicrobial resistandeespite such victories, there are still many
research gaps to addressadrder to fully comprehendesistance irC. difficile Most urgently, an in
depth characterisation of resistance to vancomycin, the current ftima antibiotic, in clinically
relevantC. difficilestrains is necessary; through a laigmale, highly parallel experimental evolution
approach. This would allowsights into the population dynamics involved in the evolution of
resistance, as well as potential alternative routes to achieving resistance. Understanding the
contributors to highlevel resistance, and the presence of synergistic interactions would be of
particular clinical relevance, along with characterisation of cresstance. Since many examples of
antibiotic resistance are associated with fithess costs, a fuller appreciation for the fithess costs
associated with vancomycin resistanceCindiffidie would be useful. Overarchingly, completing such

a study in a hypothesisee manner is paramount for embracing novel discoveries.

1.6 Aims

TheC. difficilegenome contains a completancluster, the constitutive expression of which results
in reduced vanomycin susceptibilityShen et al., 2020Beyond these regulatory changése
molecular mechanisms underpinning the evolution of vancomycin resistar€edifficileremain
unknown.Since convergent evolution, whereby an organism evolves the same solution via a
geneticaly different route, is a common hallmark of antibiotic resistance, a complete understanding
of the routes to vancomycin resistance@n difficileis lackingKeshri et al., 2019As such, it is
unclear wlether aspects other than altered regulation of thenoperon, or indeed other loci

entirely, contribute to thancreasingrzancomycirresistance observed clinicallyloreover, although
pleiotropic fithness costs to acquiring resistance have been widelyitescin other organisms, the
phenotypic effects of vancomycin resistance acquisitio@.idifficilehave not been characterised.

2 KI0Qa Y2NBI (KS -diivh dppraadh 2o\expérimentaléevaldtiorki@ dvestigating
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antibiotic resistance wolves narrowing searches to welaracterised 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 (@.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 intdgtagu
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 @ difficileand if theg burdens vary depending on the route to
resistance. The final key aim of this project was to ascertain the molecular mechanisms of

vancomycin resistance . difficile
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2 Materials and Methods

All methods relevant to this thesere 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 describefijpendixl. The media routinelysed throughout

this work is described ifable2.1, and antibiotics used in this work are described @ble2.2.

AllC. difficilemedia was preeduced in the anaerobic cabinet (2 h per 5 mL liquid culture, 30 min for
agar plates)C. difficilestrains were cultured in tryptone yeast (TY) broth or on@@uced brain

heart infusion (BHI) agar, unless otherwise statéddifficilevas grown at 37°C in an anaerobic
cabinet (Don Whitley Scientific), with an atmosphere composed of 80%0Bb Ceand 10% b

Cultures were supplemented with antibiotics as appropriate.

E. colicultures were grown iluriaBertani(LB) broth (37°C, 200 rpm shaking), or on LB agar at 37°C.

Cultures were supplemented with antibiotics as appropriate.

Bacterial strainsvere stored in 20% glycerol é80°C.

Table2.1 - Media Used in This Study

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

Components per 400m|

Manufacturer

Notes

BHI agar

20.8 g BHI agar powder

Thermo Scientific

Used forC. difficile
growth

BHIS+Taurocholat

20.8 g BHI agar powder
2 g Yeast Extract

Thermo Scientific
Bacto

Sporulation efficiency
determination

0.4 g ECysteine, non Sigma
animal source
0.4 g Taurocholate Sigma
TY broth 12 g Bacto Tryptose Bacto Used for overnight
8 g Yeast Extract Bacto growth of C. difficile
LB Agar 14 g LB agar powder Thermo Scientific Used forE. coligrowth
LB Broth 8 g LB Broth Thermo Scientific Used for overnight
growth of E. coli
CDMM See Below* See Below For mutagenesis using
codAallele exchange
vector
SOC NEB Super Optimal broth NEB For increasedt. coli

with Catabolic repression
(SOC) (500 pL per 25 pL
transformation)

transformation
STFAOASyOe

*C. difficileminimal medium(CDMM) composition. Components in the below table were added to

15 g/L agar

Component

Stock concentratior(mg/mL)

Final concentration (mg/mL)

Amino acids (5x)

Casamino Acids 50 10
L-Tryptophan 2.5 0.5
L-Cysteine 2.5 0.5
Salts (10x)

NaHPQ 50 5
NaHC® 50 5
KHPQ 9 0.9
NacCl 9 0.9
Glucose (20x)

D-Glucose 200 10
Trace Salts (50x)

(NH).SQ 2 0.04
CaCGl_2HO 1.3 0.026
MgCt_6H0 1 0.02
MnCL_4H0 0.5 0.01
CoC_6H0 0.05 0.001
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Iron (100x)

FeSG@_7HO 0.4 0.004
Vitamins (1000x)

D-Biotin 1 0.001
CalciumbD-pantothenate 1 0.001
Pyridoxine 1 0.001
5-fluorocytosine 10 0.05

Table2.2 - Antibiotics Used in This Study

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

Antibiotic Stock Working Solvent Brand
Concentration Concentration
Chloramphenicol 30 mg/mL 15 pg/mL 70% ethanol Acros Organics
Thiamphenicol 15 mg/mL 15 pg/mL 100% Sigma
Methanol

Colistin 50 mg/mL 50 pg/mL HO Sigma
Kanamycin 50 mg/mL 50 pg/mL HO Sigma
Anhydrotetracycline 2 mg/mL 60 ng/mL 100% Sigma
(aTc) ethanol

Vancomycin 100 mg/mL N/A HO Sigma
Rifampicin 32 pug/mL N/A Methanol Sigma

2.2 DNA Manipulation

2.2.1 Genomic DNA Isolation

High quality genomic DNADNA) was obtained from overnight cultures®fdifficilethrough a

modified version of the phenathloroform method as described previouglyren and Tabaqgchali,

1987) Tolyse the samplel.5 nlL C. difficileovernightculturewas harvested viasntrifugation (2

min at 12000 x gand resuspended in 200 isis buffer (200 mM NaCl, 50 mM
ethylenediaminetetraacetic aci(EDTA), 20 mM T#4Cl pH 8.0)ith 10 pL ofpurified

bacteriophage phiCD27 endolysin (CD27L catalytic domain), and incubated for 1 hour at 37°C. The
sample wa then incubated for 1 hour at 55°C, following the additioA®@fiL ponase(final

concentration Img/mL).80 uL (finatoncentration 2%f N-lauroylsarcosine was then added, and

37



Materials and Methods
the sample was incubated for a further 1 hour at 37°C. Finally, 200 pL RNase (final concentration 0.2

mg/mL) was added, before incubation farhour at 37°C.

For gDNA extraction, 700 uLp¥fenol.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
13,000x gfor 2 min. This facilitated easggaration of theorganic and DNA&ontaining aqueous

phasesThe agueous phase was recovered, mixed witbnolcchloroform:isoamyl alcohol, and

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

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

Precipitationof the samplecommenced with the addition of 500 uL of iceld isopropanol to the

recovered aqueous phase, followed by incubatior2&° C overnight. The gDNA was harvested via
centrifugation (15min at 4,000x gat 4°C), before washing in 500 puL 70% ethanol and harvesting
again (10 min, 4,000 g. Thepelletwasair-dried to remove residual ethanaind resuspended in 50

pL of either nuclease free water (NEB) or elution buffer (EB) (Thermdiftcjen

The quality of the gDNA was determined through agarose gel electrophoresig)dnéty was

measured via Quhitand the purity was determined vigeo Spectrophotometry.

Crude gDNA extraction, for use in screening&®as performed using Chelex 100 resin (Sigma).
Singlecolonies ofC. difficilewere resuspended in 100 pL of nucleds® water (NEB) containing a
small amount of CheleSamplewvere incubated at 100°C for 10 min and briefly centrifuged. The
supernatant vas usedn PCR reactions (2.5 pL of DNA per 20 uL PCR reaCimt¢xbased 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 sectiong@homic or plasmid DNA. PCR was performed using a T100

thermocycler (BieRad) and using primers synthesised by Eurofins.

Phusion higHidelity polymerase mastermibNEB)wvas usedn instancesvhere high fidelitywas
necessary. A 20 pL reaction comprised 10 pL Phusion 2x mastermix, 100 ng gDNA (or 1 ng plasmid
DNA) template, 10 uM 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 €8°80 s, followed by 35

cycles of 98°C denaturation for 30 s;&C annealing for 30 s, 72°C extension feBAS per kb

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

Taq red polymerase (PGRsystemsyvas used for colonPCR screening, where fidelity was less
important. A20 L reactiorcontained10 pL Taged mastermix 10 uM forward and reverse primers,
8 UL nuclease free water (NEB) and 1 coldimg reaction was performed as follows: initial
denaturation(andE. colicelllysis)at 95°Cfor 3 min, & 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 madeG@®-3% (w/v) inTrisacetateEDTAuffer (Thermo Scientific) and

dissolved by microwaving§.8% (w/v) was used as standard, however higher percentage gels were
used to resolve smaller DNA fragmer85°C molten agarose was cast with SybrSHfE)(000final
volume, Invitrogen). The sgel was submerged in 1Txisacetate EDTAuffer (Thermo Scientific) in
the electrophoresis tankand 5 pL of 1 kb plus DNA ladder (NEB) was added to the first well. Purple

loading dye (KB or UView (BidRad, for gel extraction only) was added to the samples prior to
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loading.Electrophoresis was generally performaid110 V for 30 min, with minor alterations

dependant on gel composition. Gels were imaged using a ChemiDoc MP imagradiio

2.2.4 PCR Purification
PCR fragmestwerepurified using the GeneJET PCR Purification kit (Thermo Scientific), as per the
YIydzZFI OGdzNBNDa AyadNHzOGA2Yyad 5b! g¢gla StdziSR Ay H

usingAvso Spectrophotometry

2.2.5 Gel Extaction of DNA

Samples were resolved as abo2e2(3), and visualised using an ultraviolet transilluminator. Bands

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

and 2.5 uL of 3 M sodium acetate. DNA was extracted from the gel using the GeneJET Gel Extraction
1AG O0CKSNY2 {OASYOGATFTAOOZT & LISNI GKS YI ydzFl O dzNB N

50°C miclease free water (NEB), and quantified uging spectrophotometry.

2.2.6 RestrictiorEndonuclease Digestion of DNA

5A3SaGA2y 2F 5b! dzaAy3I NBAGNAROGAZ2Y SyR2ydzOf SI 4S3
instructions. A 20 pL reaction was assembledgi4-2 ug DNA, 2 L of the appropriate 10x buffer
6b9. 03X YR M x[ 2F Syl evySo ¢KS NBIFIOGAZY ¢l & AyOo

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

For PCR screening by digest, which was used in identifyingm&@fdRts, digestion of a large number

of samples was performed directly in the PCR tube. Here, 1 pyL of enzyme was added to the 20 pL
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t/w alFYLIXS I FGSNI GKS t/w KFR FAYA&aKSR FyR 022f SF

optimum temperature for 1 h.

TONBY2@3S 5b! GSYLXFGS FTNRY O2YLX SGSR t KdzaiAzy t/ w
the 20 uL PCR sample, after the PCR had finished and cooled, and incubated at 37°C for 2 h. The

sample was then purified as abo&4.5).

2.2.7 Ligation of DNA

DNA fragments were ligated using T4 DNA ligase (NEB), and were assembled as follows: 1 pL T4
ligase buffer, 0.5 pL T4 ligase, 25 ng vector DNA, insert DNA at a 1:3 riolaector:insert, and
nuclease free water (NEB) up to a final volume of 10 pL. Reactions were incubated for 1 h at room

temperature, before being used f&. coltransformations 2.2.10.

2.2.8 Gibson Assembly of DNA Fragments

Gibson assembly was used to ligate multiple overlapping fragments of DNA in a sin¢(®ilssem
et al., 2009) NEBBuildewas used to design primets amplify fragments with a 30 bp overlap to

the adjacent fragment.

The ector DNA wasinearised by digestior2(2.6) and purified by gel extramin 2.2.9. Insert
fragments were amplifiety PCR2.2.2) andpurified 2.2.4). 3-fragment Gibson assembly was
performedin a final volune of 20 pL, amposed as followst0 pL of 2x isothermal assembly
mastermix(Gibson et al., 2009%0 ng oflinearisedvector, insert fragments a 1:2:2 molar ratio of
vector:insert:insert, and nuclease free water (NEB}o 20 pLReactions were incubateat 50°C for

4 h, before being used fdt. coltransformations 2.2.10.
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2.2.9 Production of Chemically Competéntcoli

Overnight cultures oE. coliCA434 were subultured (1:100and grown to exponential phase
(optical density (Ogonm0.4- 0.6). Cells were harvested by centrifugation (10 min, 4,000 x g, 4°C)
and resuspended in 5 mL iceld CaGl(100 mM), before being incubated on ice for 15 min. Cells
were harvested as befor@and resuspended in 1 mL of a solution containing 100 mv @a€15%
(v/v) glycerol. Cells were incubated for 2 h on ice, before being aliquoted (50 pL), snap frozen in

liquid nitrogen, and stored aB0°C.

2.2.10Transformation oE. coli

bo. ph O2Edi8disSNEB were used for cloningnd plasmid propagatigrand CA434
were used as the conjugatiorodor, to transfer plasmidénto C. difficile Both E. colstrains were
transformed using the same hesihock method, except using 2 ulightion product orGibson

F2aSYof &or05u plasmid miniprep (CA434).

A50 uL aliquot of compent cells vasthawed on ice for 10 min, and split in&% pLvolumesin pre-
chilledmicrofuge tubesDNA was added as above, and the samples wetbaied 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 yL SOC mediaEB. The samples were incubated with shaking at 37°C foibgfere 100 pL

was spread on LB agar plates supptated with appropriate antibiotics.

