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Abstract

Clostridium difficilés a Grarmpositive sporeforming obligate anaerobe and the most
common cause of antibiotiassociated infectious diarrhoea worldwide. difficileinfection (CDI) has
increased in severity and incidence over the last decade, repriegeathuge economic burden to
healthcare systems. Two toxins elaboratedydifficileare widely regarded as the major causes of
CDI symptoms. However, little research has focused on the assembly of the cell envelope, which is
the first point of contacwith the host. Vegetativ€. difficileare covered in a proteinaceous
paracrystalline array, known as thdayer.Production of the $ayercomes at an enormous
metabolic cost to the cell anidinctional analysis of the major surface layer protein (Sl@&) h

uncovered roles in pathogenicity and sporulation.

Using &C. difficileSlayer null strain, we examined the conditional genomeoflifficilein
the absence of this major surface structure. This was achieved by creating a large library of mutants
viainsertional mutagenesis coupled Twansposon Directed Insertion Site Sequencing (TraDIS). We
have identified 55 genes as conditionally essential and 20 genes as conditionafigsetial in the
absence of SIpA. For example, we have demonstrateds#@2, encoding the SIpA translocase is
dispensable for growth in antl8yer mutant. Interestingly, we have also demonstrated that in the
absence of SIpA, several PSII biosynthetic genes, involvddyiarSurface attachment, are

conditionally noressentiafor growthin vitro.

As conditionally nomessential genes represent potential targets for disruptidgy@r
assembly, we investigated the phenotypic effects of gene silencing via CRISPR interference of
conditionally noressential genes identified in thstudy. We provide evidence that knedéwn of
secAdn a WT background produces the same cell morphology adareSmutant. Additionally, we
show depletion of Era, a poly(A) polymerase and several PSII biosynthesis genes from cells has

effects on celshape, surface boundaries, membrane permeability and localisation of septas
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Chapter I Introduction

1.1 Clostridium difficile

Clostridium difficilea Grampositive,sporeforming, obligate anaerohés the leading cause
of antibioticassociatednfectious diarrhoea worldwidéParedesSabjaet al., 2014) This rodshaped
bacterium was originally namesladllus difficils, due to the difficulty isolating and culturing the
microorganisn(Hall and O'Toole, 1935)VhileC. difficilewas initially identified as a commensal
bacterium of the microflora of healthy infants in 193Be bacterium was only recognised as a major
causative agent of antibiotic associated diarrhoea in 1@8&tlettet al., 1978) Clinical
presentations ofC. difficileinfection (CD) are varied, ranging from mild sdiiiting diarrhoea to
more complicged life-threatening conditions such as pseudomembranous colitis and toxic
megacolon, which are associated with higbrbidity andmortality rates(Fig 1.1XHryckowiaret al.,

2017)

z

C.difficileK & 2yt& 3IFrAYSR (KS WK2alLWAGFf &dzLJSND dAQ
emergence of epidemic straifBartlettet al., 1978; Hall and O'Toole, 1935; Smeital., 2016) Untl
that point, understanding o€. difficileas a human pathogen remained limited. After 2003, high
incidence of CDI aridcreasingmortality rates were observed in North America and across Europe
attributed to theemergence of epidemic PCR ribotype @Rains, and to a lesser extent PCR
ribotype 078(Goorhuiset al., 2008) The PCR ribotype 027 strains wassociated with higher levels
of toxin production, more severe diarrhoea, and higlexels of recurrent infection@O'Horoet al.,
2014) Between 2004 and 2007, deaths in England and Wales caused by CDI rose fraim 2,238
8,324, more than five times the number of deaths caused by MR8#er, 2009)From April 2003

to March 2006, 498 patients contracted CDI &tk& Mandeville hospital in Buckinghamshire in one
prolonged outbreaKStableret al., 2009) Of these 498, 127 patients didd.2011 the US Centres

for Disease Control and Prevention (CDC) estimated that there were approximately 500,000 cases of

CD annuallyin the USresulting in29,000 deathg¢Banaekt al., 2015)
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Generally, healthy individuals clear CDI amdiecome asymptomatic carrie(seffler and
Lamont, 2015)It is estimated that asymptomatic carriage©f difficileoccurs in 2.8% of adults and
this rate is higher in hospitglatients (2530%)(Shimet al., 1998) Under normal circumstancethe
microbiota provides colonisation resistance agai@stlifficile however, CDI cases can occur in
healthcare settings where there are high rates ofibiotic usaggSmitset al., 2016) Broad
spectrum antibiotics will perturb the intestinal microflora, providing a nicheCrodifficileto
proliferate (Vincent and Manges, 2015)hile all antibiotics can predispose individuals to CDI, some
antibiotic classes pose greater risks than others, such as clindamycin, cephalosporins and
fluoroquinoloneg(Slimings and Riley, 201#owever, even low risk aniittics can perturb the
intestinal microflora, especially when two or more antibiotics are prescribed to the pgmitset
al., 2016) After antibiotic usage, the intestinal flora remains perturbed for ~ 3 months, meaning
patients remain susceptible to developing CDI a¢@mitset al., 2016) Unsurprisinglyrecurrence
of infection occurs in about 280% of patientgTieuet al., 2019) Additional riskfactors for
development of CDI include age, people with an inadequate immune response andygaemnen

practices(Ezeet al., 2017)

1.2 C. difficilePathogenesis

1.2.1C. difficileTransmission

C. difficileés transmitted via the faecadral route(Czepiekt al., 2019) C. difficilecan
undergo a critical survival strategy known as sporulation, enabling the bacterium to persist in an
aerobic environmenf{Huang and Hull, 2017)hese spores are metabolically dormaairticles that
are highly resistant to environmental stressors, including distigints and many antimicrobials,
which target metabolically active ce(Smitset al., 2016) Spores are ubiquitous in the environment
and are regarded as the infectious vehicle as vatiye cells could not survive in an oxygenated

environment or the harsh acidic conditionsthe stomach(Deakinet al., 2012)
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1.2.2C. difficileSporulation

Investigating the mechanism @f. difficilesporulation has relied on comparisons with the
well-defined pathway oBacillus subtiligSheret al., 2019) However, these studies have revealed
that both species vary markedly in the proc€Sstlowet al., 2017) The decision to sporulate is
governed by the master regulator, Spq@hd is believed to be triggered by nutrient depletion and
guorum sensingDeakinet al., 2012) A classic phosphorelay pathway has been define@ for
subtilis however, this pathway is absent @. difficilg(AFHinaiet al., 2015) Instead,Spo0A is
believed to be phosphorylated Hiwe orphan histidine kinasdéhat respond to unknown signals
(ParedesSabjeet al., 2014) Three of theseCD1492, CD1579 and CD248#are sequence similarity
with the phosphorelay sensor kinasesBfsubtilisand were initially proposed to be responsifibe
Spo0A phosphorylatioUnderwoodet al., 2009) However, only CD1579 was shown to directly
phosphorylate SpoOA. While the role of CD2492 remains unclear, CD1492 was shown to inhibit
sporulation initiation and to affect toxin production dmotility through the regulatory proteins

RstA and Sig[Thildres=t al., 2016)

C. difficilesporulation occurs in 4 stagésig 11). First, asymmetric division of vegsive
cells occurgreatinga snaller compartment, known as the forespore, and a larger compartment,
known as the mother ce{Crawsha et al., 2014) Second, the septum separating the forespore and
mother cell is degraded, and the mother cell engulfs the forespore in a phagtikgtimotion,
resulting in a prespore in the mother cell cytoplasm that is enclosed within tmembranesThe
mother cell proteins SpollD and SpollP provide part of the driving force forfevegul Dembeket
al., 2018) In the third morphogenic stage, the spore cortex and coat layers are asse(Rialesties

Sabjeet al,, 2014) Lastly, the mother cell lyses, releasing the mature sfgickenneyet al., 2013)
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Fig 11. Sporulation inB. subtilis Sporulation occurs in 4 stages. In the first stage, vegetative cells
undergo asymmetricigision, forming a smaller forespore and the larger mother cell. In the second
step, the forespore is engulfed into the mother cell cytoplasm, and is enclosed within two
membranes. The spore coat and cortex layers are assembled in the third stage thastigther

cell lyses, releasing the mature spore. When favourable conditions are encountered, spores will

germinate.

C. difficilespores are composed of a series of concentric skieils12). At the core of theC.
difficile spores are spore DNRNA ribosomesand enzymes essential to return to metabolic activity
during germinatior(Lavler et al., 2020) Within the core, DNA tightly associates with small acid

soluble proteins (SASPs), aitgythe properties of the DNAvhichcontributesto spore resistance to
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heat and chemical@ParedesSabjaet al., 2014) The core is also saturated with dipioid acid (DPA)
andC&*ions(Setlow, 2007)DPAchelates calcium ions (E&DPA)reducing the water content of
the core andoreserving the metabolically dormant state of the spofée core is surrounded by a
tight inner membranewhich exhibits low permeability to small molecules, including water. This
feature providegesistance to DNAamaging agest(Swicket al., 2016) External to the inner
membrane is a layer gfeptidoglycanPG)comprised of two sulbayers: the cortex and germ cell
wall, which vary in theiPGcompositiongPopham, 2002)The germ cell wai$ derived from the
asymmetric septum and mother Eenvelope during engulfment arftecomes the nascent cell wall
during outgrowth(Lawleret al., 2020) Around this is a thicRGcortex and a second membrane. The
primordial disaccharide ®®Gchains is alternating-1,4-linked N-acetylglucosamine ani-
acetylmuramic acid residues, crd@sked by 4,3 stem peptidggtrih et al., 1999) C. difficile
vegetative celPGfavours 3,3, linkages of catalysed byttdhspeptidaseg¢Peltieret al., 2011) For
C. difficilecortexPG every second-acetylmuramic acid moiety is modified to murami¢actam
(Coulloret al., 2018) Consequently, corteRGhas fewer sternpeptides, fewer crostinks and an
overall more flexible structurelhe cortex is devoted to maintaining the relatively dppre state,
through constriction of spore volum@&wicket al., 2016) The cortex is enclosed by a second
membrane, which does not function as a permeability barrier in spore resistdasaeret al.,