2.2.11Plasmid DNA Isolation

5 mL of overnighE. coliculture was harvested via centrifugation (10 min, 4000 x g). Plasmid DNA
was extracted via the GeneJET Plasmid Miniprep kit (Thermo Scientific), through selectivg tbindin

iKS aAfAOI &aLAY O2ftdzYys | O02NRAYy3 (2 GKS YI ydzFl ¢

42



Materials and Methods
nuclease free water (NEB), and quantified usingAhespectrophotometry. Plasmids used in this

project can be found idppendixil.

2.2.12Sanger Sequencing DNA

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

alignments and analyses were performed using Geneious (Biomatters).

2.2.13Conjugative Transfer of Plasmid DNA @tdifficile

Transfer of plasmid DNA int@. diffcilewas performed as previously described (Kirk and Fagan,
2016).In brief, 200 uL of overnigi@. difficileculture washeattreated at 50°C for 15 min. 1 ml of
overnightE. coliCA434culture washarvestedvia centrifugation (3000 x g, 2 min), and resuspended
using theheattreated C. difficile The cell mixture was spotted onto Bidjar andincubated in the
anaerobic cabinet for 24 h. Growth was subsequently harvested from the plate usib@¥ broth
The harvested material (both neat and dilutécb) wasspread on a series of BHI plates
supplemented with thiamphenicol and colistibhiamphenicolvas used for plasmid selectipwhilst
colistinwas used to kilE. coli Single transconjugd colonies weraestreaked to purity on the above

selective plates, beforbeing frozen at80°C.

2.2.14Mutagenesis using Allele Exchang@.idifficile

Alleleexchange mutgenesis, utilising theodAheterologous counterselection systemas
performedas described previolys(Cartman et al., 2012)/ector inserfragments were either
synthesised by Genewiz, or manually generated by PQR)( In the latter case, primers designed
for Gibson assembl 2.8 were used to amplify 1200 bp regions of the genarpstream and

downstream othe region of interest (homology armsdmplified fragments werpurified as above
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(2.2.4. The vector backbone was digest@d?(6) and purified 2.2.5. The newplasmid comprising
the vector and homology arm inserts, wassembled via Gibson assemi#y2(8. Alternatively, for
synthesis fragments, the vector backbone was dige2e2l@) and purified 2.2.5, andthe new
plasmid was assembled via ligati@é2.7). Ineither case, the resultant plasmid was transformed
(2.2.10 into E. colNEBB EequencedZ.2.12), and transformed?.2.10 into E. coliCA434, before

being conjugatdinto C. difficilg(2.2.13.

Single recombination events, whereby the plasmid hadgraeed into theC. difficilegenome were
visualised as larger colonies on selective BHI agar, since the growth rate of sudésocokmfaster,
as plasmid replication rate was no longer limiting. Putative single crossovercadienedviaPCR
using combinations of primers situated within the vector and flanking the homology arms. Single
recombinants were restreaked ontmn-selective BHI agar, and incubated fordays, to allova
secondrecombination event to occur, and for the plasmid to be lost. Growth filoennon-selective
BHI platesvas harvested using 1lnof sterilephosphatebuffered sline (PBS), serially diluted, and
plated onto CDMM with Sluorocytosine In the presence ofodA 5-fluorocytosine is lethathus
selecting against plasmid carriage. After 48 h, colonies were screened by PCR using primers flanking
the homology arms. Positive colonies were restreakedudity 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% glycer@g(C.

2.2.150verexpression i8. difficile

Overexpression was achieved using theitetucible expression system, as described previously
(Fagan ad Fairweather, 2011)The gene of interest was amplified from the genome using PCR
(2.2.2, digested?.2.6), and purified as abov@ 2.4). The vector backbone was digesteziZ.6 and

purified 2.2.5, andthe new plasmid was assembled via ligatiar2(7). The new plasmid was then
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transformed 2.2.10 into E. colNEBB ZEequencedZ.2.12), and transformedd.2.10 into E. coli

CA434, before beingojugakedinto C. difficilg2.2.13.

2.2.16Bioinformatics Relating to Mutagenesis

Geneious software v7.1®iomattersywas routinely used foprimer designin silicodigestion, and
Sanger sequencing alignmen®imers for Gibson assembly were designed using NEBuilder.
Compatible endonuclease enzymes for useiagdostic restiction digests were determined using

NEBcutter.

2.3 Evolution Methods

2.3.1 Directed Evolution of. difficile

Directed evolution o€. difficilewas performed using a brothased gradient approach, whereby 10
individually barcoded parallel lines were evolved for a period of 30 passages (60 days). For each
passage, a-@ell platewas 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 griadiesa with

increasing levels of vancomycin resistance.

OvernightC. difficilecultures, derived from single colonies, were adjusted t@d)R1.0. The

evolution was initiated by adding 10 pL of adjusted culture to each well of the assemblelti 6

plates, before incubating for 48 h at 37°C. Plates were visually inspected after 48 h, and fresh plate
were assembled as above. 10qflthe well with the highest antibiotic concentration supporting
growth was used to inoculate the wells of the subsequergsage. 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 at80°C in 15% glycerol whenever the MIC increased; and after passages 10, 20

and 30.

2.3.2 Genome Sequeeing ofC. difficile

For shortread sequencing o. difficilésolates, library prep (Nextera XT Library Prep Kit (lllumina,
San Diego, USA)) and 30x illumina sequencing (NovaSeq 6000, 250 bp paired end protocol) was
performed at MicrobesNG (BirminghakiK). Reads were trimmed at MicrobesNG using

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

For longread sequencing dE. difficilesolates, library prep (Oxford Nanopore Technologies-SQK
RBK114.96 kit (ONT, UK)) and nanopore sequgi@ridION, FL-®IN114 (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 (lllumina,
San Diego, USA)) and 250x lllumina sequencing (NovaSeq 6000 pai@d 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 Analysi€oflifficildsolates

To ensuresufficient quality for analysis, trimmed reads were checked using FastQC (vQSithen

Andrews, 2019)

A custom script, inspired by a previously described mutant analysis pif@linght et al., 2019)
was used to analyse isolates. First, reads were aligned tQtluifficilereference (R20291, accession

number: FN545816) using BWiem (v0.7.17)Li and Durbin, 2009nd sorted using SAMtools
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(v1.43)(Li et al., 2009)Coverage across the genome was inferredgi8edtools (v2.30.{Ruinlan
and Hall, 2010yenomecov and map functions. PCR duplicates were removed via Picard (v2.25.2)
(http://broadinstitute.github.io/picard/). SAMtools (v1.43) mpileup was used to generage th
required mpileup file for Varscan. Variants were then called using Varscan {{2(k&boldt et al.,
2009)mpileup2cns (calling SNPs, insertions and deletions) using the following parameters: min
coverage 4; mimeads?2 4; mirvar-freq 0.80; pvalue 0.05; variants 1; outpwcf 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 (v§@ngolani et al., 2012)

The Breseq (v0.35.8peatherage and Barrick, 201gpeline 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 theegrative genomicsviewer (IGV) (v2.8.6)

(Robinson et al., 2011)

2.3.4 Closing Isolate Genomes Using Nanopore

Genome assembly of longad sequencing data was performed at MicrobesNG (Birmingham, UK):
reads were assembled agj Flye (v2.9:1786)(Kolmogorov et al., 2019polished using Medaka

(v1.8.0)(ONT, 2024)and annotated using Bakta (v1.8(Schwengers et al., 2021)

For a given isolate, Nanopore and Illlumina data were amalgamated using Polyyp@I&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 usingrB&A(v0.7.17)Li and

Durbin, 2009)using the-a parameter. Alignments were filtered by insert size using Polypolish, with
default parameters, to remove spious repeat alignments. The Nanopore assembly was then

polished with the lllumina data using Polypolish, generating a polished fasta. This was annotated
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with Prokka (¢.14.6 (Seemann, 2014)Variants were then called using Snippy (v4.¢8@emann,
2015)with default parameters. Identified variants weemanually verified using IGV (v2.8.6)

(Robinson et al., 2011)

2.3.5 Genome Sequencing Analysi€oflifficildPopulations

C. difficilepopulations were analysed using a pipeline that followed the same custom scfit as
isolates 2.3.3, with modifications to SNP calling parameters and filtering. Realistic sequencing data
was simulated using InSilicoSeq (v1.5G0urlé et al., 2019t 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 paramei@salues, mircoverage, mifreads2) 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 callingfdow frequency variants with a strong evidence base. For samples with
an average coverage across the genome of 100x or higher, the following Varscaniy2.4.3
mpileup2cns parameters were used: rtaverage 80; mivar-freq 0.05; pvalue 0.05; variants 1;
output-vcf 1. A minimum of 4 reads were required to support a variant, and theftdior variant

calling was 5%. Samples with an average coverage across the genome of below 100x used the
following Varscan (v2.4.B) mpileup2cns parameters: mgoveraged; minreads2 4; mirvar-freq

0.05; pvalue 0.05; variants 1; outpwicf 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/coveya at position). Variants were filtered using Varscan (v2Ll3.3

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 frequencyaticross

time points, indicating a false call.
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Mutations occurring within genes were visualised in Kyotoencyclopedia ofienes andyenomes

(KEGG) colour mappg@fanehisa et al., 2028) view KEGG pathways.

2.3.6 Principal Component Analysis (PCA)

Multiple results can be visualised in a single graph using prircopabonent 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 didntmethods(CLSI, 2024Dvernight cultures o€.
difficile were adjusted to OBonm0.1. 2.5 pL of sample was spotted onto BHI plates xitiging
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 saihe 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 o€. difficilewere adjusted to Oonm0.05 and incubated at 37°C for 1 h
to equilibrate the cultures. The 96 well platd Was treated with 0.05% Triton200 + 20% ethanol

to prevent condensatior200 pLof the equilbrated samples wereased to assemble the 96 well

plate, and measurements were taken at minimum in biological and technical triplif@deORoonm
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was taken gery 3 minutes over a 24 h periodalues for the blank (media only) wells were removed
from all well measurements, and the data was plotted in Gegul Prism (v9.0.2), before being
analysed in RStudio (v4.1.0) using the GrowthCurver package ((&B:6uffske and Wagner,

2016)

2.4.3 Sporulation Effiency Determination

Sporulation efficiency was determined based on methods previously desdfilzedbek et al.,

2015) Briefly,C. difficileovernightcultures were subultured in TY to Odobnm0.01 and grown for 8

h. Cultures were adjusted again to 3. 0.01, subcultured 1:100 immediately into 10 mL TY broth,

and grown overnight to obtain spotfeee cultures in early stationary phase (T = 0). At T =0, and the
following 5 days, total viable counts were enumerated by spottingold 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@lpaethod 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 mIC. difficileovernightcultureswere concentrated 14old. 200 pL of concentrated
cells were spread onto BHI plates supplemented with 0.015 pg/mL rifampicin (8x MIC). The
remaining culture was used to determine total viable counts by spottinfpttDserial dilutions,

made in PBS, in thoical triplicate onto norselective 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 Contradflicroscopy

25.1.1 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 twie more in PBS, and resuspended in@Hsamples were stored at 4°C.

2.5.1.2 Phase Contrast Imaging

For phase contrast microscopy, samples were fixed as above and resuspended in si€rile dil
appropriate cell density before being dried onto glass slides.Sligee 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 Uwérsity 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 (v5.13I)
(Ducret et al., 2016MicrobeJ 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 Fluorescenc#licroscopy

25.2.1 Cell Fixation

Samples were grown to an Qf.mof 0.3 before staining with 3 pg/mL Vancomyc{DBP YL

Conjugate (ThermoFisher) for 30 minl YLJ S& 6SNB FAESR dzaAy3a | FAEL
1MNaPQoO LI T®dnovI mMAan >[ MC: O06KOU LI NF F2N¥YIf RSK&8RSE

(Ransom et al., 2015500 pL of sample was added to the fixation cocktail and inculdatetb min

51



Materials and Methods
at 37°C. Cells were harvested via centrifugation (2 min at 60p@nxdgwashed five times in PBS,

before resuspending in 30 uL 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 weagdaohusing a 100x Plan Apochromat
phase contrast objective on a NikonH microscope with Perfect Focus system, using NIS elements
software. Samples were imaged in phase contrast and with Green Fluorescent Protein (GFP) filter.

Fluorescence imaging wasrfmed by Anne Williams in the William Durham Laboratory.

2.5.2.3 Fluorescence Intensity Analysis

Fluorescence microscopy analysis was performedrne Williams in the William Durham

Laboratory. Images were segmented using llg&ideg et al., 2019nd analysed using FAST

(Meacock and Durham, 2023\ custom Matlab (vVR2023a) script was used to extract fluorescence
intensity profiles acrasthe central 70% of the cell along the long akkigyre2.1). The fluorescence
intensity profile for each cell was then normalised by its average backgfftuoréscencederived

from the average fluorescence intensity of the outer 15% of the cell at each Hodemaximum

intensity along the fluorescence profile was determined for each cell and used to generate a swarm

plot comparing maximum fluorescence assosamples.
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Figure2.1 - Fluorescence Intensity Analysis

Fluorescence intensity was determined by a custom Matlab script. Intensity profiles were normalised
G2 GKS OStfQa | @S Nk I maximin iBtenRitgfyr Raci¥celldzasNiBed © S y O
generate a swarm ploSchematic adapted with permission from Anne Williams.
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2.5.3 Transmissioklectron Microscopy

2.5.3.1 Cell Fixation

For electron microscopy, 500 pL of sample was added to the fixation coclgaiilzkx above
(2.5.2.9 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 600§) and washed 3 times in ttisiffered saline

(TBS). Pellets were resuspended in 30 uL 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 Universityf Sheffield. Glutaraldehydfixed samples were washed in 0.1 M

sodium cacodylate buffer, before a secondary fixation using 1% agueous 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

GNF YAFSNNBR 2yi2 O2LIISNI O2F 4GSR ANARa |yR ail AySF
Sections were visualised using the FEI Tecnai T12 with a tungstee sperated 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 {plgase cells. On reaching €6an 0.5, 10 mL of RNA Protect
(Qiagen) was addeatsamples. 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 tubeiognd.1 mm
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silica beads. Cells were lysed using the FastP4epG 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 waartsferred to a microfuge tube and incubated at room
GSYLISNI GdzNBE F2NI p YAYyd onn >[ 2F OKE2NBTF2NY 41 &
Samples were centrifuged (16000 x g for 10 min at 4°C) to separate the phases, and the aqueous
phase was trasferred to a new microfuge tube containi6g0 pL 100% ethanol. Samples were
incubated at20°C overnight, and then centrifugéti6000 x g for 15 min at 4°C). The pellets were
washed irb00 pL 70% ethanol, centrifuged ag&l®000 x g for 5 min at 4°Cydaair dried for 5 min.

RNA was eluted in 45 pL of nuclease free water (NEB).

5b! &S GNBFGYSYyld 41 a&a LISNF2NYSR dzaAy3a (KS ¢dz2NDB2 5¢
instructions. The samples were then cleaned up using the RNeasy MinElute clegiQipdén),

FOO2NRAY3I G2 GKS YIydzFlI OGdzZNBNR&a LINR(G202¢t o

RNA quantity and purity was measured &g spectrophotometry, and samples were stored-at

80°C.

2.6.2 Generation of cDNA

First strand complementary DNA (cDNA) was synthesised from 5 pg RNSwsén§cript 111

Reverse Transcriptase (ThermoFisher). 26 pL (5 pg) RNA was mixed with 2L deoxyribonucleotide
triphosphated Rb ¢t 0 YAE FyR ™M x[ 2F mMn >a NIYyR2Y KSEI 2f
on ice (2 min). A mastermix containing 8 pL 5xerse transcriptase buffer, 2 uL 0.1 Mhdothreitol

(DTT), 1 pL RiboLock RNase inhibitor (Thermo), and 2 pL SuperScript Il 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 6r 30 min, and 70°C for 15 min. An additional 86 pL of nuclease free water (NEB) was added to

A1 YLX $43 &2 GKIFG Fet O2yOSyidNIiGA2YE 6SNB Sldz f

Reverse Transcriptase negative samples were also preparatipas, but without the addition of

SuperScript lll, to monitor DNA contamination.

2.6.3 Plasmid for qRPPCR

Expression of genes using gRTCR was measured as describe@iimer et al., 2009whereby exact

copy number of target gene was measured using a plasmid, containing a single copy of each target
gene, to standardisthe assay. This plasmid was designed to include each target transcriptdsack
back, plus the housekeeping gemmA (most commonly used reference @ difficilequantification

studies). The fragment was synthesised by Genewiz and cloned into-@WdKanbackbone.

The plasmid was transformed into NEEB2.2.10, purified, and linearised using an enzyme chosen

(depending on the plasmid sequence) to cut only ofites was then diluted to 2xI0® 2 LJA S& LISNJ > |

2.6.4 Melt Curve Analysis

Melt curve analysis was used prior to gRCR to assess whether the reactions produced single

specific products, and to determine the optimal temperature to measure fluorescence. Target
fragments were amplified using standard PER.Q) using the gR'PCR plasmi®(6.3 as a

template, and purified4.2.4). The melt curve reaction was assembled by combining 20 pL of SYBR
Green JumpStart Tag ReadyMix (Sigiddridh) and 5 pL 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

gRTFPCR reactions were optimised using a primer matrix. Reactions weup sstbelow, using the
gRTFPCR plasmi®(6.3 as a template. 4 dilutions of plasmid (2%x1@x10 copies perL) were
measured, using 3 primer dilutions (1/5,10, 1/20). A matrix was completed for all target genes.

Optimal conditions were chosen based on efficiencyd8%, within 5% for all targets).

2.6.6 qRTPCR

gRTFPCR was performed using SYBR Green JumpStart Taq ReadyMbA(&igima Each reaction

comprised25 UL SYBR Green JumpsStart Taq ReadyMix, 7 . Mgl nuclease free water (NEB),

H >[ 2F LINAYSNI LI AN OF LILINRPLINR I GS RAfdziAzy RSOSSN
(concentration of 40 ng/uL, giving 200 ng). Standard curves were made for eachrexpaising

the plasmid, serially diluted from 2x102x1002 LJA Sa LISNJ >[ Ay fF Yo RlF 5b! ¢
DNArich sample conditions. Negative (water) and reverse transcriptase negative samples were run

in parallel to monitor DNA contamination. Experimt& 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
(dependingon optimal temperature identified in the melt curve). After cycle completion, a melt

curve was performed as standard. gRTR was performed in biological and technical triplicate.

Copy number was calculated using the BioRad CFX manager (v3.1), andversuispressed as

copies per 1000 copies gioA
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3 Experimental Evolution of

Vancomycin Resistance in

C. difficile

3.1 Introduction

Largescale, highly parallel experimental eutibn has been accomplished in multiple bacterial

species, the most famous of these being the loeign E. colievolution performed by Lenski and
colleaguegLenski, 2017)B/0lving multiple populations in parallel is invaluable for studying

antibiotic resistance, allowing appreciation of alternative routes to resistance and population
dynamics. This was demonstrated agaikircoli whereby a §opulation evolution ofriclosan

resistance revealed how resistance can occur through multiple different mutations fatihgene,

GKS I yiaAoA2iA Qe et 2 Z0E Dhizicdnedgent edaRitdii not only suggested

that Fabl is thede target oftriclosan 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 amat$ providing highelevel

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 evolubn and mutation accumulation, was recently used to explore metronidazole

resistance irC. difficileDeshpade et al., 202Q)A hypermutator phenotype can be induced by
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deletion ofmutSL. encoding a DNA damage repair sysi@runier and Leclercq, 2005ince stable
metronidazole resistant isolates have been historically difficult to obtain, evolving resistance in a
mutSLknockout wasused to investigate the accumulation of mutations leading to resistance. This
led to identification of multiple genes involved in both loand highlevel metronidazole resistance.
Vancomycin resistance has been slow to evol@.idifficilein clinic, vith relatively few examples of
resistant clinical isolategGreentree et al., 2022Fxperimental evolution of vancomycin resistance in
C. difficilemay therefore benefit from a similar approach, to enable investigation beyonestiegt

resistance.

However, the lack of reported vancomycin resistant clinical isolates podohtially be explained by

a high fitness cost of resistance carriage. Since a full phenotypic characterisation of laboratory
derived vancomycin resistaf. difficié isolates has not been reported, an investigation into
important fithess parameters, such as growth and sporulation efficiency, would be beneficial.
Similarly, as cros®sistance is a common phenomenon, often reported in other species,
understanding theelationships between vancomycin resistance and resistance to other antibiotics

in C. difficilewould 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 stéordard
highly parallel laboratory evolution i@. difficile Mutagenesis was used to generate a clinieally
relevant, but norpathogenic, strain o€. difficilefor experimental evolution of vancomycin
resistance. This strain was further modified by the deletbfmutSL.and bygeneticbarcoding 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 toassess potential fithess 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, angdpalation

dynamics involved in higlevel resistance.
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3.3 Results

3.3.1 Largescale, Parallel Evolution@n difficile

3.3.1.1 Production of Parental Isolates

C. difficilewith an MIC>16 pg/mLmay be described as highly resistant to vancomy{@ireentree et
al., 2022)In order to evolve highevel vancomycin resistance in thknically relevant ribotype 027
C. difficilestrainR20291, it was first prudent to generate a Rpathogenic background. This was
achieved previouslipy the Fagan lab group (data not published) bydk&tion of18 kb, spanning
the entirePaLogincludingthe genes encoding both major toxins aassociated regulatory proteins,

resulting in thed i NJ A y Pakecn H M

To accelerate vancomycin resistarmlution, asubsequent deletion, removing thautSLgenes
encodng a DNAdamage repair systengeneratedthe hypermutable variant R202gPal.opmutSL
Mutagenesis o€. difficilavas performed by allelic exchange. Specifically, regions approximately
1,200bp either side of thenutSLcluster were amplified from the genome via PCR, using the primer
pairsRF2066RF206 andRF2068RF2069. The resulting fragments, the left and right homology
arms, were then joined together and inserted into pJAK112 (lineakigd®bmHI/Sacl restriction
digest) via Gibson assembBjidure3.1). The new construct, pJEB002, was transformedBntooli
bo9. phao hyOS (KS LIWSrmediore coritit,dn pladi8id was téansforngd into
E. coliCA434, before conjugation int. difficilew H 1 HRRlopColonies were screened by PCR to
confirm single recombinatiogqi.e. insertion of the plasmid into th€. difficilegenome at the desed
site. Colonies where single recombinatiwas confirmed were grown on BHI, before harvesting to,
and incubation on, CDMM agar witHlbiorocytosine. The plasmiencodedcodAgene selects

against plasmid carriage in the presence dlusrocytosine, sine codAencodes aytosine
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deaminasewhich converts Bluorocytosine tocytotoxic5-fluorouracil The resulting colonies were

screened for the deletion ahutSLby PCR, and the deletion was confirmed via Sanger sequencing.

Chromosome

LHA Target Gene

PCR amplification & A)

Gibson Assembly

BamHlI

Chloramphenicol /
Thiamphenicol
resistance

Conjugative
transfer

Negative selectiol

Plasmid replication
proteins

Figure3.1 - Generating a Mutagenesis Vector

Fragments approximately 1200 bp either side of the target gemg{spwn as the left homology
arm (LHA) and right homology arm (RigAyere amplified. Gibson assembly was used to
incorporae the LHA and RHA into the linearised pJAK112 vector backbone to produce the
mutagenesis vector construct. The pJAK112 vector contigidfor conjugative transfergodAfor
negative selection, plasmid replication getfiesboth E. coland C. difficile and catPfor
chloramphenicol/thiamphenicol resistan¢plasmid selection)
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To differentiate the 10 replicate lines used in the experimental evolutiemy@eotide barcode (Bc)
sequences were insertetbwnstream of thepyrEgenein fivew H n HRAlMpand five
R2029phPalopmutSLisolates. This resulted in 10 individually barcoded replicate lines
(R2029pPaloc pyrEbarcode 15; R2029hPalLopmutSL pyrEbarcode #11).Barcodes were
designed to baifferentiableeven in the presence of mutations, accaimg for potential disruption
in hypermutators.Table3.1 summarises the construction of plasmids for strains relevant to this

chapter.

Table3.1 - Strains and Constructs Relevant to This Chapter

Strain Construction Plasmid

W H 1 HRhboR Previously constructed. pJAK143
WHARHGMEKt I [ 2Oy Homology arm amplification usirgF2066RF2067and  pJEB002
RF2068RF2069. Gibson assemiiyo linearised

pJAK112.
W H 1 HRhboR Plasmid previously constructed via Genewiz synthes pJAK201
pyrE:barcode 1 followed by ligation intqpJAKO81linearised by

RF181(RF1811.
W H 1 HRhboR Plasmid previously constructed via Genewiz synthes pJAK202
pyrE:barcode 2 followed by ligation intqpJAKO81linearised by

RF181(RF1811.
W H 1 HRhboR Plasmid previously constructed via inverse PCR of pJAK203
pyrE:barcode 3 pJAK201ith RF190ZRF1903
W H 1 HRhboR Plasmid previously constructed viverse PCR of pJAK204
pyrE:barcode 4 pJAK201 with RF19RF19G
W H 1 HRhboR Plasmid previously constructed viverse PCR of pJAK205
pyrE:barcode 5 pJAK201 with RF16RF190
WHAHGMEKt [ 2 Oy Plasmid previously constructed viaverse PCR of pJAK207
pyrE::barcode 7 pJAK201 with RF19/RF193
W H 11 HRholmutSL Plasmid previously constructed visverse PCR of pJAK208
pyrE:barcode 8 pJAK201 with RF14/RF195
W H 11 HRholmutSL Plasmid previously constructed viaverse PCR of pJAK20S
pyrE:barcode 9 pJAK201 with RF16/RF19T
W H 11 HRholmutSL Plasmid previously constructed visverse PCR of pJAK210
pyrE:barcode 10 pJAK201 with RF19/RF19D
W H /1 HRhRmutSL Plasmidpreviously constructed vimverse PCR of pJAK211
pyrE:barcode 11 pJAK201 with RF20/RF121
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3.3.1.2 pmutSlncreases Mutation Rate 26id
To assess the change in mutation rate following the deletion of-DdAage repair system genes
mutSL, a rifampicin resistance assay wasformed. Rifampicin is commonly used for mutation rate
assays due to resistance being conferred by single base pair substitutipaiiGuérillot et al.,
2018) Overnight cultures dR2029hPalLo@and R2029hPalopmutSLwere concentrated 1dold
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 pr mL. The deletion ahutSLfrom R2029hPal ogielded an approximate 2fbld increase in

mutation rate.