2020) The coat acts as a sieve, restricting passage of large molecules into thelsEmaeC.
difficile strains, the coat protein layers are surrounded by a rajtered protein exosporium
(ParedesSabjeet al., 2014) The exosporium is believed to contribute to spore resistand@. as
difficile lacking theexosporiumspecificcystane-rich protein CdeC display reduced resistance to

ethanol, lysozyme, and heat treatmefBarraCarrascat al., 2013)
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Fig 12. C. difficilespore ultrastructure.The core ofC. difficilespores contains spore DNA, cations,
dipicolinicacid (DPA) and calcium ions. Calcium ions and DPA chelate, constituting approx. 25% of
the dry weight of the spore. External to the inner membrane is the germ cell wall, which is destined
to become the cell wall of the resulting vegetative cell. Surrougdne germ cell wall, is the cortex,
which is composed of a thick layer of modifie@and is required for spore germination. The outer

most spore layer is the exosporiuRigure taken with permission froRaredesSabjaet al., 2014.
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1.2.3 C. difficileGermination

C. difficilespores travel to the gastrointestinéEl)tract and to the large intestine upon
ingestion.Spores germinate in the Gl tract adifferentiate backo metabolically active dividing
cells, which are capable of producing toxins aadsing the distinct disease profile seen with CDI.
For this to occur, sporaateract withbile acids from the liveinitiating germinationThis interaction
resultsin the activation of a proteolytic cascadaddegradation of the spor@G(Lawleret al.,

2020) There are four types of bile salts: primary, secondary, conjugated andaewjngated
(Urdaneta and Casadesus, 201R)imary bile salts, cholic acid and chenodeoxycholic acid are the
immediate products of cholestel degradation in the liver. After synthesis, these bile acids can be
conjugated with taurine or glycine aratte secretedinto the duodenum(Ajouzet al., 2014) Bile

acids then pass into the jejunum, where they are largely absorbed or red¢degngaset al.,

1995) Some He acids pass through the anaerobic environment of the caecum, where some
members of the microbiota express bile salt hydrolasesich remove the conjugated amino acid
from the respective bile salBacterial action, through7-dehydroxylation, on the two primary bile
salts, results in the formation of secondary bile salts, namely deoxycholate and lithoc{iigiten
etal., 2016) Notably, in the absence of some of the intestinal microbiota species, for example,
elimination through use of broadpectrum antibiotics, secondary bideid conversin is reduced,
resulting in an increased concentration®©f difficilespore germinantgLawleret al., 2020) Cholic

acid derivatives positively modula€. difficilespore germination, whilehenodeoxycholiacid and

its derivatives are inhibitors of germinatigSorg and Sonenshein, 2008, 2009)

C. difficilegermination dos not occur in the presence of a single germinant, with-a co
germinant, glycine, also requird®org and Sonenshein, 200Becognition of germinants is
mediated through the action of the germination receptor, CspC, located in the spore cortex or spore
coat(Franciset al., 2013) Activation of CspC signals a second protease CspB to cleave the cortex

hydrolase, preSleC to its active form, initiating cortex degradat{@alamset al., 2013) Following
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this, release o€&*-DPAoccurs spores are rehydrated, and outgrowth can oc(francist al.,

2015) The incorporation of CspB and CspC into the mature spore is regulated by the activity of GerG
(Lawleret al., 2020) Interestingly, deletion of CspB inhibits SleC processing, but does not abolish
germination completely, suggesting other enzymes are involved inxcostdrolysigLawleret al.,

2020) Indeed, a second enzyme YabG converts pr&e€, to presleC, and elimination dfabG

prevents the incorporation of pr&leC into the mature spo&hresthaet al., 2019) Another

protein, GerS regulates germination through modification to fitgcortex (Diazet al., 2018) GerS

mutants are unable to degrade tHRGcortex and complete germinatiors#hese cortexspecific

modifications are essential for recognition by S{e@&wleret al., 2020)

1.2.4 ToxinProduction

Once spores have germinated, vegetative cells can proliferate and release toxins that are
widely regarded as the major causes of CDI disease symg&mritset al., 2016) tcdAand tcdB,
whichencode two homologous toxinare located within a 19.8Bb pathogenicity locus (PaLoc),
alongside toxin regulatory gen#sdG tcdEandtcdR(Dupuyet al., 2008; El Meouchet al., 2013;
Hammond and Johnson, 1995; Moredtal., 2015; Tart al., 2001) These toxins function as
glucosyltransferases, transferring glucose from tgjieose to threonine resiges of Rho and Ras
guanosine triphosphatases (GTPases), such as Rho, Racl and Cdc42, in epithelial cellgattthe Gl t
inhibiting the regulatory functions of its targefislall, 2012)TcdA ad TcdB contain four domains: a
Rho and Rac glucosyltransferase domain (GTD), a cysteine protease domain (CTEhrenjmaye
delivery domain devoted to host membrane insertion, and a combined repetitive oligopeptide
(CROP) domain, postulated to bind hoslti surface receptors prior to endocytogBhandrasekaran

and Lacy, @17)

TcdA and TcdB enter host cells via recephediated endocytosis using clathviand
dynamin deperdent pathwayqPapatheodorotet al,, 2010) TcdA recognises carbohydrates and

Gp96 on the apical surface of colonocyfssaet al.,, 2008) Conversely, TcdB recognises poliovirus
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receptorlike 3, expressed on human colonic epithelial ¢elisl chondroitinsulfate proteoglycast
(LaFrancet al., 2015; Yuaet al., 2015) Once inside the cell, acidification of the endosome occurs,
triggering a conformation change in the toxin, which inserts into the membrane and forms a pore
(Awadet al., 2014) Cellular inositol heakisphosphate triggers autocatalytic cleavage of TcdA and
TcdB, which releases the GTD domain into the host cell cy{osBlelleet al., 2016) The GTD
glucosylates the Rho GTPases; Rho, Rac and (Clwdi®t al., 2015) These GTPases function as
molecular switches contratlg signal pathways involved in many host cellular proce@s$al 2012)

Df dzO2&aétl A2y o0& (GKS&S G(G2EAya f201a (KQ@otdet | asS A
and Bdhard, 2005) This results in actin depolymerisation, cell rounding and programmed cell death.
Additionally, disruption to these cellular signalling pathways stimulates the release-of pro
inflammatory cytokines (ML, k6 and TNP 0 | Y R OK S Y2, CXGLS-R, COL2 and CCL7)
from epithelial cell§Popoff, 2018) This causes disruption tytoskeletal assemblyyith inhibition
leading to the disruption dfight junctions between epithelial cells, fluid secretion and programmed

cell death(Shen, 2012)

TcdE, TcdR and Tcdfe three regulators of toxin expression, also encoded by ®alLo
(Martin-Verstraeteet al., 2016) tcdRencodes an alternative sigma factor, required for transcription
initiation oftcdA tcdBand tcdR TcdC is an arsigma factor, which negatively regulates toxin
production likely by sequestration of TcqRupuyet al., 2008) In the epidemic ribotype 027¢dC
has an 18 bp deletion, and it is postulated that derepression of toxin production accounts for
increased virulence observed with these strgi@arteret al., 2011) TcdE shares hortogy with
holin proteins, however, its role in toxin production regulation is poorly understood. It is believed to

be involved in toxin secretiofiGovind and Dupuy, 2012)

1.3 Diagnosis of CDI

CDI can be diagnosed by detectiorCofdifficileproducts, including glutamate
dehydrogenase (GDH), aromatic fatty acids and TcdA and/or(Bedett and Gerding, 2008)
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Additionally, toxigenic culture @.difficile, nucleic acid amplification tests (NAAT) for 16S RNA, toxin
genes and GDH genes are also regularly uBeelEuropean Society of Clinical Microbiology and
Infectious Diseases, refi on a twestep algorithm for diagnosis, which involves testing for the
presence ofC. difficileas well as a test to detect free toxin in the fae¢€sobactet a., 2016)

Absence of free toxin indicates that CDI is highly unlikely. However, toxin assays vary markedly in
their sensitivity(Smitset al., 2016) As such, Ii€. difficiles present, but the free toxin is negative, CDI
cannot be excluded, and clinical evaluation is requ{ldnche and Wilcox, 2018}urrent therapy

for CDI is cmplicated by the recurrence of infection, which occurs in up to 30% of patjdoksison,

2009)

1.4 Treatment & CDI

1.4.1 Antibiotics

Multiple antimicrobials have been used for the treatment of Cijevaaret al., 2018)
Until recently, vancomycin andetronidazole were thdront-line drugs for CDI treatment and have
been prescribed orally for treatment since the 197Beketyet al., 1989; Keighlegt al., 1978; Silva
et al,, 1981) Metronidazole diffuses int€. difficilecells,blocking protein synthesis through
interactions with DNARinehet al., 2014) The consequence of this is breakdown of the helical DNA
structure and strand breakage, resulting in cell death. This drug has shown to be effective in the
treatment of initial nonsevere cases of C[@hoet al., 2020) Due to the low cost, metronidazole
wasthe mainstay drug for treatment of mild to moderat®C however, the majority of the drug is
absorbed into the small intestine and only low concentrations make it back to the (Béomeset
al., 2008) Indeed, netronidazole concentrations in thedaes range from <0.25 to 9.5 mg/L, with
concentrations decreasing to natetectable levels once inflammatidavels improve.
Metronidazole is not suitable for all CDI patients and is not recommended for children and women

during pregnancy or lactatiofiPassmorest al., 1988) However, now duéo the association of
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metronidazole with recurrent infection and increasing resistance, it is no longer recommended as

the mainstay drug for treating mil@DI infectiongMcDonaldet al., 2018)

Vancomycin is now the recommended first line drug for the treatment of mild to moderate
CDI(Chiuet al., 2019) This glycopeptide antibiotic inhibits cell wall assembly, by blocking
incorporation of theN-acetylglucosaminé\-acetylmuramic acid disaccharide into tR&matrix
(Allenet al., 1996) Vancomycin is poorly absorbed in the Gl tract, and reaches high concentration in
the faeces, resolvin@. difficilanfection much quicke(Mullane, 2014)For nonsevere cases of CDI,
metronidazole andiancomycin hege similar cure rates, 98% and 90%, respeely (Zaret al., 2007)

The most markeditference was observed in patients with severe disease, with cure rates of 97% for
vancomycin and 76% for metronidazgehen and Surawicz, 2008Yhile these tugs are effective

in clearance of infection, both antimicrobials cause significant dysbiosis to the gut microflora, and
contribute to the recurrence of infection observed in some patid@itset al., 2016). Thus, it is

crucial that alternative methods of treatment are developed.