3.3.1.3 VancomycirResistancdevolvesRapidly inC. difficileDuringin vitro ExperimentalEvolution

The experimental evolution was performed using a bro#tsed gradient approach. This method was
chosen since it allows the exertion of high selective pressures, whilst minimising the risk of
extinction, since suMIC growth is captured at each passage. &haution was initiated by
inoculating éwell plates filled with TY media (4 mL per well) with the 10 barcoded strains. Each well
was supplemented witirancomycin agither 0.25x, 0.5x, 1x, 2x, 4at 8x the initial MIC of 1 pg/mL.
The populations were #n passaged every 48 h. After a visual inspectiells from the well with

the highest antibiotic concentration permitting growttere propagated in a 1:400 dilution to a

fresh 6well plate.A vancomycin gradient across the plate was maintained at @ 3%dMIC each
passage, by using the MIC from the previous passage to calculate subsequent vancomycin
concentrationsThis process was repeated for a total of 30 serial transfers per replicate line
Populations underwent approximately 8.64 generations pansfer, yielding approximately 259
generations throughout the course of the experimefitongside the vancomycin evolution, ten
matched control populations were propagatedder equivalent conditions in the absence of

vancomycinto control for mutations gsing due to laboratory adaptation.
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Resstance evolved rapidly in all teaplicate populations propgated with vancomycin selection
(Figure3.2a).Nine of the ten replicate lines evolved to grow in 2 pg/mL vancomycin bgritief

the second passage (P2). Although not measured by a classical MIC assay, g2qugimin
vancomycin sggests an MIC &f ug/mL (referred to hereafter as the apparent MIC), meaning nine
of the ten evolved populations reached tBgiropearcommittee onantimicrobialsusceptibility
testing(EUCAST) breakpoint within 144 h. An appakéi@® of 16 pug/mL was relatively stalite

many replicate populationdeingmaintained for long periods. In contrast, apparentMIC of 32
png/mL was often unstable, being lost in subsequent passages at least arightinf the ten
replicatepopulationshowever this was usually regained (six of the ten replipajgulaions) An
apparent MIC of 64 ug/mL was only observed in one replicate line (Bc9), but evolved three separate
times across the evolution. This was a highly unstable occurrence, which masli@tely lost in the
subsequent passage each timdl. tAn replicate lineshad an apparent MIC of {8c2, 3, 4) 082

(Bcl, 5, 7, 8, 9, 10, 11yfmL vancomycin by passage 30 (P30)

To investigate whetheR2029hPalopmutSLpromoted accelerated vancomiycresistance

evolution, the apparent MICs at each time point for wild type (\\RR029hPal oc pyrEbarcode 1

5) and hypemutating (R2029hPaLopmutSL pyrEbarcode #11) replicate evolved populations

were averaged and subjected to linear regressionysial The hypemutating replicate lines

showed significantly accelerated vancomycin resistance evolution compared to WT replicate lines

(Figure3.2b).
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Figure3.2 - Evolution of Vancomycin Resistance
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(A)Changes in apparent vancomycin MIC over the course of a 30 transfer experimental evolution.
ApparentMIC was determined as the well with the lowest vancomycin entration showing no
clear growth(B)Shown are the means and standard deviations of the apparent MIC for five wild
type (open squares) and five hypeutating (closed circles) populations. Linear regressions fitted to
each data set, blue and pink respieetly, are significantly different bynalysis 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-#old MIC reduction, and light pink shows diodd 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.

Toassess the heterogeneity of the replicate evolved populations at the end of the evolution,

multiple individual clones (minimum 6 per replicate line) were isolated from esolved

populationat P30. The MIC of each individual clone was measured by égigord Of the 82 clones
tested, 38 (46%) had an MIC consistent with apparent MIGf the population from which they

were isolatedFigure3.2c). In fact, only tw evolved populations showed complete homogeneity in
MIC¢ Bc4 and Bcl0 reliably displayed an MIC consistent with the apparerdfNH€ir respective
populatiors. 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 demonstrategynificant variation wthin evolvedpopulations 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, angbhadogy. The evolved
isolate assayed for each replicate barcode was the same as the isolate chosen for sequencing (shown

in Figure3.2c).
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3.3.2.1 VancomyciResistant [BnesDisplayReducedGrowth
To assess the consequences of vancomycin resistance on evolved isolate fitness, growth was
measuredn vitroin rich liquid media (TY bttw) (Figure3.3a). Each evolved isolate was compared to
its respective parental strain. All 10 evolved isolates displayed growth defects, with some exhibiting
more fvere impairments. In particular, Bcl, 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 differermbetween evolved isolates and their matched parental
strains, growth curves were analysed using the R package Growth¢Bpreuffske 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 correlatiomaf@curver outputs was
performed using the R package Hm(slarrell and Dupont, 2019Cross correlations were visualised
using the R package Corrptotproduce a correlation matrix, highlighting the most associated
variablegWei and Simko, 202{frigure3.3b). 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,sing{ (i dzR Stgsts @ith Welch's correctiarAll 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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Figure3.3 - Growth of Evolved Isolates
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(A)Growth over time in rich media (TY broth) weasluated by measuring Qi 600 nm in a 96 well
microplate spectrometer. Growth of ea@volved isolatdcoloured lines) was compared to its
matched parentastrain(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 Rpac 3S ' yR (KSaS 6SNB -@fsyL) NBR dz
with Welch's correction, with the P value shown on each graph. All pairwise differences are

significant(B) Crosgorrelation of Growthcurver outputs to determine the best measure of growth
to compare amples.

3.3.2.2 Vancomycin Resistance Results in a Range of Sporulation Phenotypes

Since sporulation is a key hallmark®fdifficilevirulence and pathogenicity, the sporulati¢end
germination)efficiency of evolved isolates was assessed. Sporulatioreefficivas determined

using heat resistandgy comparing total cell counts with hetteated (65°C, 30 min) spore counts
over a period of 5 days. Each evolved isolate was comparB@@@9hPal odn biological duplicate
and technical triplicate. Sporulatiafficiency 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 ¢ 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 severitiesHigure3.4). 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 wasmparable 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 B¢c11. 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 sartieparental

w H n HRhbogblack lines)All evolved isolates were comparedwoH 1 HRRhbopregardless of

their parentalmutationalbackground jimutSL. barcode) Statonaryphase 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 deviatins 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 graggigificant

difference, N.S. = not significant.
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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 accoeinthis, 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
observeal between evolved isolate§igure3.5a). To investigate this further, cell lengths of evolved
Aaz2ftl GSa | ya&odvKvereanalysaddusing microd@Licret et al., 2016)Cells were

first segmented, before length measurements of all celsame 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 usiregnaay analysis

of variance ANOVAwith Dunnet's T3 multiple comparison$igure3.5b). 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 tvere all significantly longer than the WT, with Bc5 being the largest.
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Figure3.5 - Cell Morphology of Evolved Isolates

Phase contrast light microscopy of miat) cultures of each wild typé\ andhypermutating B)

evolved isolate ¢ A (i K Pavedaram@anison. 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-pbint violin plot with the median indicated by a solid horizontal line.
{GFrGAaGA0FT AaA3IYAFAOI yOS PIHochurdlivad Sakulated @sing ail S &
one-way ANOVA with Dunnett's T3 multiple comparisons test, ** = P<0.0001, N.Bsigmificant.

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
St SOGNRY YAONRaO2LER 6¢9al Palad? dord, Rverd giavi ih TvyS & >
broth for 5 days before fixation, processing and imaging. Electron microscopy imaging was

performed by Christopher Hill at the University of Sheffield Electrammddcopy Unit.

C. difficilespores are complex, muisitructured entities, the basic components of which are labelled

in Figure3.6. The dense, darkly stained sparore houses the DNA, and is well protected by the

outer layers(Buddle and Fagan, 2023)hese layers comprise an inner membrane, primordial cell
wall, a flexible peptidoglycan cortex, outer membrane, proteinaceous spore coat and exosporuim.
Most of the evolved isolates hagpical spore morphologies with clearly identifiable spore

structures, consistent with those of the WHigure3.6). The exosporuim was clearly discernible on
Bcl,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 efficieasgay.
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A Bcl Bc2 Bc3

Bc4 Bc5

B Bc7 Bc8 Bc9

Cortex
Coat
Exosporuim

Figure3.6 - Thin Sections of Evolved Isolate Spores

Spore ultrastructure o€. difficileNT (A) and hypemutating (B) evolved isolatewijth
W H N1 HRhbogdor comparison Basic spore features are labelledwm n HRhlMpimages taken
after 5 days of growth in TY medium. Shown is a representative spore structure for each replicate

line.
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3.3.2.5 Evolved Isolates Have Similar Evolutionary Trajectories
Pulling together the abovehgnotypic observations allows visualisation of the evolutionary
trajectories of the evolved isolates. There are multiple approaches to determining patterns of
phenotypic evolution, with principal component analysiglotting phenotypic observations in a
phenotypic change vectaybeing the golestandard(Adams and Collyer, 200 CA allows
consolidation of multiple variables into a single plot, reducing the dimensionality of datasets whilst
preserving informatior{Jolliffe and Cadima, 2016)his provides an assessment of trajectories, their
magnitude, and parallelism between replicate lines. For simplicity, only the fivdefitied evdved
isolates, and thdR2029hPalLo@ncestor, were assessetio generatehe PCA, phenotypic
observations were first condensed into single representative measurements. For growth analysis,
this was determined to be AUC (secti®i3.2.]). Similarly, sporulation AUC was used to represent
sporulation variation (sectio.3.2.9. Cell length and MIC were also incorporated, and all
measurements were made relative to the WT. The PCA was compsitegl the prcomp() function
in Base R (http://www.rproject.org/), and visualised using the factoextra packéagsambara and
Mundt, 2020) The first 2 principal components were plotted, since together these explained 93% of

the variance Figure3.7).

Visualising the evolved isolates in multivariate pbype space showedll fiveevolved isolates

followed similar evolutionary trajectories away from the pareM&l ancestor. These trajectories

were generally associated witbwer sporulation efficiency and growth defectdbeit with

divergence in relatin 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
fithess/resistance trade off, as both showed reductions in growth and sporulationoutithe

benefit of the high MICs displayed by Bcl and Bc5. There was also-nlusigning by resistance
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mechanism, suggesting fitness is not solely determined by mutations relating to resistance, but also

by accumulation of notveneficial mutations thraghout the course of the evolution.

Cell Length Sporulation Efficiency
MIC Bc5 Growth

14

PCA2 (36.2%)

Resistance Group

Mechanism 1
Mechanism 2 [}

PCAA1 (56.8%) None A

Figure3.7 - Principal Component Analysis of Evolved Isolaté$HBc

Principal Component Analysis (PCA) of P30 isolates from populatiois(8albured 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 witype replicae lines from their ancestor in multivariate
phenotype space.
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3.3.2.6 Evolved Isolates DisplagicoplanirCrossResistance
To investigate whether evolution of vancomycin resistance is associated withresistnce to
other antibiotics, the MICs of evolved isolates an&k S w Palac\W™wyere 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 byethalved isolates may also provide protection

against this antibiotic.

All of the ten evolved isolates displayed elevatetoplanin MICs relative to the WT (WT MIC 0.25
pg/mL) Figure3.8). Increases were, however, relatively sngadl 2fold increase was observed for
six of the ten evolved isolates (Bc2, 3, 4, 5, 7, and 11), arfdld ihcrease was observed for the
remaining four evolved isolates (Bcl, 8, 91 4d0). 4fold increases were most often observed in
hypermutating replicate linesThere was no correlation between vancomycin égidoplanin
resistanceamongst the evolved isolat¢P=0.2, data not shownDespite being highly resistant to
vancomycin, ie low-level cross resistance observed suggests there are alternadiegplanin

resistance mechanisms which do not overlap with the captured vancomycin resistance mechanisms.
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Isolate Teicoplanin (pug/mL)

0) 0.12 0.25 0.5 1 MIC
R2029]1 0.25
Paloc
P30 Bcl 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 Bcl10 1
P30 Bcll ‘ _ 0.5

Figure3.8 - Teicoplanin @ssresistance of Evolved Isolates

¢SAO2LX FYyAY alL/ 2F S@2t SR Aaz2ftl G§Saod Paldcas YSI & dzNE
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 vancomyesistance on an individual level, evolved
isolates were sequenced. A single isolate from each of the ten replicate populations, which had an

MICconsistent with theapparent MIf the population from whiclit wasisolated(section3.3.1.3,
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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. $bad 30x whole genome sequeng

was performed using the lllumifdovaSeq 6006t MicrobesNG.

3.3.3.1 Creating an Optimised Isolate Sequencing Analysis Pipeline

An optimised sequencing analysis pipeline was developed as part of this project, basesbimtaat
mutant analysis pipelindesgibed previouslyWright et al., 2019)lllumina reads were trimmed by
Trimmomatic (v0.30at MicrobedNG. Trimmed reads were checked udhagtQC (v0.11.9%
Andrews, 2019)and aligned to the R20291 reference genamag BWAmem (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 W&oagd (v2.25.2)
(http://broadinstitute.github.io/picard/). The mpileup utility within SAMtools (v1.43) was
subsequentlyused to generate the mpileup file required for Varsdslipileup summarises each base
in a sequence, generating a table comprising the reference base, read bases, coveragaliand q
Varscan(v2.4.31) (Koboldt et al., 2009\ as 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 frakom 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 fer isola
variant callingKaewprasert et al., 2022J o validate variants, samples wereaalysed using

Breseq (v0.35.9Deatherage and Barrick, 2014)ith variants beingetained if detected in both
analysis pipelinesThe validated variants were also manually checked if\V&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 matchedontrol isolates; so-called vancomychunique variants; since these ar¢éhe
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most likely to have evolved in response to vancomyeladion.Overall, 114 vancomycinique
variants were observed across the ten evolved isol@gpendix \ Isolate Variants Wild type
derived evolved isolates contained between aral three vancomychanique mutations per
genome. In hypemutating evolved isolates, between 14 and&comycirunique mutations per
genomewere observed. Of the 114 vancomycinique mutations observed, withigene SNPs
accounted for 43% of the variastof which 67.4% were nonsynonymous and 32.6% were
synonymousFrameshifts accounted for a further 31% of variants, aAdame deletions accounted

for 1.8%.

3.3.3.3 Parallel Evolution Observed Across all Ten Replicate Lines

Parallel evolution is defined asehliepeated evolution of a genotype in independent populatigns

for example, variants occurring in the same genetic locus in multiple replicate populations. Given the
size of theC. difficilegenome, parallel evolution should be improbahkleven with a stong 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 evadutin these circumstances therefore suggests strong

selection, and a potential role of these mutations in vancomycin resistance.

In the five Widerived evolved isolateparallel evolutionvas observedt three genomic locivanT
in 3isolates CDR202913437(simplified toCD343hereafter) in ZsolatesandcomRin 2 isolates
(Figure3.9). What@ more, mutations itomRalways ceoccurred with mutations iwanT(Bc3 and
Bc4) (although converselyanToccurred withoutcomRin Bc5) VanT is a putativeerine racemase
encodedwithin a Van@&ype cluster (referred to hereafter as thencluster)that was previously
implicated in decreased vancomycin susceptibilit¢ irdifficile(Shen et al., 2020fomRencodes a
homologue of the RNA degradosome compongolynucleotide phosphorylag@NPasg

suggesting that RNA stability may play a role in ¥ia@T-associated mechanism of vancomycin
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resistanceConsistent with this possibilityhe coexisting mutations iBc5, the other W-erived
evolved isolatearrying avanTmutation, includedmaa, whichencodesa putative maltose ©
acetyltransferaspand a 75 bp deletion that completely removed an intergenic region downstream
of rpomHand beforernpA a locusencoding another predicted component of the RNA degradosome.

Mutations affecting RNA stability weenot observed in the other two Wderived evolved isolates.

CD3437mutated in Bcl and Bc2ncodes a predicted twoomponent system higline kinasgwith
its cognate response regulator encoded®p3438The nearbylocusCD343%ncodes a putative
D,Dcarboxypeptidase that likglplays a role ipeptidoglycarmodificationthroughthe removal of
the terminal DAlafrom the stem peptide. Basl on their predicted functions, these genes were
renamed todacS(CD3437histidine kinase)dacR(CD3438responseaegulator) anddacjCD3439
D,DcarboxypeptidaseDespite not being implicated in vancomycin resistance previously, the
dacJRS8luster displayed strong evidence of selection. Consistent withahiBye hypermutating
evolved isolatetad mutations ireither the vancluster(1 had a nonsynonymous mutationvanT
and 1 invang orthe dacR<cluster, meaning all ten evolved isolates carried mutations in at least
one of these two gene clustemlutations invanTanddacSappeared to be mutually exclusive in the
WT-derived evolved isolates, however in the hyyeutating isolate Bc8nutations in bothdacSand
CD1523vang, encoding a twacomponent system sensor histidine kinase that is thought to
regulate thevanoperon inresponse to vancomycimere observed. This suggest® two pathways

to resistance are not entirely mutually exclusive.

dacdisplayed no obvious eoccurrence with other mutations. In fact, illumina sequence data
suggested there were no other unique tations in Bcl. Conversely, in BoBnsynonymous
mutations inbclA3and CD3124vere observedbclA3encodes a spore surface protein with no

known function in vegetative cells, whitD3124ncodes an orphan histidine kinase of unknown
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function. CD3124howed striking parallelism at the SN&el 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){gure3.9).

Beyond those already mentioned, there were multiple occurrences of parallel evolution across the
five hypermutating evolved isolates. One notable example waeB2 which was mutated in 3
hypermutating evoled isolates (Bc8, 9, and 10). MreB2, a bacterial actin homologue, is a rod shape
determining protein and a component of tl& difficileelongasome, which directs localisation of
peptidoglycan synthesis. TworeBgenes exist ii€C. difficile mreBandmreB2 both of which are
essential for growthin vitro (Dembek et al., 2015nreB2lies withinthe core elongsasome operon
alongsidemreCDandmin genes, displaying thelosest homology t®. subtilis mreBand is the

primary MreBencoding gene i€. difficilg(Enany, 2017)Interesingly, a further gene in this cluster,
CD0985displayed mutations in 2 hypenutating evolved isolates (Bc7 and Bc8), suggesting a role of
the elongasome in vancomycin resistance. Mutations in elongasameding genes were only
observed in hypemutatingevolved isolates, demonstrating the interesting evolutionary concept
that hypermutators possess a larger evolutionary potential, allowing them to potentiate novel
evolutionary paths not explored by the WiErived evolved isolate$-{gure3.9). FurthermoresdaB
which encodes alrserine dehydratasedisplayed mutations in two of the five hyperutating

evolved isolates (Bc9 and BclddaBhas previously been implited in vancomycin resistance in
earlyC. difficileevolution studiegLeeds et al., 2014Although not subject to parallel evolution in

this study,asnB1 encoding arasparagine synthetasevas mutated in Bc11. AsnB1 has presig

been associated with vancomycin sensitivitgindifficile beingresponsible for peptidoglycan
amidation in the presence of vancomyg¢fimmam et al., 2020Y he 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 WTderived evolved isolatesdacJR@nd thevancluster. These two pathways were present
in all ten of the evolved isolates, and therefore likely represent significant drivers of vancomycin

resistance irC. difficile
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Figure3.9 - Genetic Basis of Isolate Resistance
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The diromosamal locations of nofsynonymous, vancomycimique variants itWT (top) and hyper
mutating (bottom)derivedC. difficileevolved isolatesEactconcentriccircle represents a sing(@.
difficile genome, colar coded according to population aslicated in the key on the righA full list

of all variants shown here and including synonymous and intergenic mutations is included in
Appendix V.

3.3.4 PopulationDynamics irBvolvingPopulations

Having identified thg@resence 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 sequencingo 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 experimentiugon. Control populations, from
matchedcontrol replicate lines (passaged in absence of vancomycin) were also sequenced at
passage 10, 20 and 3@ control for changes occurring due to laboratory adaptation. Steatl
pooledgenome sequencing was peried using the lllumina NovaSeq 600GatPsaurus.

Sequencing was performed at 250x coverage to enable identification dfémuency mutations.

3.3.4.1 Creating an Optimised Pooled Sequencing Analysis Pipeline

Population sequencing data differs from isolatrjuence 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 galiindard 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 thifiscauency/coverage tradeff: 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 sequgnsamples and adjustable for coverage
level, was developed as part of this project, based on the isolate sequencing pipeline described
above (sectior8.3.3.]. 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 (v2.3qQuinlan and Hall, 201@enomecov and map
functions Average genomwide coverage across all samples was 322x, however average coverage
varied from 22x to 641x in vancomycin evolved populations. This disparity in coverage created

additional compéxity for analysis, which was solved using sequencing simulations.

Squencing datdased on the R20291 genom&s simulated at multiple coverage depths (80x,

100x, 300x)using InSilicoSeq (v1.5@ourlé et al., 2019With defined SNPs seeded at 5%
frequency.Simulated segences were evaluated using the analysj®line, and a range of Varscan
parameters were trialled to generatest of parametes 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-gtaludard for variant calling/NVarden et al.,
2014) a minimum of four reads were required to support a variant call. In order to achieve 5%
frequeng calling, the evolutionary golstandard, 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 acrogsrtbme (with 100x as

the cutoff), to allow the lowest frequency calls possible with a strong evidence Bassamples

with an average coverage across the genome of 100x or higher, the following Varscaniy2.4.3
mpileup2cns parameters were used: ruaverage 80; mirvar-freq 0.05; pvalue0.05; variants 1;
output-vcf 1¢ allowing variant calls as low as 5% frequency. Conversehples with an average
coverage across the genome of below 100x used the following Varscan {Ypm8leup2cns

parametersmin-coverage 4; mimeads2 4; mirvar-freq 0.05; pvalue 0.05; variants 1; outpwcf 1.
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As with highcoverage samples, a minimum of four supporting reads were required to call a variant,
however theminimum variant frequencgallpossible was inverselgaled (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 ffopulations, variants were filtered to focus on those
which weremost likely to have evolved in response to vancomycin selecfiswith evolved isolate
sequences, analysis focussedvamiants which were observed in populat®evolved with
vancomycinput not in matchedcontrol populations(vancomycirunique 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. Variegrts 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 vancomyecimique mutations were visualised using@<& colour mapper, to
understand the distribution of mutations within functional classes. Mutations were clustered within
17 functional classg&igure3.10). The bet represented classes were tvammponent systems and
ATP Binding Casse(&Bq transporters, with six and four matched genes respectively. Genes

involved in resistance and peptidoglycan biosynthesis were next best represented.
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Figure3.10- KEGG Pathway Analysis of Genes Identified in Evolved Populations

Genes impacted by mutations during evolution (except those in the transiently imyp&ting Bd
P20) were visualised in KEG®@our mapper and agmedto cellular pathways. Twoomponent
systems and ABC transporters were the bregtresented functional classes.
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3.3.4.3 Alternate Evolutionary Pathways Display Different Dynamics
In total, discounting variants found in Bc1 P285 vancomyciunique 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, ikeilghreflect
random mutationdue to the emergence of a spontaneous hypeutator phenotype(Figure3.11a).
This phenotype was transiegtonly 12 mutations were present in Bc1 P10, and onlyedevpresent
in Bc1 P3@ however no high frequency mutations in DNA repair genes were identified as

potentiators.

Variants were defined as fixed if they were present in more ®&#b of the population, and
remained so throughout theemaining time point®f the evolution. P30 variantsresent in over
95% of the population were also included in analydigtations which sweep through a population
to reach fixation may be indicative of positive selection, especially if similar variants evolve in
parallel acoss multiple populations. The population dynamics and fixation rates of the evolved
populations were investigated, with particular focus on tive key pathwaydo resistance
identified inthe evolved isolatesHgure3.11 andFigure3.12). ThedacSandvanTpathways showed
highly contrasting selection dynamickacSmutations iapidly rose to high frequency, reaching
fixation by P10. Interestingly, the same pattern was observeddoRmutations in Bc7 and Bc1A8t
P10,the apparentpopulation MICs ranged fromB6 pg/mL, suggesting such variants anportant

for providing eay, albeit lowerlevel,vancomycin resistance.

By contrast, mutations imanTarose later and only reached fixation by P20P80. These mutations
were preceded by other, high frequency, mutations at P10 théinot survive, being supplanted by
vanTvariants which presumably conferrédgher levels ofancomycin resistance and/or fitness. |

Bc3 the two preceding high frequency mutatio(tsoth T>TA) were very close together, separated
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by only 7 bpin an intergenic region downstream @D0482encodng a uridine kinase, and
upstream ofglsA encoding a glutaminase. These mutations are oatsitthe likelyglsApromoter
region, but could affect its regulatiomterestingly, changes in glutamine metabolism have
previously been linked to vancomycin igtance inStaphylococcus aure(€ui et al., 2000)The
single high frequency mutation in Bc5 at Rifls a nonsynonymousibstitution inCD3034which
introduceda Gly255Asp mutatioim the encoded-hydantoinase an enzyme whichay play a role
in D-amino acid synthesig aken together, this suggestanTisunlikely to berequired for firststep
resistancevanTmutationsmayprovide highe#level vancomycin resistance, allowing suppéion
of earlier mutations, omayrequire potentiatingprerequisitemutations to arisdirst, however no

secondary mutations common to all populations wigmTmutations were identified.

Beyond the two key pathways, interesting population dynamics were observed for other putative
vancomycin resistance mechanisms. ldkeS, CD312%utations arose early, reaching fixation by
P10 in four of the ten evolved populations, again hinting this beymportant for firststep, lower
level vancomycin resistance. MutationsnimeB2 however, displayed no consistency in population
dynamics, becoming fixed at P10 in Bc9, and P20 in the other populatid®®0BB85another gene

in the elongasome clustenutated in B¢c7 and Bc8, mutations were slower to arise. Bc8 displayed an
interesting selection dynamic here, since batheB2and CD098%ontained high frequency
mutations at P20, however by P30, theeB2variant was no longer present, leaving only thed
mutation inCD0985This suggests mutations @D0985nay provide increased resistance, or
perhaps increased fitness, comparednoeB2.Intriguingly, despite arising in multiple populations,
mutations invanSwere consistently low frequency in the poalations they arose in, and never
reached fixatiorg either remaining low frequency throughout the course of the evolution, or being
lost from the populationsKigure3.11f). This perhaps suggestanSdoes 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 ofvancomycin resistance, and the comparative dynamics of alternative resistance pathways.
Sequencing in this way also provides an explanation for the lack of homaogeneity in MIC observed in
isolates from the populations at the end of the evolutigfigure3.2c), as multiple low frequency

P30 mutations can be observed for each populatiigre3.11 andFigure3.12). This lack of
homogeneity in the population suggests the potential to evolve resistance which is tégledr

more stable, or lessostly.
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Figure3.11 - Population Dynamics of Wlerived Gene Variants Over Time
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Accurnulation of variants in the WrlerivedC. difficildineagesBc1 (A), Bc2 (B), Bc3 (C), Bc4 (D) and
Bc5 (E)Eactrircle 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 egyrammymous within

gene variants indicated with black circles and the penetrance of mathtion in the population
indicated by the size of the circle. The line graphs show the frequency of all variants (intergenic,
synonymous, nossynonymous, frameshifts and nonsense) in each population. The vancomycin MIC
for each population is also indieal by the shaded region. Mutations also identified in the

respective end point clond-{gure3.9) are highlighted by the coloured lines. Note population Bcl
evolvedan 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 Bcl P20, is includedppendixVI. (F)Relative frequencies and time of
emergence of mutations in gendacS dacR dacJvanTandvanSacross all ten evolving

populations.
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Figure3.12 - Population Dynamics of Hypetutating Gene Variants Over Time
Accumulation of variants in the hypenutating C. difficildineages Bc7 (A), Bc8 (B), Bc9 (C), Bc10 (D)
and Bcll (E). Each circle plot represents the 4.2 Mb genome of a single evolving population after 10
(inner ring), 20 (middleimg) and 30 passages (outer ring), with the locations ofsomonymous

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 ariatits

(intergenic, synonymous, nesynonymous 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 clond={gure3.9) are highlighted by the coloured lines. A full list of all variants

shown here is included iAppendix VI.
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3.4 Discussion

Vancomycin is the current front line antibiotic for treatment ofldDespite vancomycin resistance
being well established in other organisf#gmed and Baptiste, 2018; Cong et al., 2019; Dyrkell et
al., 2021) relativelylittle evidence of vancomycin resistanceGndifficilehas come to light. Whether
this reflectsan underlying constraintn resistance, such as a large associated fithess burden, or
simply a lack of routinelinical monitoring, is unknown. Studying vangy/cin resistance through
experimental evolution presents a unique opportunity to unpick the routes and dynamics of
resistance acquisition, without the complexities of strain divergence andtimng genetic drift
which accompanies clinical isolate stultythis chapter, an extensive exploration of vancomycin
resistance was attained through experimental evolution, phenotypic characterisation and whole
genome sequencing. difficilewas shown to evolve higlevel resistance rapidiy vitro, primarily

by two key mechanisms. Resistance was, however, accompanied by pleigtropit and

sporulation defects

3.4.1 Extending the Bounds of the Current Evolution

Vancomycin resistance evolved rapidly over 30 passages in all 10 replicate poputaichs)g an