One such drug idaxomicin, a bactericidal macrocyclic antibiotic, which blocks RNA
synthesigZhanelet al., 2015) Less thruption to the intestinal microbiome has been reported for
this drug, and lower rates of recurrent infection have been reported following treatment with
fidaxomicin(Louieet al., 2012) Fidaxomicin is now the standard second line antibiotic for CDI and is

recommended for severe casesdafor recurrent infectiongChoet al., 2020)

1.4.2 Faecal Microbiota Transplantation

The development of new antimicrobial therapies should adversely affect the gut
microflora and the colonisation resistance provided. One such treatment is faecal microbiota
transplantation (FMT), with high potential for resolving @®do and Safdar, 2018}his approach
has been used since 1958 to resolve pseudomembranous colitis by administration of faeces via
enemag(Eisemaret al., 1958) FMT involves the transplantation of processed stool from a healthy
donor to a patient with relapsing disease, to replenish the normal colonic flora. This rescue

24



treatment is recommended for patients with >2 recurrences of infection,thnde who have failed
to respond to other treatment§Smitset al., 2016) High success rates of over 90% have been
reported and FMTs are highly promising and effective (~81%) in preveatingent infections

(Bakkeret al., 2011) However, the longerm consequences to the colonic microflora are nown.

While FMTs represent a very promising therapy for resolving CDI, squeamishness can be a
barrier to wider adoption. Additionally, several risks are associated with FMT including the transfer
of infectious pathogens from donor to patients, making FiviSuitable for immunocompromised
individuals(Guptaet al., 2016) Notably, the FDA issued a safety alert regarding FMTs, after two
immunocompromised patients developed invasive infections &i#BLproducingE. col{DeFilippet
al., 2019) These patients received the transplant from the same donor, with donated sample
containing the infectious bacterium. It was later reported that this donor had not been screened for
the presence of muhdrug resistant bacteria prior to donating. Moreoyegut microbiome
composition has effects on human health and metabolism, and several patients have reported
weight gain after FMT treatmerfAlang and Kelly, 2015)\dditionally, while FMTs have been used
since the 1950s, standardised methods of sample retrieval, storage and donor screening were only

established in 2015 by the Netherlands Donor Faeces Bamkeer et al., 2017)

1.4.3 Diffocins and Avidocin€Ds

As mentioned previously, broagpectrum antibiotics perturb the colonic microflora, and the
reduction in microbiome diversity is theexploited byC. difficile As such, there should be a push for
the development of narrowspectrum antibacterial agents, that do not significantly alter the
intestinal microflora. Avidocins represent one such agéntdifficilenaturally produces f&ype
bacteriocins, named diffocins, which resemble th/pe Pyocins produced lseudomonas
aeruginosgGebhartet al., 2015) Avidocins are modified-fgpe bacteriocins, displaying bactericidal

activity against competin@. difficilestrains(Kirket al., 2017b)
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Several genes encoded within the diffocin locus (ORF-1336) resemble a typical
Myoviridaephage, including a sheath, baseplate, tail fibre and tail length determining proteins
(Gebhartet al., 2012) For killing, contraction of the sheath drives a nanotube core through the
bacterial cell envelope, creating a small pore. The resulting ion leakage dissipates membrane
potential, leading to celleath. Killing specificity of Diffocins is determined by receptor binding
proteins (RBPs) located on the tail fibre, which trigger sheath contraction upon recognition of the
cognate receptor on the bacterial cell surface. Killing can be targeted by irepthe RBP with
homologues of other strainirket al., 2017b) These modified bacteriocins are termed Avidocins
CDs. One such Avidocin is@292.2, with the capacity to Kill all hypervirulent 027 strafs.
CD292.2 specifically targets the surface laydaygr) ofC. dificile cells, with the Sayer protein,

SIpA identified as its cognate recepf#sirket al., 2017b)Fig 1.3)
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Fig 1.3 C. difficileAvidocinCD killing mechanismvidocirCDs are modified-Bpe bacteriocins,

displaying bactericidal activity against competigdifficilestrains. Upon recognition of the cognate
receptor, SIpA, a nanotube core is injected into the competing bacterial cell, penetrating the cell
envelope, raulting in pore formation. Consequently, loss of cations and cell membrane potential

occurs at the target, leading to cell deafiigure taken from Dr. Robert Fagan with permission.

1.5 Bacterial Sayers

Many bacterial species will elaborate a proteiraus coat on the cell surface, known as an
Slayer. These 2D paracrystalline arrays are formed by one or miaggeBproteins (SLPs), which are
often glycosylateqFagan and Fairweather, 2018LPs undergo selfsembly to form a regularly
spaced array which covers the entire cellaggers are diverse in nature, and SLPs carassémble
into oblique (p1, p2), square (p4) or hexagonal (p6) planar symmetry g(Blmaret al., 2014) S
layer ultrastructure revealed thickness of between 5 and 25nm, with the distance between
symmetry subunits ranging from 2.5 to 35 ii8ara and Sleytr, 200@layers were first recognised
in the 1950s, however, the lack of this protein layer in model organisms su€schsrichia codind

B. subtilis hampered understanding of their functionalifouwink, 1953)As mentioned previously,
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Slayers are diverse in naturandno unifying function for $ayers has been described. However, S
layer functions hve been described for specific species, and it is clear that these proteinaceous
arrays are crucial in cell physiology. THay®r ofCampylobactefetusis anchored to the cell

surface via lipopolysaccharide and functions as a key virulence {d¢tompson, 2002)

Additionally, Sayers have been proposed to function as molecular sieves, enabling the passage of
smdl ions and molecules into the cell, and as receptors for bacteriop(feggan and Fairweather,

2014)

1.6 The Sayer of C. difficile

Colonisation of the Gl tract is central@ difficilepathogenesis; however, knowledge of the
process is limited. One structure has been implicated in adherence to enteric celldatyer SfC.
difficile (Calabiet al., 2002. Firstidentified in 1984, theC. difficileSlayer is composed of two
subunits: the highmolecular weight (HMW) and the lemolecular weight (LMW) Sgoth of
which are derived from the prprotein SIipA(Kawateet al., 1984) SLPs are the most abundant
proteins in the celtequiring largeamounts of energy to produce. Remarkably, thieygr ofC.
difficileis estimated to requiré&90,000 subunitswith 164 subunits to be produced and translocated
across the cell envelope per second during exponential gréovthaintain the mature $ayer(Kirk
et al,, 2017a)Surprisingly, despite the metabolic pressurayer production places on the cslpA
is essential for growth, as evidenced by an inabilitylp#to tolerate transposon insertiasn

(Dembeket al., 2015)

SIpA has three morphologically distinct domains: aefhinal signal peptide, which directs
Slayer secretio, a highly variable LMW domain (~35 kDa), which has an immunostimulatory role
and a more conserved HMW domain (~40 kDa), containing three tandem cell wall binding 2 (CWB2)
motifs, involved in celurface bindingWillinget al., 2015) The high variability and

immunodominance of the LMW suggests it is exposed on the surface of the cell, while the cell wall
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binding motifs in the HMW areonsistent with a position closer to the cell w@lalabiet al., 2001;

Willinget al., 2015)

Further Slayer functionality is provided by 28 minor cell wall proteins (CWaH)f which
contain three tandem CWB2 motifSagan and Fairweather, 2014pcated at either the amino or
carboxy terminus of the CWPs, CWB2 motifs vegiginally identified in CwlIB, an autolysin
produced byB. subtilis(Kurodaet al., 1992) CWB2 motifs mediate thattachment of the CWPs to
the cell surfaceria interactions with theolysaccharidel (PSI), although the exact nature of this

interaction needs to be studied in more det@Willinget al., 2015)

1.6.1 Slayer secretion

Typically, bacteria have secretion systems devoted4ay& secretior(Fagan and
Fairweather, 2014)C. difficileds no exception with -fayer secretion mediated kijre accessory Sec
system.C. difficilepossesses tw&ecA homologues: SecAl and Sg€Agan and Fairweather,

2011) ForC.difficile, SecAZunctions as the -fayer translocase. SecA2 is an energising ATPase,
which interacts with SecYEG and serves as ardAJdéh molecular motor for translocation of SIpA
across the membran@atleyet al., 2020) Postsecretion,SIpA undergoes proteolytic cleavage, a
process catalysed by theghly conserved cysteine protease, Cwpgdnerating the two SLRPKirby

et al., 2009) The HMW and LMW sedissemble to form tightly packed Hieterodimers, with the
LMW external to the cell surfagéagaret al., 2009) These H/L heterodimers incorporate into the S
layer at areas of newly synthesisB@(Oatleyet al., 2020) Slayer cleavage is crucial for the cell, as
evidenced byull length SIpA beingoorly tolerated by the cell, leading to a substantial reduction in
cell wall integrityDanget al., 2010) SecA2 is also responsible for the secretiothefmajor phase

variable ell wall protein,CwpV(Fagan and Fairweather, 201(Ejig 1.4)
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Fig 1.4 C. difficileSlayer secretion and biogenesiSIpAis comprised of an fierminal signal

peptide, directing secretion, a variable low molecular weight (LMW) domain and a conserved HMW
domain, composed of three cell wall binding 2 (CWBaJifs for attachment to the cell surface. For
SIpA secretion, the ptein is secreted through a channel in the cytoplasmic membrane formed by
SecYEG, a process driven by the ATPase SecA2. SlpAranstationally cleaved to form the

mature Slayer proteins (SLPs), the HMW and LMW subunits, a process catalysed byehecys
protease Cwp84. The HMW and LMW form heterodimers, which are tightly packed to form the
mature Slayer, with the LMW subunit directed towards the environment. CwpV is also secreted by
SecA2. Unlike SIpA, the CWB2 motifs of CwpV are located attdrenithus of the protein. CwpV is
posttranslationally cleaved in a manner analogous to Siigure taken from Dr. Robert Fagan with

permission.