MIC of 1632x 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 isoMt€ measurements, was the striking
heterogeneity of the populations at P30, the end of the evolution. Multiplesojulations, with

low- to mid-frequency mutations, were observed at P30 across all 10 replicates. This was mirrored in
the evolved isolate MI measurements, whereby isolates displayed variation in MICs, ranging from

the apparent MIC of their respective populations, ta2 4-fold lower. This variation, coined
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heteroresistance, is common in antibiotic resistant populati(®and and Weiss, 2019)
Heteroresistance, the phenomenon describing theeg@stence of subpopulations with a range of
antibiotic susceptibilities, is hower@oorly 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 highiel and lesgostly resistance. The
continued evolution of these heterogeneous populations beyond P30, selecting for Hegredr
resistance to further understand mutation accumulation would make interesting further work.
Higherlevel resistance is evidently possible to achieve, having evolvedhipsin three occasions
in Bc9. Although, the unstable nature of hilgivel resistance observed during this evolution may
reflect the extreme fitness costs required for such resistance levels. An alternative approach,
therefore, would involve continued eldtion to instead select for increased fitness, through
accumulation of refining mutationsCompensatory evolution, the process whereby fithess costs may
be ameliorated by additional mutations elsewhere in the gendgKienura, 1985)would provide
useful insight into the ability of. difficileto evolve higHevel, lesscostly resistance to vancomycin.
Indeed, examples of refinement and succession were already observed héreany high
frequency mutationgonferringmoderate increases in MIC being completely supplanted by later
variants Notably, compensation can occur in the presence or absence of the antibiotic, and confer a
fithess advantage in either environmef®chulz zur Wiesch et al., 201This has been widely
demonstrated across multiple specie$or example, compensatory evolution of rifampin resistant
coliin the absence of rifampin produced isolates with increased fitness, without depletion of
rifampin resistancéReynolds, 2000)The dynamics of such compensatiori€Cindifficilethus merits

future work.
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3.4.2 Further Considerations of Fitness

Vancomycin resistance was accompanied by sewadejt varied, fithess defects. A reduction in

fitness was observed across all evolved isolates in one such measure of fithess, 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-vamcanycinunique, 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
Bcll. The basis of these genetic defa&mains 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 pgrRin BcYDembek et al., 2015However this pattern cannot
explain all of the defects observed. Interestingly, although thed&flved evolved isolates Bc3, 4

and 5 possess the same vancomycin resistance mechanism, mutaticarslj 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 @sistance 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 mutatiorfSmith and Haigh, 1974)his 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 isolatefserved mutation in
CDO0108nay be the causative deleterious mutation, or perhaps a more general accumulation-of non
vancomycirunique mutations. Regardless of culpable mutations, the observed sporulation defects

have wider implications for the survival wancomycin resistar€. difficilesolates. Since sporulation
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is a key part of th€. difficildifecycle, and is essential for disease transmission, such defects would

likely be an evolutionary deaeind if similar variants were to emerge in cli(fieakin 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 fithess to include germinatidiciencies, and toxin

production, two more key features &. difficilevirulence, would be beneficial. A caveat of evolving
anonli 2 EA ISy A O &alLbdisihg Rabilitystaidirebtly measure the latter, however
performing toxin assays in recapitid strains would be helpful to understand whether acquisition
of vancomycin resistance impacts the pathogenicitZ oflifficile Exploring the clinical pertinence of
the observed fitness defects, through competition studies, would allow better conokisiobe

made regarding the implications of these defects. Competition studies, in mice treated with
vancomycin, would be the gektandard approach to understand the survival of vancomycin

resistant strainsn vivo(Collins et al., @15).

3.4.3 Wider Implications of Crosssistance

Lowevelteicoplanin crossesistance, 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. Howewnéka vancomycin, the
lipoglycopeptideeicoplanin contains a hydrophobic moiety, allowing interaction with the
membrane(Zenget al., 2016) The comparatively low reduction in susceptibility, compared to that

of vancomycin, suggests the existenceetoplanin resistance pathways alternative to the
vancomycin resistance mechanisms observed here. Interestingly, thievehcross resistance was

observed in the inverse direction iricoplanin resistan§. aureuswhich only displayed lovevel
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vancomycin resistand@/audaux et al., 2001Although it is wll documented that certainan
operons can inducteicoplanin resistance phenotypes, explanations beyond this are lagatign,
2022) Regardless, even low levels of crossistance have the potential to be clinically significant
reports m both vancomycin and metronidazole resistanc€irdifficilesuggest that even low
reductions in susceptibility can significantly alter clinical cure (@tdank et al., 2024; Gonzales
Luna et al., 2021Althoughteicoplanin is not routinely used for CDI, evidence suggests it is a strong
candidate for tratment of severe CDI, displaying good efficacy and low recurrence(Rapsvic et
al., 2018) The obseved cross resistance therefore has significant implications regarding reducing

the clinical repertoire for treatment of CDI.

Beyondteicoplanin, crossesistance to other antibiotics remains unexploredSlraureusevidence

of crossresistance betweenaptomycin and vancomycin has been obsergBuitiananpakorn et al.,
2020) A broader exploration of vancomycin crassistance, with specific focus on antibiotics which
are potent againsC. difficile would be beneficial. Generating& difficilevancomycin cross
resistance network, in a similar approach to thatézarand colleagues, could be instrumental for

advisng treatment regimes in clinical settin(Jsdzar et al., 2014)

Alternatively, collateral sensitivitywhereby resistance to one antibiotic results in sensitivity to
another¢ would be another useful research avenue to further underst@ndiifficilevancomycin
resistancg Roemhild and Andersson, 202This has been widely studied in other organisnfier
example tigecyclineresistantE. colidisplay collateral sensitivity to nitrofuranto{iroembhild et al.,
2020) Collateral sensitivity resulting from vancomycin resistance has also been reponted
Enterococcus faeciymancomycin resistance resulted in sensitivitpkeuromutilin antibioticqLi et
al., 2022) In mouse models, use pfeuromutilin antiboticsimproved survival againsancomycin

resistantkE. faeciumsuggesting collateral sensitivity could be used to expand the arsenal of potential
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treatments. As some, but not afileuromutilin antibioticdisplay activity against. difficile

investigation of this phenomena would be interesting.

3.4.4 Pathways to Vancomycin Resistance

Sequencing the evolved isolates reveat@d predominantpathways to vancomycin resistance,
observed in all ten replicaténes These pathways were centred around mutatigmshe vancluster
(mainlymutations invanT, encoding theserine/alanine racemase componenf the cluster) or in

the dacJR§ene clustefencoding a two component system and a f2ddboxypeptidasg Although
around 85% o€. difficilestrains are thougtto carry thevancluster(Ammam et al., 2012}he
majority of isolates are vancomyesensitive, which has historically sparkezhtroversyregarding
whether thevancluster inC. difficiles involved in resistance. Early reports suggestedsgre
cluster, although active on a transcriptional level, does not affect cell wall compogkimomam et
al., 2013; Peltier et al., 2013Hlowever, recent evolutionary work found mutations in trenSRwo
component systm led to derepression of thevancluster, allowing constitutive expression of the
vanoperon andreducead vancomycin susceptibilitfShen et al., 2020These mutations were
mirrored in vancomycin resistant clinical isolates, together confirming a role of this cluster in
vancanycin resistance. Interestingly, mutationsvianSwere 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 minaofreéaSin the vancomycin
resistance observed heré contrast, mutations tz¥anTwere common, fixing in four of ten
replicate linesThevanTencodedserine/alanineracemase is comprised tfo domains, an N
terminal membranebound domain, likely invokd in LSer uptake, and a-términalracemase
domain, which convertserine oralaninefrom L- to D- form (MezianeCherif et al., 2015VanT likely
contributes to vancomycin resistance by convertifgdr to BSer, required for the production of-D

Ser terminating pergpeptides in nascent peptidoglycan. MutationsszanTalone have not before
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been reported in relation to vancomycin resistance. The mechanism by which these mutations alter

VanTfunction to confer vancomycin resistanceGn difficiletherefore merits furher study.

Mutations in thedacJR8lusterhave not been previously associated with vancomycin resistance, but
wereobserved in six of the ten evolved populatiodacJR&ncodesa two component system
(dacSRand aputative D,D-carboxypeptidasédac), suggesting plausible mechanisrof

vancomycin resistandilrough removal of the terminal {3la residue in nascent peptidoglycan
(Ghoshetal.,2008) ¢ KA&a YSOKI YyA&dI TR GINEFOARSOKMFANBIAA G Y
of variantdacSallelesoccurred by P1th three populations (Bcl, 2 and @} did theidentical
dacR.532A>G vari# intwo populations (Bc7 and 10Although this parallelism suggests strong
evolutionary selection under vancomycin pressures, suakations have not yet been reported in
clinical isolategKolte and Nubel, 2024Jt would be interesting, however, to quantify the strength of
selection imposed on this cluster, compared to other amgfathe C. difficilegenome, both in the

evolved isolates presented here and in clinical isolates. This approach is common in evolutionary

biology, and can be calculated in multiple wégadzow et al., 2014)

Aside from the two key pathways identified, parallel evolution was observed across genes encoded
within the elongasome gene clustenreB2and CD0985Mutations in these two genes were

observed across falof 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, bothreB2and CD098%re essential ifC. 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,
howevermreBwas found to be mutated in daptomyechesistantBacillus subtiligHachmann et al.,

2011; Tran et al., 2019mportantly, recapitulation omreBmutations 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 inasnB1gencodingan asparagine synthetasevas 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 firstep resistance. AsnB1 is responsible for
peptidoglycan amidation of A2pm, which controls the activity of andaiboxypeptidaséBernard

et al., 2011) This enzyme has actually been implicated in vancomycin sensiti@tydifficile

(Ammam et al.2020) AsnB1 was shown to lresponsible for peptidoglycan amidation in the
presence of vancomygimvhich resulted in increased sensitivity, potentially via interfering with
vancomycin resistance mechanisms. The mutation observed in Bc11 may theszfooe 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 observedsnBlmutation, along vith 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, vancomyeimigue 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 mMRNA stability alterat{@adley et al., 2021)Codon usage

bias, the noruniform use of synonymous codons, has long since been appreciated, and the
observation that essential genes contain hegfrequencies of optimal codons is not né@&ouy and

Gautier, 1982; Grantham et al., 198B8)owever, reearch into synonymous mutations as drivers of

103



Experimental Evolutionf Vancomycin Resistance@n difficile
adaptation is in its infancy. Recently, multiple experimental evolution studies have reported
synonymous mutations as drivers of adaptive evolution, and even drivers of antibiotic resigtance
synonymous mution repeatedly identified in thempK36gene of carbapenem resistaktebsiella
pneumoniaavas shown to reduc®mpK36 translatiothrough alterations to the mRNA secondary
structure. As OmpK36 promotes carbapenem influx, this synonymous muddticen gene
knockdown was able to promote carbapenem resistafweng et al., 2022)uture investigations
may therefore involve a deeper examination of genetic parallelism of synonymous mutations

observed during the evolution presented here.

3.4.5 Clinical Significance Observed Mutations

The clinical significance of the mutations observed during this experimental evolution remains an
open question. So fadacSmutations identical to those observed here have not been reported in
publically availabl€. difficilesolate sequence@olte and Niibel, 2024However, vancomycin has
only been used as the froitine antibiotic for CDI since 2020ICE, 2021)meaning comparatively

few genomes are available in which vancomycin is known to have been a significant selection
pressure. Therefore, longitudinal observations would be neeamad the coming years to monitor
new C. difficileclinical 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 Exploring the Role of dacJRS

in Vancomycin Resistance

4.1 Introduction

Two component systems (TCS) are ubiquitous across bacteria, and are an essential regulatory
mechanism which modulate a multitude of fundamental cellular proce@idiakawa eal., 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 i@. dificile (Edwards and McBride, 2023, 2014 their

simplest form,TCS comprise of two proteins, a histidine kinase and their cognate response

regulator. The histidine kinase is typically a homodimeric transmembrane pratbich consists of

a sensor domain, typically extracellular, and a cytoplasmic signalling domain. The response regulator
consists of a receiver domain and DhiAding domainHirakawa et al., 2020; Yan et al., 2019)

Signal transduction occurs when the histidine kinase senses a stimulus arghasighorylates at a
conserved histidine residue. This phosphoryl group is transferred to the response regallziang

its conformation and thus DNBinding affinity. Response regulators may be activators or repressors,
modifying the expression of their regulons as s(Rhjeev eal., 2020) Tens of thousands of TCS

have now been identified in bacteria, including many permutations of the canonicgUIMZ8 and

Zhulin, 2010)For example, a single histidine kinase can regulate pheiltesponse regulators, and
multiple histidine kinases can regulate a single response regul@traller et al., 2011Many

complex multistephosphorelay$iave also been characterisedor example, the regulation of

sporulation inB. subtilisnvolves five histidine kinases acting on a single response regulator, SpoOF,

105



Exploring the Role afacJR$ Vancomycin Resistance
which phosphorylates Spo0OB, which in turn phosphorylates Spo0A, the global sporulation regulator

(Piggot ad 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. Ageinumber of antibiotic resistangaromoting TCS are now

well characterised for example, increased expression of M@ SR CSinvolved in the regulation

of cell wall stresswas associated with daptomycin resistanc&iraureugMehta et al., 2012)TCS

may also contribute to resistance by regulating antibiotic efflhoPQ, a TCS pemsible for

regulation of an ABC transporter capable of tetracycline efflux, was associated with tetracycline
resistance irP. aeruginos&Chen and Duan, 2016)\dditionally, TCS may control more targeted
resistance mechanisngsin P. aeruginosathe CreBC TCS was associated with-high@-Bdtami
resistance through induction éflactamase Amp(Zamorano et al., 2014Fimilarly, in vancomycin
resistantEnterococcuspecies, the VanSR TCS promotes resistance through increased expression of
the vanoperon germs, resulting in alteration of the vancomycin targgvers and Courvalin, 1996)

As discussed previously, difficilealso possesses a homologous VanSR TCS, which can promote

vancomycin resistance when constitutively expresgiten et al., 2020)

C. difficileencodes around 50 TCS, the majority of which remain uncharacterised, although recently,
a few examples of antibiotic resistanagsociated TCS have been identified. One such TCS, DraRS,
was found to promote daptomycin resistance, likely mediated by indoaii genes involved icell
envelope biogenesis and stress respa&annullo et al., 2023bYhe HexRK TCS also promotes
daptomycin resistance 6. diffide, through regulation oHexSDF proteinghich alter the cell
membrane compositiofPannullo et al., 2023apAdditionally, the WalRK TCS, which has been well

characterised in other species, was recently found to be essential for viability, and responsible for
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cell envelope biogenesis, the downregulation of which resulted in increased vancomycin sensitivity

in C. difficile(Miih et al., 2022)

In the previous chapter, experimental evolution coupled with whole genome sequencing was used
to understand the pathways to vancomycin resistanc€ imifficile Exploring the populatn

dynamics and genetic parallelism across replicate populations allowed identification of the
previously uncharacterised T@&cRSand upstream gendacJthat were mutated in six of the ten
evolved isolates, showing clear evidence of selection. Iretledved populations, mutations mlacRS
always rose rapidly to fixation, suggesting a role in-ftep vancomycin resistance. However, the

individual contribution of this TCS to resistance, and its mechanism, was unknown.

4.2 Aims and Outcomes

This chaptedescribes the full characterisation tlikecJR§ene cluster, including its contribution to
vancomycin resistance, the fitness costs associated with this pathway, and the mechanism by which
mutations indacJR®esult in increased resistance. To achievs,iidcSnutations observed in

evolved isolates were recapitulated in tharental R20294Pal.odackground. The contribution of

these mutations to resistance were tested using MIC assays, and the phenotypic effects of SNP
carriage were assessed using growtiives and sporulation efficiency assays. The mechanism of

dacJR$nediatedresistance was determined througiR FPCRand fluorescence microscopy.
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4.3 Results

4.3.1 The Contribution aflacJR® Vancomycin Resistance

To assess the contribution dacJR® vancomycin resistance, mutations observed in the evolved
isolates were precisely recapitulated in tharental R2029iPal odackground. Recapitulation, as
opposed to classical gene knockout, was used for these investigations, since the missense smutation
observed were more subtle than crude deletions, calling for a more nuanced appozaciRS

mutations were observed in six of the ten evolved isolates (Bc1,2,7,8,9 and 10). Mutatitatsin

the histidine kinase, were chosen for further study. Of thélse,Bc1 and Bc8/9 mutations were

chosen for recapitulation: illumina data suggested that the only honsynonymous, vancemycin
unique mutation present in the Bcl isolate occurredi@a@S(Appendix V)and both B¢8 and Bc9

evolved isolates displayed an idasg#idacSSNP, showing parallel evolution to the SNP level, and

thus strong selection for this allel@able4.1 summarises thelacJR&utations present in evolved

isolates.

Table4.1 - dacJRS Mutations in Evolved Isolates

. F NO2RS DSy S adzil a2y
. Owm RIO{ ROt mMnDBHC
. OH RI O{ RIOPT py! H¢
. OT Rl Ow RwO®poH! HD
. Oy RIO{ R OPpnyc¢hH/
. O RIF O{ RFOfpny¢hH/
RIFOW RW@dnTy! D
Owmn Rl Ow RwO®poH! HD

4.3.1.1 Recapitulation oflac®.714G>BEnddac$.548T>C
Mutagenesis o€. difficilavas performed by allelic exchandgpecifically, 2 kb fragments comprising

approximately 1 kb either side of the SNP, with the altered altethé 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 Sacl sites, were synthesised by
Genewiz and inserted inppUGGW-Kanvectors. The fragments were then subcloned into pJAK112
vectors (linearised via BamHI/Sacl restriction digest), resulting in the congilEEBO2@nd
pJEBO19 (Bcl 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 resultedn altered fragment profile that was
readily distinguishable from the WT. Recapitulation of the SNPs was confirmed using Sanger
sequencing, generating straif2029hPalodac®.714G>TBcl) andR2029pPaloc daaS548T>C

(Bc8/9).Table4.2 summarises the construction of plasmids for strains relevant to this chapter.

Table4.2 - Strains and Constructs Relevant to This Chapter

Strain Construction Plasmid

W H 1 HRhboR Fragment designed to contain tlc®.548T>@oint pJEBO19
dac®.548T>C mutation with approximately 1 kb either side of the SN

Fragment synthesised by Genewiz, followed by ligatiol

into linearised pJAK112.

W H 1 HRhboR Fragment designed to contain thikc®.714G>Point pJEBO026
dac®.714G>T mutation with approximately 1 kb either side of the SN

Fragment synthesised by Genewiz, followed by ligatiol

into linearised pJAK112.

W H 1 HRhboR Fragments containing point mutations synthesised by pJEBO019
dac$.548T>C Genewiz, fdbwed by ligation into linearised pJAK112. pJEBOO8
vanTc.347G>A Double mutant generated by addition pdEB00&

W H N1 HRhbOE

dac®.548T>C
. O mdcJ Fragment designed to contain 1 kb regions either side pLMTO003

dacJ Fragment synthesised by Genewiz, followed by

ligation into linearised pJAK112. Strain and plasmid m

by Lucy Thompson.
W H 1 HRhboE Fragment designed to containkb regions either side of pLMT002
kdacRS dacRSFragment synthesised by Genewiz, followed by

ligation into linearised pJAK112. Strain and plasmid m

by Lucy Thompsan
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4.3.1.2 dacSSNPs Contribute to Vancomycin Resistance

To assess whether mutationsdacSalone are sufficient to confer vancomycin resistance,

vancomycin MICs were performed for recapitulated strains using standard agar dilution. Both

R2029pPaloadac®.714G>TBcl) andR2029hPaloc daass48T>{Bc8/9) showed an MIC of 4

png/mL, 4fold higherthan the parentaR2029hPalodFigured.1). This confirmed thatlacSplays a

significant role in vancomycin resistancedndifficil&

YR R2Say Q lncehBalidikanhls

mutations or prerequisites. Together with the population sequencing data, this confirms the

involvement of thedacSpathway in firststep resistance.

Isolate Vancomycin (ug/mL)

0 0.5 1 2 MIC
e o of | || I
R20 2 %dlLae 4
ey | | | | O
R20291 P
i | 4

Figured.1 - dacSMutations Result in Vancomycin Resistance

Vancomycin MICs of R203tRal.o¢ R2029hPal.oc daaS714G>T and R202%Raloc

dac®.548T>C. MIGketermined by agar dilutionn BHI Assays were performed in biological

triplicate and technical duplicaté&shown is single representative biological replicate.
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4.3.2 PhenotypidAnalysis of Recapitulated Strains

To understand how thdacJR$athway contributes to the loss of fitness observed in evolved

isolates, phenotypic assessments of growth and sporulation were performed.

4.3.2.1 dacSMutations Result in Growth Defects

To evaluate grarth of the dacSrecapitulated straindR2029hPalodac®.714G>THnd

R2029hPaloc daasS548T>Q@vere assayed in rich media as described in the previous chapter, and
compared with the parentaR2029hPalocontrol (Figure4.2a). Again, AUC was used to statistically
compare growth of each of each strain with the control. BdéitSSNP strains displayed significant
growth defects, with longer generation times and reduéddC R2029hPalLodac®.714G>T

showed a growth profile similar to that of the B¢l evolved isolate, suggestindpitie8SNP is a large
contributor to the Bcl phenotype. Interestingly, the growth defects in evolved isolates Bc8 and Bc9,
although significant, were much less prominent than those displaydri20p9hPal.oc
dac®.548T>Cindicating the action of compensatory eutibn in these evolved isolates to reduce
the fithess burden oflacSSNP carriage. This phenomena happened in both Bc8 and Bc9 evolved
isolates, but not Bc1, providing further evidence of accelerated evolution in these-hyteting

lines.
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Figured.2 - Growth and Sporulation of dacS Recapitulated Strains

(A)Growth over time in rich media (TY broth) weasluated by measuring Cd2? 600 nm in a 96 well

microplate spectrometer. Growth d22029hPalodac®.714G>Tand R2029hPal oc daaSh48T>C

shown below the evolved isolatésom Figure3.3) from which the mutations were derived. Each

recapitulated strain is compared 82029hPalodblack lines)The mean and standard deviation of

repeats, assayed in biological and technical triplicate presentedFor each strain, area under the

curve wa determined using the GrowthCurver R packa#géC wa®© 2 Y LI NB R dzi Aestd  { G dzR S
with Welch's correction, withite P value shown on each gragB) Sporulation efficiencies of
R2029phPalo@ac®.714G>TF Y R w HPaLeata$1548T>C (coloured linesmpared to the

LI NBy i | fPalLodblack lihesh Sporulation efficiencies of evolved isolfitas Figure3.4 are
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also shown. Stationary phase cultures were rated 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 assaydd 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. * = signditfantnce, N.S. =
not significant.

4.3.2.2 dacSMutations Do Not Alter Sporulation Efficiencies

The impact oflacSSNPs 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
R2029phPalLodac®.714G>RndR2029hPaloc daaS548T>@vere compared tdR2029hPd_oc
(Figure4.2b). NeitherdacSSNPcontaining strain resulted in visual differences in sporulation rate or
efficiency. Although the difference in sporulation e#fincy forR2029hPalodac®.714G>Tvas
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
reductionin sporulation rate (Bc8) and efficiency (Bc9) observed in the evolved isolates was due to

other mutations, and notlacS

Taken together, these assays show tdatSmutations partially explain the phenotypes observed in
evolved isolates, since they dordribute to fitness defects in terms of growth, but do not affect

sporulation efficiency.

4.3.2.3 dacMutations Do Not Contribute to Teicoplanin CiBssistance

As a 4fold increase ineicoplanin resistance was observed in the evolved isolates from which the
dacSrecapitulated SNPs derive, tieicoplanin MICs foR2029pPalLoadac®.714G>Tnd
R2029hPaloc daaSs48T>@vere measured, to investigate whethdacSmutations result in
antibiotic crosgesistance. BotldacSrecapitulated SNP strains showed an MIC of 0.25 pg/mL,

identical to that of theR2029hPalLocontrol. This suggests not only that tHacSpathway to
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vancomycin resistance does not contributet&coplanin crossesistance, but also that the cross

resistance observed in the evolved isolates is due to a further, thus far unknown, pathway.

4.3.3 dacDoes Not Act on threanCluster

Through experimental evolution and genome sequencing, two key pathways to vancomycin
resistance, thevancluster anddacJRSwere ickntified. Analysis of population dynamics showed
clearly that although the two pathways evolved across all ten populations, they were largely
mutually exclusive although mutations irdacSandvanScoexisted in a small number of cases,

there was no evidete ofdacJR&anTco-occurrence across the evolved populations. Since both
pathways displayed high levels of parallel evolution, this exclusivity raised questions regarding the
potential crossactions of the two mechanisms. The hypothesis that this mugxelusivity arose

from downstream convergence of tlic3vanpathways was therefore investigated.

4.3.3.1 No Synergy Observed filmcSandvanTMutations

To investigate whether thdacSandvan clusterpathways were crosacting, a strain containing

both dacS(Bcl) andvanT(Bc5)NB O LIA ( dzf | (i SPRaLohc® 548 T>@anTe.BADGHR)

was generated, the construction of which is summarise@iahle4.2. If mutations indacSandvanT
were indeed involved in different pathways, targeting separate mechanisms, then additive
(combined effects are summed), or even synergistic (combined effexigraater than the sum of
both), interactions would be expected. Alternativelyd@cSandvanTpathwayshad precisely the

same target, the effects of both would be unlikely to differ from that of either alone. It was
hypothesised either of these eventuigs would be reflected in the vancomycin MIC of

w H N HRhiac®.548T>wanTc.347G>A. No positive interaction, additive or synergistic, was
20aSNISR A YaLadal®.5468Ty@ardta847G>A strain. The MIC was the same as that of
W H N HRhbo&lac®.548T>C, at 4 ug/mL. This lack of interaction may suggest the two pathways do

indeed overlap, however, since the MIC was identical to that ofidteSSNP alone, the possibility
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that vanTwas simply not contributing to resistance in this setting couldbetuled out. Another

approach to investigate the potential creastion of the two pathways was therefore explored.

4.3.3.2 dacSMutations Do Not Alter Expression of trenCluster

Since thevancluster is welcharacterised, and has been confirmed as a causative mechanism of
vancomycin resistance . difficilg(Shen et al., 2020jhe dacSandvanTpathways may be
regarded as truly separate mechanismsatBdoes not target thevancluster. To investigate
whether mutations irdacSresult in increased expression of genes inhacluster,JQRFPCRvas

performed.

gRTPCRS I & dza SR (2 CGPabedly RE wwlalmdzpIAAG>Tin the presence

(0.5x MIC) and absence of vancarmy 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 thgancluster anR, vanS, vanG, vanXY, yaaid housekeeping gene

rpoA. The copy numbers were standardised usingr@wA housekeeping gene, and results were

expressed as copies per 1000 copiegofA

b2 RAFTFSNBYOS Ay SERING &R\ 2wfPabeliaask 818GS wasHobsardedh k
for any of thevancluster gaes, in either vancomycin conditioRigure4.3). This showed that
mutations indacSdo not alter expression of theancluster, therefore confirming that thdacS

pathway is novel, acting independently to tliancluster. Although the reason for the mutual
exclusivity of these two mechanisms is still unidentified, and the downstream mechanisms of the
dacSandvanTpathways may overlap, this work demonstrates the two key pathways to vancomycin

resistance observed in the experimental evolution are fundamentally different.
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Figure4.3 - dacS Does Not Alter Expressibithe van Cluster

gRFPCRanalysis of thazanoperon genes, and T@8nSE A Y Walodblapk) &nd

w H N HRhboilacs®.714G>T(yellow). Exact copy numbersprmalised relative to the house
keeping genepoA are showngRFPCRassays were performed iniological and technical triplicate.
Statistical significance was calculated using away ANOVA with the Tukg@psthoc test. No
differences were significant.