1.6.2 Functions of the&. difficileSlayer

TheC. difficileSlayer plays a pivotal role in immune signalli®&pA has been implicated in
the induction of the innate immuneesponsevia Tollike receptor 4 (TLR4fragan and Fairweather,
2014) Recently, by using Avidocins that specifically targeQlufficile Slayer, mutants which

resisted killing arose at a frequency of 1 X {Rirket al., 2017b) Thesemutants had single
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nucleotide polymorphisms islpAthat were predicted to truncate the protein at a site-tdrminal to
the posttranslation cleavage site, preventingayer formation. One of these mutant strains, FM2.5,
lacks detectable SIpA subunitsolation of Sayer null mutants revealed additional roles f8lpA in

sporulation, toxin production and resistance to innate immunity effec{giisket al., 2017b)

1.7 Slayer Surface Attachment via PSI|

1.7.1 Secondary Cell Wall Polymers@f difficile

C. difficileelaborates three anionic polymers on its surface, PSI, PSIISiHFR1.5)
(Ganeshapillaét al., 2008; Reiet al., 2012) Both PSI and PSII have been likened to wall teichoic
acids, although they do not exhibit the classic prilytol or poly-glycerol phosphate repeat
structures(Ganeshapillagt al., 2008) PSI is composed of pergdycosylphosphate repeats, while
PSIl is composed of hegdycosylphosphate repeat&Saneshapillagt al., 2008; Weidenmaier and
Peschel, 2008)rhe exact function of PSI has yet to be elucidas@Sl is not readily detectad
vitro, suggesting this antigen is phagariable(Bertoloet al., 2012) PSIlll is a waténsoluble
polymer, comparable to lipoteichoic aciiRercy and Grundling, 2014; Reidal., 2012) PSllil is
expressed in all strains examined to date and is comprised of phosphate, glNeose,

acetylglucosamine and glyceidllonteiro, 2016)
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Fig 1.5. Structure of th€. difficilecell wall polymersC. difficileelaborates three cell wall polymers
on the cell surface: PSI, PSII, PB8l.is composed of pentgycosylphosphate repeatsijth a core
repeating unit ofrA)-" -I-Rha-(1s3)- -D-Gl@-(1rtd )" -I-Rha-(1r:3]-" -D-Glg-(1re2)-" -D-Gl -
(1P). PSII: a conserved cell wall polymearamposed of hexallycosylphosphate repeatwith the
core repeating unitfrg)4 -D-Gl-(1rs3)- -D-GapNAc(1rd)-h -D-Glg-(1rA)-[| -D-Glg-(1rg- -D-
GapNAc(13)-h -D-Manp-(1rP]. PSlllis aconserved lipieanchored cellvall polysaccharide in the
extended lipoteichoic acid family with a carpeating unit of f6)-" -D-GlpNAc(13)-[P-6]-h -D-
GlpNAc(12)-D-GroA]. This repeat unit is linked tgb)- -D-Glg-(1rt6)- -D-Glg-(1rp)- -D-Glgo-
(1ml)-Gro, with the terminal glycerol esterified with C12116, or C18 saturated arono-

unsaturated fatty acids.

1.7.2 PSII Structure

PSII hexalycosyl repeats contain one mannose, th@cetylglucosamine and three glucose
residues with a phosphate group linking mannose and glut@sig 1.4 Ganeshapillagt al., 2008;
Maet al., 2020) This is consolidated by the carbohydratemposition analysis df. difficileENCTC
11223, which were shown to contain glucose, mannose, galactosamine and phosphate, similar to the

composition of PS(Poxton andCartmill, 1982)PSlI is highly conserved and has been identified in all
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strains examined to date, makilitgan attractive target for &. difficilevaccing(Bertoloet al., 2012)
While the exact functions of PSI and PSIIl have yet to be elucidated, PSII sarligarasfor the
attachment of CWPs to the cell wllVillinget al., 2015) For example, SIpA and Cwp2 have been
shown to bind P& 3l but not PG alone, suggesting it is the polysaccharide and n&t@adone
functioning as the ligand. Attachment is mediated by three tandem CWB2 maotifs presernCin all
difficile CWPs, although the exact nature of the interacth@s yet to be elucidad (Kirket al.,

2017a)

1.7.3 PSII Biosynthesis

While the exact pathway of PSII synthesis has yet tddbermined a model has been
proposed for PSII biosyntheg{Shuet al., 2016)(Fig 16). In the cytoplasm, UppS, an undecaprenyl
pyrophosphate synthase synthesises undecaprenyl pyrophosphate (UhdtiRRecaprenyl
pyrophosphate phosphatase (UppP) activity on UndPP, yields undecaprenyl phosphate (UndP),
which acts as the lipid carrier upon whiekg teichoic acidsand PSII are built, revealing the complex
interplay between many biosynthetic pathways. ©aig the initiating transferase fovall teichoic
acidsin Grampositive bacteria, howeveg. difficiledoes not possess a TagO homolog, suggesting

that PSIl is linked to PG by a unique linkglyédlinget al., 2015)

The transferas€D2783 likely initiates RSynthesis. While Chat al., 2016 propose that
CD2783 functions as a glycosyltransferase involved in the transfer of a glucose residue onto the
UndP lipid carrier, it is now believed thad2783encodes a GalNALP transferase, with PSII
initiating with the addition of GalNAtor GalNAgl (Ma et al., 2020) Thisalso challenges the
hypothesighat the second step in the pathway is the additioraddalNAc residue onto the Glucese
UndP PSII unit, which was believed to be the committed step in PSII biosynthesis. Regardless, it is
widely believedhat PSII adopts a Wadependent pathway for synthesis, whereby the repeat unit is
built on the inner face of the cytoplasmic membrane, transported across the membrane by a Wzx

flippase and polymerised by a Wzy polymeréShuet al., 2016) Although the contribution of
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individual genes to PSII synthesis is in its infarit®783encodes the initiating transferas®iviN is
the proposed flippase of the system, responsible for transporting the synthesised hexamer across
the membranecd2777encodes the polysaccharide polyrase, responsible for polymerising PSII

extracellularly and LcpA/LcpB are surface anchoring proteins involved in the attachment of PSIl to PG

(Fig 1.5)
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Fig 16. Proposed model for PSII biosynthesis@n difficile PSII is assembled in the cytoplasm on

the lipid carrier molecule, UDP. UPRII is transported to the cell surface where it is polymerised.
Fully synthesised PSII interacts with the CWB2 maotifs of the cell wall proteins, for their attachment
to PG Locus tags fo€. difficileR20291 are showrCD2671 (green) serves as the initiating
transferase, transferring glucose to the-P8nit. A second glycosyltransferase a8ils
acetylgucosamine onto the P8 unit, held by & 1,3 linkage. ManC and Pgm2, two cytoplasmic
glycosyltransferases completiee synthesis of the hexaglycosytP8nit. MviN (blue), a flippase,
transports P3I across the cell membrane. CD2665 (pink), polymerisgésex8acellularly.
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LcpA/LcpB, are two surface anchoring proteins, which catalyse the transport and anchdhieg of

fully synthesised RB unit toPG(Chuet al., 2016).

Recently C[2775was identified as a putative mannosifhosphotransferase, responsible
for the transfer of mannosé-phosphate onto Gi& m-EGalNAeUndP, resulting in the formation of a
unique Manl1-P-6-Glc linkag€Ma et al., 2020) CD2775 is the first mannosldphosptotransferase
identified in all living system#n this study, it was also found thetl2774 another gene involved in
PSII biosynthesis shares 65% sequence identity Witmez o 3 f dzO2 aéf G NF yaF¥SNI} aS=z
biosynthetic genes are contained within an anionic polymer (AP) locus, believed to direct PSII
synthesigWillinget al., 2015) The locus which also contains genes for glycosyltransferases with
homology to other SCWP biosynthetic genes, a phosphomannomuyigs®), a mannosel-
phosphateguanylyltransferasen@n, andan undecaprenyl pyropho$iate synthaseupps,
providing the lipid carrier for many essential biosynthetic pathw@yg 17). Moreover, this AP locus
is located immediately downstream slpA secAZandgene encodingther major CWPs, Cwp84 and

Cwp66. Taken together, this suggethat the AP locus directs synthesis of RSlllinget al., 2015)
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Fig 17. Anionic polymer locus o€. difficile630 andC. difficileR20291 Schematic illustration of the
genetic locus of the anionic polymer and cell wall protein€ ddifficilestrains 630 (A) and R20291
(B). Gene colours indicate putative functiondayer and cell wall proteins are shown in green,
glycosyltransferases irlle, and genes for attachment to the cell wa{bare depicted in red.
Mannose biosynthetic genes are shown in grey, and genes devoted to protein translocation are
shown in yellow. Other genes or genes of unknown function are depicted in(Malikget al.,

2015).
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1.7.3 Functions of PSII biosynthetic genes

Transposon mutagenesis data from ba&hdifficilestrains 630 and R20291 revealed that the
genes involved in PSII are essential, not tolerating a single transposon insertion across the locus. This
isunsurprising, due to the fact that PSII functions as the ligand-kaye3 attachment to the surface,

a structure which is vital faC. difficilgDembeket al., 2015) However, PSIl may be essential in its
own right due to an unknown fution unrelated to the Sayer.Furthermore, disrupting later steps

in secondary cell wall polymeSCW/Ppathways can lead to the accumulation of toxic intermediates
(Brownet al., 2013). This is evidenced . difficileby an inability to insertionally inactivat2775,
manC pgm2, mviN, uppS, cd27§3huet al., 2016; Meet al., 2020; Willinget al., 2015) As a result,
antisense RNA methods have been employed tackitmwn the expression of these genes so their

contribution to PSII synthesis could be determined.

Knockdown of the flippasanviNresults in a slight growth defect and a curvature of cells
(Chuet al., 2016) A similar growth defect was observed for knaltkvns ofpgm2with cell shape
being elongated. Additionally, depletion pgm2andmviNaltered the CWP profile dE. difficilewith
less Cwp66 present on the cell surface. Interestingly, depletiopp$resulted in the accumulation
of unprocessed fullength SIpA on the cell surface. This did not coincide with the accumulation of
full-length SIpA in the cytoplasm, suggesting kndokvn of this gene is disruptingl®yer assembly

(Willinget al., 2015)

Lcp proteins play a role in cell wall biosynthesis in many c@sitive organisms,
specifically in wall teichoic acid anchoring, however thalies inC. difficilewere unknown
(Stefanovieet al., 2021) IcpAandlcpBwere previouslyinactivated by ClosTron mutagenesis,
allowing their contribution to PSIl anchoring, if any, to be determifi&alet al., 2016; Heapt al,
2010) Despite showing 64% amino acid identity, LcpA and deptt exhibit functional
redundancy. Only modest defects were observed forltdpe&k mutants, which were believed to be

polar effects ofcpBinactivation.However, anyriad of phenotypesvasdescribed folcpB mutants,

37



including increased shedding d8FP and impaired anchoring of polymers, suggesting a role for LcpB
in maintenance of deposited PStipB mutants exhibit severe growth defects, most notably thicker,
curved elongated cells with multiple mislocalised sgj@huet al., 2016) Most strikingJcpB

mutants are hypervirulent in a hamster model of infection with the average time of death
decreasing from 15Bours for hamsters injected with witype C. difficileto 65 hours for hamsters
injected with thelcpB mutants. This is perhaps due to the increased shedding of PSII being hypo

immunostimulatory.

1.8C. difficileCell Wall Proteins

SIpA and all 28 CWRontain three tandem CWB2 motifs (Pfam 04122) and are attached to
the cell surface via P{Willinget al., 2015) In addition to the CWB2 motifs, these proteins generally
harbour an additional domain, conferring additional functionality to tHey&r(Fig 18). While
specific functions have not been identified for all minor CWPs, several have been elucidated. For
example, Cwp66 and Cwp2 are involved in host cell adhéBi@ushawet al., 2017; Waligorat al.,
2001) Cwp22 a novelPGmodificationenzyme functiors as anL, Dtranspeptidaseand plays
pleiotropic roles irC. difficile(Zhuet al., 2019) Interestingly, a ClosTron generatedp22mutant
displayed reduced TcdA and TqaBduction during early growth, and increased cell permeability
and autolysisRecently, Cwp19 has been described as a He@dlydrolase which mediates toxin
release in a glucosspecific mannefWydauDematteiset al., 2018) It is beleved that Cwp19 and
TcdE ceexist, acting as independent toxin release proteins in response to different environmental
conditions with a potential role i€. difficilepathogenesis. This work was carried ouCindifficile
630, however, Cwpl9 has beeridified in all sequence@. difficilegenomes to date and further

work must be done to see if this function extends to the hypervirulent 027 ribotypes.

As described previously Cwp84 is a cysteine protease responsibKafer$rocessing
(Kirbyet al., 2009) Additionally, this protein showeactivity against fibronectin and type IV collagen,
indicating a potential role during infectiddanoiret al., 2007) However, loss afwp84does not
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result in loss of virulence in an animal model of infection. Interestingly, a second cysteine protease,
Cwpl3, is encoded ly. difficile sharing 63% sequence identity with Cwp84. This protein can
partially substitute the SIpA processing, however, cleav@gurs at a site distinct from the Cwp84

target (de la Rivat al., 2011)

Encoded bywpVand subjetto phasevariable expression, CwpV is the largest member of
the CWP family and Fghlyabundant on the cell surfacghen expressedSpecifically, it comprises
approx. 13.3% of the total surface layer protefReynoldst al.,, 2011) CwpV is podranslationally
cleaved to produce two subunits in a manner analogous to Eefbeket al.,, 2012) However, ths
cleavage is autocatalytic and does not require an additional prot€aspV and SIpA may interact,
providing structural integrity to the-iyer(Fagan and Fairweather, 2010wpV is expressed by
~5% ofC. difficilecells in a given population under normal laboratory ctiods, however, in FM2.5,
the strain that lacks an-fayer, 95% of cells express CwfWagan and Fairweathez011) CwpV
phase variation is mediated by an invertible genetic switch located upstream of theglgamegson
et al., 2009) Unlike similar systems that have been studied in other bacteriagwh®/promoter is
not itself located within this genetic switch, ratheiis found upstream of the invertible sequende.
0KS WhbQ 2NASY(l (-A@NEddzHKI OOMNEIIRERI £ 6 NBBIF Ra S E LN
orientation a Rhendependent transcriptional terminator forms, preventing transcriptional read
through (Emersoret al., 2009) In FM2.5thewpVa Sy SGA O d6AGOK A& o0AlFaSR G2
orientation but the underlying mechanism is not understodul. (JosepliKirk, personal

communication).

CwpV exhibits autaggregation activity, which has been attributed to thée@ninal region
of the protein. This auteaggregation activity has been described in cells and liquid n{Bdignolds
et al,, 2011) Five antigenically distinct types of thde&Eminal region have been identified. CwpV is
cleaved in two: a 42 kDa-tdrminal fragment containing the CWB2 motifand a 96120 kDa €

terminal fragment, depending on CwpV typ€he Gterminal region of ach CwpV type comprises 4
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9 tandem repeats, each of wdh contains between 79 and 120 amino acids. An additional role for
CwpV in protection against phage infection systems has been des¢8b&dloviet al., 2015) All
CwpV types confer protection against siphophages, while types |, Il alsopfovide protection

against myophages.
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Fig 18. C. difficilecell wall proteins.Domain organisation and identification of the 29 cell wall

proteins (CWPs) elaborated By difficile Common to all CWPs is the presence of three CWB2
motifs, located at either the amin@r carboxy terminus of the protein. Functionality of CWPs is
provided by additional domains, located within the protekigure taken with permission from Dr.

Robert Fagan.

40



1.9 Genetic Tools fo€. difficileStudies

Historically C.difficile has been regarded as a genetically intractable organism, with the first
method for conjugative transfer of plasmids only published in 2@0&dyet al., 2002) The first
technique forC. difficilegenome manipulatioio be described, ClosTron, involves inactivation of
genes through an insertioof a group Il introrfrom the ItrB gene ofLactococcus lactigeapet al.,

2007; Millset al., 1997) Unfortunately, polar effects can be causedfa site of insertion, and clean
knockouts cannot be made using this technidtieapet al., 2007) This system wasupersededby a
homologous recombination usirapdA and pyrEbasednegative selection, which allodeletion,

insertion, or substitution of sequencé€artmaret al., 2012; Nget al., 2013) ThecodAallele

exchange technique uses pseuslgicide vectors, which have swolptimal origins of replication. This
means that the rate of growth under selection is limited by the rate of plasmid replication. A single
recombination event results in the plasmid integrating into the chromosome. This allows the plasmid
to replicate as thehromosome replicates, visualiseadenhanced growth. In a second

recombination event, the plasmid is excised from the genome. The recombination vectocbd4 a
gene, encoding a cytosine deaminase. CodA converts cytosine to uracil. Double recombmants ar
AO0ONBSYSR 2y Y Sleokotytosing,\ard lorilyybactéria that Bave lost the plasmid can
ANR g | & GKS -DR2gDERE S #BfdueadilSs pake Baot€ia that grow are either
reverted wildtype or the mutant bearing the deletioof interest. However, theodAtechnique is

labour intensive, and the frequency of mutants obtained is.IB@cently, transposon mutagenesis
coupled with higkthroughput sequencing for obtaining saturated libraries of mutants has been
described forC. diffcile(Dembeket al., 2015) This and the development of CRISPR and CRISPR
interference (CRISPRI) technologies have expanded the genetic toolbox for precise manipulation of

the C. difficilegenome(Muh et al., 2019)
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1.10 Transposon Directed Insertion Site Sequencing

Transposon mutagenesis involves the creation of random insertional mutants, which can be
readily scaled to generate large libraries in which all-assental genes will tolerate transposon
insertions(MunozLopez and GarciBerez, 2010)Transposons are short DNA fragments which
insert randomly into the genome and studies involving these DNA fragmestssaful for a wide
variety of applications, including identification of virulence genes for bacterial pathogens,
identification of the essential genome of an organism and the identification of genetic interaction
networks(Goodallet al., 2018; Hensedt al., 1995; van Opijnen and Camilli, 201Djansposons can
produce various genetic alterations bycgsion, insertions, or duplication at the site of transposon
integration(Hameret al., 2001) Transposon insertion within the open reading frame or regulatory
region of the gene often disrupts the function or expression of the gene and by observing the
phenotype of mutants hdbouring these inserts, a link between phenotype and genotype can be
drawn(Cainet al., 2020) Additionally, with the recent global push to discover new antimicrobials,
subjecting mutant libraries to high concentrations of antibiotics, would enable genes contributing to

resistance to be identified, which could bpecifically targeted in future drug development.

1.10.1 Discovery of the Transposon

/2Tt 2ljdAlfte 1y26y a4 WedzyYLIAy3d 3ISySaQszr GNIyal
McClintock in 1948 through experimentation wiflea maygMcClintock, 1950McClintock noticed
unusual streaks and spots of colour in a strain of corn, which was attributed to beeakag
chromosome 9, and concluded that a genetic element caused the mutation, with an additional
element controlling the activity of the first element. These were identified as two independent
ISYySGAO t20A G6KAOK aKS yIYSROIKKSWs5A&A2O0AL ii 2 NDO 5
element that caused the mutation and was located on the short arm of chromosome 9. The

Activator (Ac) element is autonomous and found to control transposition of the Dissociator element.
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The most important finding was theséements sometimes appeared in other chromosomal

locations. The ability of a linear DNA fragment to move to different positions of the chromosome,

reversibly inactivating the target gene in which it was inserted, dissipated the notion that a genome

was astationary entity.

Since their discovery, transposons have now been identified in all kingdoms of life. In the
1970s two groups independently discovered that transposons could transpose genes conferring
resistance to antibiotics, with the TAtransposoncontaining a tetracycline resistance gene and the
Trb element conferring resistance to kanamycin, streptomycin, and bleomycin, making it easy to
select for mutants harbouring inser(Berget al., 1975; Klecknegt al., 1975) It is now recognised
that there are two major classed ttansposons, which differ in terms of transposition mechanisms
(Finnegan, 1992Class | elements follow the retrotransposition mechanism and inchiae
elements in primatesTyelements in yeast, intraisternal A particles (IAPs) in rodents ayygsyand
copialike elements irDrosophilaHameret al., 2001) Aass Itransposons generally transpose by a
WwOdzi YR LI aiSQ YSOKIFIyAay RANBOGE@ FTNRY 5b!
transposase gene flanked by two terminal inverted repeats (TIRs). The trasspesognises the

TIRs, excising the transpasfrom the DNA at these points. The transposon is reinserted into a new

G2

genomic location, and upon insertion the target site DNA is duplicated. Class Il elements include the

Tel/mariner superfamily of transposons and bacterfalelements(Hameret al., 2001) Class |l

elemerts have been used for transposon mutant library generation. Many transposon mutagenesis

studies use a Bderivative, as it does not show any bias for DNA sequence and is active in a wide
array of bacterial specig8arquistet al., 2013) However, since the transposon is normally delivered
by electroporation of a fragment of DNA containing the transposon, the number of transposon
mutants varies according to the transformation efficiency of tlost organsm. AsC. difficilas
extremely AT rich (~70% AT), the preference for insertional mutagenedidaisrer/Himar |
transposase, which has an absolute necessity for AT dinucleotides at the inserti@esitbeket

al., 2015) All Tclmarinerelements share two common domains, an amteaninal region
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containing a HelXurn-Helix motif for recogition and binding of TIRs, and a carbdéeyminal
catalytic domain, consisting of three amino acids, DDHE¢drelements and DDD fanariner

elements(MunozLopez and GarciBerez, 2010jFig 19).