4.3.4 dacMutations Result in OverexpressiordatJ

After determining that mutations idacSdo notresult in vancomycin resistance by acting on vha

cluster, the mechanism of resistance associated wibSvas examined.

4.3.4.1 ThedacJR&ene Cluster

The g@nomic organisation of thdacJR$8lusterwas visualised using Geneious (v7.1.9
http:/www.geneious.comj). Promoters were also predicted usipgevious global transcription site
mapping(Fuchs et al., 2021 hedacJR8luster consists alacRSthe TCS histidine kinase and
response regulator, and the upstreasacJcontrolled by a separate promoteFigured.4a). AsdacJ
encodes gutative D,Bcarboxyeptidase which is likely involved in peptidoglycan modification
through removal of the terminal fBla in nascent peptidoglycan, it was hypothesised thetRcts

on DacJ.

116



Exploring the Role afacJR$ Vancomycin Resistance
4.3.4.2 The DacS Histidine Kinase
Structural prediction of thelacSencoded histidine kiase was performed using AlphaFold to
understand potential impacts of the missense mutations obsefdadper et al., 2021PacS was
modelled as a homodimer, as histidine kinases oétrist in this formation, yielding a plausible
structural model Figure4.4b). BothR2029hPalLoaac®.714G>1Bcl) andR2029hPal.oc
dac$.548T>({Bc8/9) mutations alter the DacS cytoplasmic doma&au238AsgBcl)within the
predicted catalytic ATPasmain and Val183Al&Bc8/9)within the dimerizatiorand histidine
phosphorylation domain, suggesting the mutations impact signal transductioppssed to
sensing. Although the direct impacts of these mutations on DacS function were not clear, the

possibility that the mutations idacSed to altered expression afacJwas examined.

Glu238
,::-:jv/')/' o //

Trans-
membrane

dacS dacR dacJ

Catalytic
ATPase

Dimerization
& Histidine
Phosphorylation

Figure4.4 - dacJRS Gene Cluster Organisation and the DacS Histidine Kinase

(A) Genomic organisation of tliacJR 8luster. (BAlphaFdéd model of DacS as a dim@umper et
al., 2021) The transrembrane domains werientified using DeepTMHMNKHallgren et al., 2022)
and the Catalytic ATPase and Dimerization and Histidine Phosphorylation domaingeiceeg
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using InterProScafdones et al., 2014y he locations of Val183 and Glu238 are highlighted in purpl
on one chain.

4.3.4.3 dacSSNPs Result @acJOverexpression

gRTFPCRwvas used to investigate whether the observed mutationddoSresulted in altered
expression of thelacJR§ene cluster. RNA froR2029hPaloadac®.714G>TBcl) R2029hPaloc
dac®.548T>([Bc8/9), and thd&R2029hPalLoaontrol in the presence (0.5x MIC) and absence of
vancomycin was extracted, and expressionatJR&nd the housekeeping gempoAwere

measured. Expression was quantified as described befo8e3(2, whereby agRFPCReontrol

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 $raipts could be determined. The
copy numbers were again standardised usingrff@Ahousekeeping gene, and results were
expressed as copies per 1000 copiegpofA Differences in expression were then statistically

analysed using a®ay ANOVA.

BothdacSSNPs resulted in increased expression of all genes ath#R§ene cluster, showing the
dacRI CS acts on bottacR&nddacJpromoters, to regulate both itself andac)Figure4.5a). This
increase was prominent in both the presence and absence of vancomycin, suggesting either that
dacSSNPs result in constitutive expressiordatJR)r that dacRSesponds to an unknen signal.
Although there was a significant increase across all genes forda@BSNP strains, the magnitude

of change varied from 4.8 fold (fdacSin the presence of vancomycin in tR2029pPaloc
dac®.714G>T strain) t84.6 fold(for dacJin the presence of vancomycim the R2029hPaloc

dac®.548T>Gtrain).

118



Exploring the Role afacJR$ Vancomycin Resistance
This data suggests mutationsdacSresult in vancomycin resistance through overexpressioteat]
Overexpression of the putative Ddg,D-carboxypeptidasevould likely reduce vancomycin

sensgtivity via removal of the terminal {dla from nascent peptidoglycan, the vancomycin target.

>
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Figure4.5 - dacS Mutations Lead to Increased Expression of dacJRS

(A)gRTPCR analysis dacJR&xpression in R2029Palodblack bars)R2029hPaloc
dac®.714G>T (yellow bard2029phPaloc daaS548T>C (green bars) and R20#24LopdacRS
(blue bars)in the presence (0.5x MIC) and absence of vancomiggact copy numbersormalised
relative to he housekeeping gengpoA are shownAssays were performed in biological and
technical triplicate. Statistical significance was calculated using avaycANOVA with the Tukey
Kramer test, ** = P<Q@L. (B)Schematic of the consequencesdaicSSNPsLack ofdacJ
upregulation in R20291PalLopdacRS$uggests that phosphorylatddacR acts as an activator of the
two promoters in thedacJR8luster, with DacS Glu238Asp or Vall83Ala substitutions constitutively
activating the function of the TCS respectiv@lge consequence is ovekpression of DacJ which is
then translocated to the cell surface where it can cleave the termin@laDresidue in nascent
peptidoglycan, thereby preventing vancomycin binding.
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4.3.4.4 dacSs a Positive RegulatoradcJ
ThroughgRTFPCRthe DacRS TCS was shown to regulate itselflacdHowever, whether DacRS
was an activator or repressor of expressipand whether the observedacSmutations resulted in
increaseddacJR&xpression through activation of an activator, or deaation of a repressog was
unknown. Therefore, to investigate hadacSSNPs result in increased expressiodafJRSadacRS
knockout,R2029hPal opdacRSwas constructed by allelic exchange as summarisdaliotes.2.
gRTFPCRwvas used to measure expressiondaicJin R2029hPalopdacR&andR2029hPal o@s
described above (sectich3.4.3. If DacR were a represspdacRSvould have the same effect as
the dacSSNPs, removing the repression to increase expressidacfHowever, if DacR were an
I OG A @dadRSvbLE remove the activation, resulting in littacJexpression. No increase dacJ
expression was observed in tdacR%nockout, confirming the role of DacRS as a positive regulator
of dacJ(and likelydacR$transcription Figure4.5a). This suggests tlkacSSNPs increase the
activity of the DacRS TCS, leading to incredaedR$&xpressionKigure4.5b). Work relating to

ndacRSwas performed by.ucy Thompson dzy LJdzo f A A KSR YIF aiSNRA RA&AASNII

4.3.4.5 dacSSNPs Result in Reduced Vancomycin Binding

The role of DacJ adxDcarboxypeptidaseould not be directly assayed, since overexpression of
dacJwas lethal irE. coli possibly du¢o the inhibition of cell wall crosknking from DacJ
carboxypeptidase activity (data not shown). To confirm that vancomycin resistancedadBe
recapitulated SNP mutants was due to overexpressiataof] resulting in emoval of terminal EAla
residues from peptidoglycan precursoand thus reduced abundance ofAba DAla vancomycin
binding sites, vancomycin binding was visualised. It was hypothesisedab@tecapitulated SNP
mutants would display reduced vancomycin binding duddoJoverexpressin. 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. Vancomy8©@DIPY binding is typicatligserved at the migtell, the site
of maximal peptidoglycan synthestije to theabundance of pentapeptide precursors at this site.
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Log phase cells were incubated with vancomyB@DIPY, fixed, and washed before imaging using
phase contrast microscopy wita GFP filter. The vancomycin labelliniR@029hPal.oc
dac®.714G>TBcl) andR2029hPaloc daasS548T>(Bc8/9) was compared to tHe2029hPaloc

control. An unlabelledR2029hPalLocontrol was also included.

¢ KS LI NXBy pdldstraintdisplagestiear midcell vancomycisBODIPY labelling, consistent
with the presence of pentapeptide precursoidure4.6a). Conversely, thdacSecapitulated SNP
mutantsR2@91nPalLodac®.714G>BndR2029hPaloc daaS548T>Bhowed no evidence of
vancomycin binding, demonstrating that overexpressiodaxfJin these strains results in a

depletion of DAla DAla vancomycin binding sites.

To quantify vancomycin binding in tiR2029hPal. o@nddacSrecapitulated SNP strains,

fluorescence intensity profiles were collected for each cell across the long axis. After normalisation

G2 GKS OSttQa o6l O13INRdzyR Tt d2NBaOSyO0Sz (KS YIEAY
strain. The quantificatin mirrored the observations from the raw imagea clear increase in

maximum intensity for thd&R2029phPal o¢cand profiles similar to the unlabelled control for thacS

recapitulated strainsKigure4.6b). Fluorescence quantification was performed by Anne Williams.
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Figure4.6 - DacJActivity Reduced/ancomycirBinding Sites in the Cell Wall

(A) Representative imageof R2029pPalo¢cR2029phPal.oc daaS714G>T an&2029hPal.oc
dac®.548T>C labelled with vancomy@®DIPYAn unlabelledrR2029hPal ocontrol is also shown.
Mid-cell staining is apparent in R2028HaLodut not in the twodacSrecapitulated 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.
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4.3.5 The Contribution oflacJR® BclResistance

Work in this chapter has shown that evolvéalcSSNPs result in vancomycin resistance through
overexpression of thdacdencodedD,D-carboxypeptidasewhich reduces vancomycin binding at
the mid-cell. However, how theacSpathway, which by itdéled to a 4fold increase in vancomycin
MIC, fits into the 3Zold increase in MIC observed in the evolved isolate Bcl was not determined.
Further, althoughdacSwvas shown to increasgacJexpression, and mutants with recapitulatddcS
SNPs displayed deced vancomycin binding, the role of DacJ was not directly tested to confirm its
causative effect on resistance and vancomycin binding reduction. To address theseqauidtss
deleted from the evolved isolate Bcl, resulting in the strai® sigicJ Corstruction of this strain is
described inTable4.2. Investigations relating tBcIk daclwere performed by Lucy Thompson

Odzy LJdzot AAKSR YIFAGSNNa RAAASNIFGA2Y 0O

4351 . O sakcDisplays Reduced Vancomycin Resistance

The vancomycin MIC of O sidcdwas tested by standard agar dilution, and compared to the evolved
isolate (Bcl) and thR2029hPaLoaontrol.. O sidcJexhibited an MIC of 2 pg/mL, aAf@d

reduction from the Bc1l MIGbserved in the same assdyiqure4.7a). This huge reduction in

resistance from the removal alacJdirectly confirms the major role of théacJR$athway in the

vancomycin resistance observed in Bcl, and confirms the causative rdéeof

Interestingly, removal aflacJrom Bc1l did not reduce its MIC to W&vel, as the MIC of O slaic

was 2fold higher than theR2029hPalLocontrol. Additionally, the presence dacdin the Bcl
evolved isolate increased its MIC from 2 to 16 ug/mfo(8), however the overexpression dacJ

from the recapitulateddacSSNP resulted in just afdld increase in MIC. Taken together, this
suggests the presence of a second, minor na@i$m of vancomycin resistance in Bcl, providing an
MIC of 2 pg/mL. The disparity between resistance gains OfsidicJand R2029hPaloc

dac®.714G>Tould potentially be explained by the synergistic effects of these two mechanisms.
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However, no seconthechanism could be identified from the illumina détiscussed in more detalil

in Chapter 5)

A Isolate Vancomycin (pg/mL)
0 0.5 1 2 4 8 16 MIC
R20291APaloc 1
Bc1AdacJ i 2
Bc1 . —— n— 16*
o @l
s olse oofle off -

B R20291APaloc R20291APal oc Unlabelled

Normalised max intensity

Strain

Figured.7 - pndacJ Partially Restores Vancomycin Binding1n Bc
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(A) Vaacomycin MICs of R2028RaLo¢. O sigeJandBcl. MICsletermined by agar dilutioon BHI
Assays were performed in biological triplicate and technical dupli&tiewn is a single
representative biological replicatéB)Representative imagef R2029pPalo¢. O sigeJand Bcl
labelled with vancomyin-BODIPYAN unlabelledR2029hPalLoaontrol is also showrMid-cell
staining is apparent in R2028RalLodut not inthe Bcl evolved isolat®eletion ofdacJrom Bcl
partially restores vancomycin binding, indicating the direct role of DacJ in deptdtiancomycin
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.

4.35.2 Partial Restotion of Vancomycin Binding was Observed i sisicJ

To confirm the causative effect dhcJon vancomycin binding reduction, vancomycin binding of
. O midcwas compared to the evolved isolate Bcl and R&929hPaloaontrol. To assess
vancomycin bindingsamples werencubated with vancomyci#8ODIPY and imaged as abode.
unlabelledR2029hPaloaontrol was also included. It was hypothesised thadtgifJwere involved

in depletion of vancomycin binding sites, deletiordatJin B¢l would restore vancomycbinding.

As expected, the Bcl evolved isolate displayed no evidence of vancomycin bifidirg4.7b).

. O midcddisplayed partial restoration of vancomycin ding¢ mid-cell binding was clearly present,

but in a smaller proportion of cells than tiR2029hPalocontrol. This observation was also

reflected in the fluorescence quantificatioRigure4.7c). 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 teancomycin resistance in Bc1.
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