Class | RT EN

ORF1 ORF2 poly(A)

5’UTR 3'UTR

Class I

TIR Transposase Gene TIR

Fig 19. Classes of transposon$wo major classes of transposons have been described. The type |

0N} yalLlzazy O2yaraida 2F | pQ dzyGNIryatliSR NBIA2Y
reading frame (ORF) encodes a nucleic acid bindmtgip while the second ORF encodes a protein

that displays both reverse transcriptase (RT) and endonuclease activity. Class | transposons end in a

0oQ '¢w FYyR I LRfeo!o GFrAfo /fF&da LL (GNlXyalLkRazya

atransposase gene (Lopez 2010)

1.10.2 Transposon Mutagenesis

Sighature taggeehutagenesis (STM) was the first evolution of traditional transposon
mutagenesis techniques which aimed to identify transposon insertion mutants required for infection
within ananimal host or host ce{Hensekt al., 1995) This technique was first described by Hensel
et al. in 1995 who created 96 barcodes to tag the transposon. This allowed mutants to be
phenotypically characterised in pools of 96, drastically increasing the throughput. The mixed pool of
tagged mutantdgsinoculated into the host, the gDNA extracted and the 96 fagked down by DNA
hybridisation. The first of its kind, this technique allowed the discovewrolence genes without
prior notion of an individual genes function. Unfortunately, although significantly better than
screening individual mutants, STM il & verylabourintensivetechnique, limited to smaller pool

sizes involving the screening of each gene within a bacterial genome.
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Until the invention of next generation sequencing technologies, no significant further
developments were made in transposon mutagenesis studies. However, with the advent of lllumina
sequencing, it became possible to perform a genemige screen of transpas insertions. The
lllumina sequencing platform was adapted for sequencing the transpgBdhA junctions of pooled
mutants, enabling the precise location of transposon insertions to be determined without needing to
isolate individual mutants. Since thisajar transposon directed insertion site sequencing
experiments have been describé@awronsket al., 2009; Goorhanet al., 2009; Langridget al,

2009; van Opijneet al., 2009) The raw sequencing data generated is processed and aligned to the
target genane to identify insertiorsites across the genom@/ith a sufficiently dense libraryhé
frequency of transposon insertions across the genome displays a bimodal distrifiLgiogridgest

al., 2009) The first mode represents genesable to survive without a functioning copy of the gene
and are classified as essential, while thosthe second mod¢hat can be disrupted by insertions
along the coding sequenceeadeemed noressentialFig 110). However, there are some instances
where genes have essential and dispensable domains and are classified as being of ambiguous

essentiality(Christeret al., 2011)

45



35 4 = ] = Exponential distribution
_1 -\ m— Normal Distribution

30 4 5 [ data

25 1

20 1

15

10 1

0.5 1 /f

o N | ,
0.0 0.2 04 0.6 0.8 10

Fig 110. Bimodal distribution of an insertion mutagenesis librarfhe histogram depicts the
frequency of insertion indexes for a TraDIS dataset. For the left mode (red), an exponential
distribution is fit to essential genes, which cannot survive without a funictipcopy of the gene.
The right peak (blue) a gamma distribution is fitted, which represents aleseantial genes which

can be disrupted by transposon insertiofisgure taken with permission frobariviéreet. al(2021).

Since 2009, four variatiorsf transposon insertion sequencing have been described. These
includeTransposorSequencing (T¥Beq), Insertiorgequencing (INSeq), Transposon Directed
Insertion Site Sequencing (TraDIS) and H#higbughput Insertion Tracking by Deep Sequencing
(HITS)Cainet al., 2020) TraDIS and T8eq experiments were used to determine the core essential
genome for growth of organisms in rich medium and the fithess cost associated with gene
disruptions(Charbonneawt al., 2017; Poulseast al., 2019; van Opijnen and Camilli, 2013 the
other hand, HITS and {48keq were used to test human infection mod@sachmaret al., 2015;
Gawronsket al., 2009; Wangt al., 2014) All four methods follow the same core methddgy.

Each technigue requires a dense pooled library of transposon mutants. The transposon is delivered
into cells by transformation or conjugation and allowed to insert randomly througtitmgenome
(Artiguenaveet al., 1997; Dembekt al., 2015)(Fig 1.1). Mutants are pooled and the genomic DNA
(gDNAJs extractedLangridgeet al.,, 2009) Ideally, each mutant in the pool will harbour a single
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transposon insertion, and within the pool, each gene that canibaudted will be disrupted multiple

times at different site¢Chacet a., 2016)

Next, to separate the gDNA harbouring the transposon insertions from the large array of
wild-type DNA, the DNA is fragmented through restriction digestion or through physical shearing of
the DNA(Cainet al., 2020) TrSeq and INseq both use the type Il restriction enzyme MrfuglDNA
fragmentation Mmel recognition sitesre close to the end of the transpospand fragmentation
resultsin uniform short fragmentgvan Opijnen and Camilli, 2013Jmel makes a 2 bp staggered
cut 20 bp laterally to the recognition site, generating fragments comprising the left and right
transposon ends plus 16 g flanking DNA, sufficient to accurately pinpoint the location of the
transposon insertiofGoodmaret al., 2011) HITS and &DIS utilise physical shearing of the gDNA
through sonicatior{Cainet al., 2020) The HITS protocol also includes an additional affinity
purification step to remove contaminating DNA before sequenfiag Opijnen and Camilli, 2013)
TraDISand HITS have the advantage of being applicable to any transposon as fragmentation does
not rely on a restriction site within the inverted repeats. However, shearing for TraDIS and HITS
generates randomly sized PCR fragments, potentially allowing fobi@€#® as shorter fragments
will be preferentially amplified over longer ones. To conclude, the optimum protocol to use is

dependent on the strain and the lab resources available.

Following shearing, sequenciadaptors containing flow celidaptors, barodes and
sequencing primer sites are ligated to the end of blantd DNA, providing a priming site for the
samples to bind to the lllumina flow cell during sequencing. PCR is performed on these fragments
using a transposaespecific primer and a sequenciagaptorspecific primer, which enriches for
fragments spanning the transpos@DNA junctior{Fig 1.1). The resulting DNA fragments can then

be sequenced using standard methods.
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Fig. 1.1. Workflow of a transposon sequencing experimerithe transposon idelivered to cells via
transformation or conjugation and allowed to insert randomly throughout the genome. Mutants are
pooled and the gDNA is extracted and processed as outlined above. Transposon insertion sites are
identified by sequencing from the trapssonrgDNA junction. Insertions are mapped to a reference

genome to identify essential (harbouring no insertions) and-assential genes.

1.10.3 A HigkDensity Transposon Library f@2. difficile

Themethod chosen for the work in this thesis is Trg@l8egative selection assay capable of
screening thousands of mutants simultaneously. The first transposon mutant libraty tfficile
was generated using a marinbased transposofCartman and Minton, 2010However, the size of
this library was limited by inefficiency of plasmid delivery i@tdlifficileand lack of effective control
2F GKS OGAYAY3 2F GNIYALRAAGAZY ® L O-densithy QG dzy G A f
transposon mutant library wasastructed using a novel conditional and inducible mariner delivery
vector(Dembeket al., 2015) Thisibrary was constructed in the hypervirulent ribotype 027 strain
R20291. By TraDIS, Demiggkal reported a set of 404 genes as essential for growtvitio. This

library was then put through the sporulation process, required for transmission of theisrgaand
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from this, 798 genes were identified as likely to affect sporulation, presenting attractive targets for

drug developmen{Dembeket al., 2015)

1.10.4 Beyond Essentiality: Applications of Transposon Sequencing

Beyond identifying the essential genome of an organism, TreddiBe used to identify
conditionally essential genesd synthetically lethal gene paifGawronsket al., 2009; Santa Maria
et al, 2014; Wonget al.,, 2016) Genes can be described as conditionally essential if they are
required forgrowth under test conditions, for examplender diferent stressors or colonisation of
host tissue in an infection model. Assessing conditional essentiality involves growth of the library
under permissive or stressful conditions and comparing the input and output pool of mifEigts
1.12). For example, aalysis of a mutant library of the human symbid@ucteroides thetaiotamicron
identified several genes required for survival in the colon, and that colonisation was partly
influenced by the gut microbiome composition and competition for various nutriemtfyding

Vitamin B12Goodmaret al., 2009)
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Fig 1.2. Identification of conditionally essential genes using transposon sequencirginput
library of mutants is created in which athn-essential genesill harbour transposotinserts This
pool of mutants is subjected foermissive (lacking antibiotic or a stressor) or stressful conditions
(media supplemented with antibiotic or a stressor). The selection pressure will result in some
mutants being lost or outompeted from the population. Comparison of mapped transposon
insertions for the output mutant pool, lacking the antibiotic or stressord the mutant pool grown
in the presence of the antibiotic or stressor, ddantify genesvhich are conditionally essential

(e.g.,gene in purple) for growth under the condition otérest.

As mentioned previously, transposon mutagenesis has beentadddntify synthetically
lethal gene pairs. Gene pairs are described as synthetically lethal if deletion of either gene does not
have any impact on cell viability, but the combirggletion of both genes results in a netable

mutant. In the context of TraDIS it is possible to identify all synthetically lethal gene pairs by
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constructing a transposon mutant library in a strain previously mutated to lack the gene of interest.
For example, Streptococcus pneumoniaeutant librarieswere createdn singlegene deletion

strains lacking individual carbohydrate uptake gefwas Opijneret al., 2009) TraDIS was then used
to identify the complex genetic interaction network that occurs during regulation of carbohydrate
uptake. Identification of syntheally lethal pairs for &.difficile Slayer mutantwill be discussed

further in Chapter IV.

1.11 CRISPR

1.11.1 CRISPRas Systems

In nature, bacteria and archaeminate a myriad of highly competitive environments
(Hibbinget al., 2010) To survive, these microbdmve evolved an RNiediated adaptive immune
response, known as Clustered Regularly Interspaced Short Palindromic Repeats (CHRERERf to
incoming foreign genetic materif@dineket al., 2012) In 1987 Ishinet al, first described the cloning
and sequencing d&. coliap, whose product is requigfor isozyme conversion of alkaline
phosphatasédlshinoet al., 1987) While characterising this locus, a series of repeats of unknown
functionwereidentified. These are now known as CRISPR arrays, composed®bpdshort
partially palindromic repetitive sequences interspersed by shortinmmologous spacer sequences
(Fig 1.B) (Peterset al.,, 2015) These loci are typically flanked by CR{&§9®ciateddag genes
(Shmakowet al., 2020) Thesequence upstream of the CRISPR array is known as the leader and
includes the promoter for transcrijpn of the array(Kieperet al.,, 2019) The partial palindromic
nature of the repeat regions enables hairgtructure formation, required for binding of Cas

proteins(Barrangou and Marraffini, 2014)
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Fig 1.B. CRISPR RNA biogenedike repeatspacer elements, or CRISPR array, arestndiped as a
long precursor CRISPR RNA (prBNA). The repeat elements form hairpin structures, which are
necessary for associations with Cas proteins. ThefR&A is cleaved by repespecific
endoribonucleases, forming mature crRNAs which are loatal Cas proteins for targeted DNA

cleavage.

With this, came the recognition that these CRISPR arrays shared homology to bacteriophage
genomes and other mobile genetic elements, and that these spacer sequences could be captured by
the host genome, creatg a memory of previous encounters with foreign genetic elem@vitgica
et al., 2005) The first biological evidermf a microbial nucleiacid based adaptive immune system
came in 2007, wheBtreptococcus thermophilugas infected with an invasive bacteriophage
(Barrangotet al., 2007) S. thermophiluacquired new spacers identical to the genome of the
invading phage and these spacers provided immunity when the bacterium was subsequently

infected with the same phage type.
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1.11.2 Mechanism of Immunity

Since their discovery, CRISE&s systems have been found in ~40% bacterial and 90%
archaeal genomeGrisseet al.,, 2007) Generally, CRISRRs systems involve transcription and
processing of the CRISPR arrays, yielding small CRISPR RNAs (crRNAs), which bind and target Cas
proteins.Immunity to a particular genetic invader occurs in three st@pgl.14). The first step is
WEREFLIGFGAZ2YQ 2 Nbwiigh bBac@GaNith-otelpdato ERISPR o6& respond to
incoming genetic material by integrating a short fragmeninabmingsequence, known as a
protospacer into the host chromosome at tpeoximal end of the CRISPR arraysifitorporation
of new spacers into the CRISPR locus during infection creates a memory. These sequences will direct
the CRISRRas machinery if the same genetic material is encountered again, protecting the host
(Marraffini and Sontheimer, 2010 the second step immunity is executed. The CRISPRisrray
transcribedas a long precursopr pre-crRNA(Jineket al., 2012) During crRNA biogenesis, pre
crRNAs are cleaved at the repeat sequence, by a regeztific endoribonuclease, forming short
mature crRNAg§ANnzaloneet al,, 2020) The final step is recognition whetiee mature crRNA
remains bound tadCas nuleasesas a guide RNA (gRN&Yind the protospacerin the genome of the
invade, which is then cleaved or inactivated by the Cas nucleaserédhiges the presence of a
short DNA sequence (two to five nucleotides)addthe protospacer adjacent motif (PAM) near the
DNA target sitdGleditzsclet al., 2019) This cleavage stops the infection and @rsfimmunity to
the host(McGinn and Marraffini, 2016 he pathogen can evolve mutations in the target site,
enabling the invader to evade CRISR® immunity and restablish infectior{Arzaloneet al.,

2020)
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Fig 1.4. Nucleicacid based immunity by CRISERs systemdnvading DNA is cleaved and

incorporated into the CRISPR array as a new spacer at the proximal end. The CRISPR array i
composed of short, partially palindromic repeat sequences (black), interspersed Bynwlogous

spacer sequences, acquired from previous infections. Immediately upstream of the CRISPR array are
the CRISRRssociateddag genes, which encode proteingrfcleavage of the invader. The CRISPR

array is transcribed as a long precursor CRISPR RN&RNA), which undergoes processing to

form the short mature crRNAs. These mature crRNAs tightly associate with Cas proteins. In the final
step, the crRNA remagrioaded on the Cas protein, functioning as a guide RNA (gRNA) to find a
protospacer adjacent motif (PAM) sequence in the genome of the invader. Once this sequence on
the invader has been found, the Cas proteins direct cleavage on the invading geneti@imate

stopping the infection.

1.11.3 Class 1 CRISPR Interference

Since their discovery, two classes (Class 1 and 2) and dipasxType-VI) of CRISP®as

systems have been described, which exhibit diversity in the arrangement catfyenes andhe
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subunits of the effector complexdblidhiet al., 2021)(Fig 115). Class 1 systems are the most

prevalent in bacteria and archaeahile Class 2 systems only make up about 10% of all CRESPR
systemgShmako\et al., 2017) Seven types of Class 1 systems have been described-AypdG.

Although less comnmg Class 2 CRISERSs systems are the best studied, utilising single effector

proteins (Cas9, Cas12 or Cas13) for invading nucleic acid interféhare al., 2019) Class 2

systems are further divided into Type Il (Cas9), Type V (Cas1Zypad/| (Casl8Nidhiet al.,

2021) Class 1 systems involve mugitibunit CRIPS&ssociated complex for antiviral defence

complex (@scade) for DNA binding, crRNA and a Cas3 nudBasangou and Marraffini, 2014)

(Fig 116). ForE. colitype tE) Cascade is formed by Csel, Cse2, Cas7, Cas5 and Cas6e proteins, while
for Pseudomonas aeruginogype HF), Cascade is formed by Csyl, C8¢23 and Cas6f proteins

(Wiedenheftet al., 2011)
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Fig 1.5. Spatial organisation of class 1 and classa&operons.Two CRISPR classes have been
described, Class 1 and Class 2. For both classes, the CRISPR asagigtates are located
immediately upstream of the CRISPR array. Each class is fiistttedinto different subtypes. Class
1 type | and Class 2 typeate shown here. Theasloci contain the genes required for spacer
acquisition ¢asl, casandcasd, for the adaptation phase, genes for ggeRNA processing€sg or
alternatively host RNase lll), and genes required for interference of invadingdadVA¢as5, cas8

andcas3for Class 1 systems apds9for Class 2 systems).
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Fig 1.5. CRISPR class 1 and class 2 interference mechaniBunisg the adaptation phase, new

spacers are incorporated at the proximal end of the CRISPR array, presumably bpdC&ss2. The
CRISPR array is then transcribed as a long primary crRNA transcript. At this point, Class 1 and Class 2
differ in the expression and interference mechanisms. For Class | systems, the Cascade complex
binds the precrRNA, which is subsequantileaved by Cas6, releasing mature crRNAs. Class 2

systems utilise a small nesodingtrans-acting RNA (tracrRNA), which pairs with the repeat regions

of the precrRNA. This is followed by cleavage within the repeats by host RN&xgring the

interference phase, invading DNA is cleaved. In class 1 systems the crRNA directs the Cascade
complex to the target DNA, with the Cas3 nuclease presumably responsible for DNA cleavage. In
class 2 systems, no Cas3 orthologue has been described, and Cas9 loadkd mitture crRNAS is

probably directly responsible for cleaving invading DNA.

For these systems, pr@RNA is processed at the repeat regi¢(Barrangou and Marraffini,
2014) Other @s proteins bind the crRNA, assembling into a functional Cag¢Badenset al., 2008)

To discriminate between selind nonselfDNA, Cascade recognises the PAM sequence immédiate
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upstream of the protospacer, which triggers a conformational change upon binding, allowing Cas3 to
be recruited(Barrangou and Marraffini, 2014¢as3 consists of a helicase domaihiclv unwinds

the target DNA and a nuclease domain responsible for degradation of the targefHaeAal.,

2020) The mechanism of spacer acquisition is not fully understood but it does require the metal
dependent Casl and Cas2 proteins, as evidencedubgtions in these proteins abolishing spacer

acquisition(Datsenkeet al., 2012)

While Class 2 systems haypicallybeen used for genetic engineering due to their
simplicity, in recent years Class | systems have also been adapted for genetic engineering, for
example withClostridiumpasteurianum(l-B) andPseudomonas aeruginoglF) (Pyneet al., 2016;
Xuet al., 202Q. ForE. colk-12, two distinct CRISPR array flank ¢tagsoperon, however, the typeE
system is regardedsnon-functional owed to strong repression by the global regulateX&(Pulet
al., 2010) This helps explain why tHe. coliCRISPR I & a8 a0SY o6l ayQid RA&a0O2FSNE

recently.

1.11.4 Class 2 CRISPR Interference

In 2012, two goups independently discovered th&t thermophilusnd Streptococcus
pyogeneasitilise an RNAyuided endonuclease, Cas9, for interference and that this protein could be
programmed for targeted genome editirfGasiunagt al., 2012; Jinekt al., 2012) S. pyogene€as9
complexes with two small RNAs, inducing a conformational change in Cas9 converting the protein to
an active statéLe Rhuret al., 2019) The effector complex then scans the DNA for PAM sequences
in the target DNAQiet al., 2013) If encountered, the complex unwinds dsDNA that is
complementary to a 20 bp sequence downstream of the PAM, generating a double stranded break
(DSB) at this point. Breakageachieved through the concerted action of two conserved
endonuclease domains in Cas9, Riik€ and HNHike domains, which nick the DNA in close
proximity on each strand. DNA cleavage occurs 3 nucleotides upstream of the PAM, which is

essential for disriminating between self and neself DNAMarraffini and Sontheimer, 2010)
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Maturation of crRNAs is pivotal to the CRI®RR system, as this molecule complexes with
the CasProtein for DNA targetingJineket al., 2012) In class 2 systems, crRNA processing requires
binding of arans-acting RNA (tracrRNA) to complementary repeafusmces in the pr&eRNA,
forming an active comple This complex is cleaved by host RNase Ill, which liberates small mature
crRNAs that remain bound to Cas9 via tight associations with the tracrRNA. This processing creates
Cas9 molecules loaded with a gRMAdy to search invading DNA molecules for its targésGinn
and Marraffini, 2016)To maintain the optimal number of spacers in the array, old spacers located at
the distal end are eliminated, potentially through homologous recombination with old CRISPR repeat
sequencegGarrett, 2021) An inability to anneal results in quicdease of Cas9, which samples
other sequence¢McGinn and Marraffini, 2016Dnce the target DNA is found, Cas9 initiates the

DSB through its nuclease activiiineket al., 2012)

1.11.5 CRISPRas9 for Genetic Engineering

The potential to utilise a DN#pecific nuclease, which could be targeted to specific DNA
sequences by the expression of small RNAs, was immediately recoffieathberget al.,2015).
While Zinc finger proteins and transcription activalike effector nucleases (TALEN), can be
programmed to bind specific DNA sequences, the genetic engineering required-sotirsieming
and expensivéGajet al., 2013) The idea that a myriad of DNA sequences could be targeted by
simply altering the spacer sequence within the gRNA was a very attractive coGtagst.2 systems
have been classically used for genetic engineering due to their simplicity, with most work focussed
on theS. pyogene€RISPRas9 systerfQiet al., 2013) Typically, genome engineering by CRISPR
Cas9 requires a Cas9 protein, a tracrRNA and crRNA and a region of donor DNA to make the desired
mutation (Sternberg and Doudna, 20159)his approach was further simplified by fusing the coding
regions of the tracrRNArRNA duplex to forra chimeric single gideRNA (sgRNA), which retained
the secondary structures necessary to target Cas9 to specified DNA seq(feaisset al., 2015)

The sgRNA is a 1:0&cleotide long chimeric nenoding RNA, composed of a-80cleotide target
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specific complementary region, a42dzO0f S2 i A RS /I &d 0 AytlRatidead WKI yRf SQ

transcriptional terminator derived frors.pyogenegHawkinset al., 2015)

If the gRNA and target DNA display complementarity, the RuvC and HNH domains will cleave
the target DNAJineket al., 2012) The basis of CRISERs9 mutagenesis relies on the fact that DSBs
caused by Cas9 cleavage are fatal in most bacterial geneéerset al., 2015) sgRNAs are
RSaA3aySR (2 GFNBSUG (KS -S¢yRKAS Rifedies ® e tArGeyDNX Shere y R {1 K &
nuclease activity in the Cas9 protein generates a lethal DSB, actirgglgston against wiltype
sequences without the need to introduce a resistance cassette into the gefmezyoOlarteet
al., 2021) In this way, the DSB drives genome editing through homologous recombination, or more
rarely in bacteria through nehomologous end joininShuman and Glickman, 200Thus, it is the
host species DNA damage and repair systerasbrform the editing. In most bacterial species,

RecA mediated homologous recombination is induced to repair DNA damage biRoS®bergt
al., 2012) In bacteria with a low intrinsic frequency for horagbus recombination, expression of
recombinases (e.g., the lambda red recombinadg.inolj, in addition to the CRISRRs machinery

enhances recovery of bacteria that have undergone the desired editiagget al., 2013)

A conserved type-B CRISPBas loashas been reported €. difficile(Sebalihiaet al.,
2006) The most prominent feature of th€. difficileype IFB system is the unusuallyghi number of
CRISPR arrays per genome compared to other bacterial species, averaging 8.5 arrays per genome,
while other systems tend to have3darraygAnderseret al., 2016) Utilising the nativeC.difficile
Cas locus for genome editing is unfavourable due to a requirement for multiple protein effectors
(Boudryet al., 2015) Rather, to allow genome editing, ti& pyogene€RISPRas9 has been
adapted forC. difficile(McAllisteret al., 2017) As the CRISRRas system dZ. difficilerecognises a
different PAM sequence Q/ /,2o@mared toS. pyogenedhe native system does not interfere

with this genetic tool.
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1.11.6 CRISPRterference

While the traditional CRISRFas system can be used for targeted genome editing, this
system cannot be extended to studies of essential genes as inactivation ig(@itegal., 2013.
Methods for manipulating essential genes are limitenld &nclude isolation of conditional mutants
(e.g., temperature sensitive mutants), or placing essential genes under the control of regulatable
promoters in combination with knockout mutanBlomfieldet al., 1991) Unfortunately, both of
theseapproaches are timeonsuming and labotintensive. Another method IRNA interference
(RNAI) which utilises vectors expressing small antisense RNA molecules which associate with and
activate protein complexes, most notably the RNAuced silencing congx (RISC). Once bound,
the complex can bind the target mMRNA. Consequently, ribosomes are peeMemin binding
abolishing protein synthesis and the mRNA is marked for destru@tienmeier and Meister, 2020)
Again, RNAI requires ssfantial engineeringandthe lack of these systems in prokaryotes meant

methods for global regulation of gene expression were lim{@&é&ardet al., 2013)

In bacteria, more attention has been focussedutitisinga catalytically inactive variant of
Cas9, dCas9, to downregulate transcription, which provides many advantages over existing methods
(Qiet al, 2013).This system is known as CRISPR interference (CRISPRI). For CRISPRI, the dCas9
harbours point mutationsn both the Ruvdike (D10A) and HNH (H840A) domdihsdoret al.,
2021) CRISPRI was first described bgtQil. who showed that ceexpression ofiCas9 with an
sgRNA designed with a 20 bp complementary region to a gene of interest could effectively silence
gene transcription with up to 99.9% repressi@iet al., 2013) As CRISPRI repression depends on
basepairing between a short segment of theRI§A and DNA target, new targets can be specified by
altering the 20 bp region, making this inexpensive for regulating gene expression. Specificity of
I wL{twA Ad 2SR G2 | wmMH 0LI WaASSR NBIA2YQ G6AGKAY
the target DNAQiet al., 2013) With CRISPRI, dCas9 is only defective in cleavage but it still functions

as an RNAuided DNA binding complex, targeting the remplate DNA strand, and blocking RNA
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polymerase elongatiofLarsoret al., 2013) For CRISPRI, sgRNAs targeting thetemmiplate strand
exhibit 16300-fold repression, while sgRNAs targeting the template strand show little repression,
potentially due to RNAP being able to read through the d&SgsNA complex in this orientation. In
this case, the sgRNA faces the RNAP and may be unzipped by the helicageaBNARQi et al.,

2013).

The sgRNA can target the promoter or coding region of a fearsoret al., 2013) When
directed to the promoter regin, the dCas$gRNA complex can sterically hinder association
betweencisDNA motifs and their cognateans-acting transcription factors, thereby blocking
transcription initiation Notably, when targeting promoter sequences, sgRNAs can be designed for
the template or nontemplate strand The silencing by the dCas§RNA complex is inducible, fully
reversible, and highly specific in bacterial cells. Indeed, specificity of the system can be tuned by

introducing single or multiple mismatches into the 20 bpio: (Larsoret al., 2013)

While CRISPRI presents arxjipensive means for targeted gene silencing, there are several
potential limitations to the method. First, targeted gene silencing usingstipgogenesiCas9
requiresthe presence of an NGG PAM motif, which limits the availability of target sites, parttjcul
in ATrich genomegLarsoret al., 2013) Additionaly, it has been shown that th®. pyogene€as9
partially recognises an NAG PAM motif, which could expand the number of targetable sites but also
the off-target effects(Collias and Beisel, 202Unfortunately, it has been shown that CRISPRI does
exhibit polar effects on downstream genes, and to a lesser extent, upstream (eetesset al.,

2016)

Recently, a CRISRRstem was developer C. difficile utilising a xylosénducible
promoter to control the timing and extent of gene silenciipMuh et al., 2019) To validate the
system, Muhet. aldesigned an sgRNA for targeted, titratable repression of theltemescent

protein gene Kfp gene). AdditionallysIpA ftszandcdr20291_071&nockdown vectors were
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constructed. The phenotypic findings flpAsilencing were consistent with those obtained

previously for an -$ayer null strainKirket al., 2017b; Mutet al., 2019)

1.11.7 CRISPR Activation

In addition to gene silencing, dCas9 has been used to direct transcriptional activators to
specific genomic sites for programmable targeted gene activation, known as GRISRfdN
(CRISPR#jigl.17) (Hoet al.,, 2020) Many CRISPRa systems have been described for eukaryotes,

however, far fewer examples of CRISPRa for bacteria have been §@bewezt al., 2016)

Bacterial sigma factors play a pivotal role in engaging the transcriptional initiation
machinery. Sigma factors interact with the core RNA polymerase (RNAP) ehzyn ) and bind
to specific promoter sequems(Browning and Busby, 2004)ypically, transcriptional activators
bind to specific components of the RNAP complex and direct the complex to the promoter
sequences, enhancing transcription at these sfg®wning and Busby, 2016jowever,
transcriptional activators in bacteria are poorly characterised, and have not been shown to mediate
transcription activation when coupled synthetically to DNA binding domainkhigend, only a
handful of imperfect CRISPRa systems have been described in bacterial systems. The first, involved
fusion of the dCas9 complex to thesubunit of the RNAP complex, however, this system was only
functional in a deletion mutant(Bikardet al., 2013) The second, used bacterial enhancer binding
LIN2PGSAYy&Ed 009.tav Fa GKS FdzaSR | OGADEFGAZ2Y* R2YI AY 3
promoters anddeletion of the bEPs was requir@iduet al., 2019) The necessity to modify the
bacterial genome limited the genetic tractability of these approaches. A third study came from Dong
et. al, who used a scaifd RNA containing the gRNA and an MS2 domain, capable of binding an MS2
fused transcription factor SoxS, enabling transcription enhancement. While this system exhibited
higher activity, a narrow targeting range within the promoter elements was repdfedtanaet al.,

2020)
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Fig 1.7. Mechanisms of CRISPR, CRISPRi and CRISPRa skstegesiome editing, CRISPR systems

are composed of a Cas9 endonuclease, which complexes with a single guide RNA (sgRNA). The Cas9

complex is directed to the target genomic DNA sequence, where a double stranded break (DSB) is
introduced through the nucleasactivity of Cas9. CRISPRi and CRISPRa use tacediialjeactivated
Cas9 (dCas9), with point mutatiom®10A in the Ruwike domain and H840 HNH nuclease domains.

For dCas9, nuclease activity is abolished but the protein still maintaing&ibiéd DNAbinding

activity. For CRISPRI, the dGagBNA complex will bind to the target sequence, blocking access of

the RNA polymerase (RNAP) to the underlying DNA, resulting in transcriptional repression. For

CRISPRa, the dCas9 is fused to transcriptional awsydinding upstream of RNAP, resulting in up

regulation of gene expression.
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1.12 Project Aims

TheC. difficileSlayer represents a metabolically costly structure, and as such may provide
vital cellular functions. This is reinforced $lpAbeing essential for growth and pathogenicity, unlike
other bacterial species. However, selection with bacteriocins that spakyftarget theC. difficileS
layer, led to isolation of low frequencsesistant mutants that had no evidentl&yer due to point
mutations inslpA(Kirket al.,2017b) With thisC. difficileSlayer null strain, we now have the
opportunity to examinavhich genes become conditionally essential or conditionally-@ssential in
the absence of this major surface structure. This experiment would help us to (i) identify genes
which could compensate for the lack oféyer and (ii) identify genes which couydcevent formation
of the Slayer, aiding in the development of prophylactic agents against this pathogen. To identify
these changes, we attempted to construct a hagmsity transposon mutant library in this strain for

subsequent analysis using transpostirected insertion site sequencing (TraDIS).

With target genes obtained from the TraDIS analysis, we wanted to validate essentiality and
assess function of these genes. However, traditional gene knockout methods are incompatible with
study of essential@nes, as inactivation results in cell death. As such, alternative methods for
interrogating these genes were required. For this thesBRASPRiystem was developed f@.
difficile, utilising an inducible catalytically inactive variant of Cas9, dCad% programmablgRNA
which binds to target sequences and disrupts transcription, resulting in a idawek of gene

expression levels.

The work presented in this thesis describes the construction of a transposon mutant library
for an Slayer null strairof C. difficile(Chapter Il), identification of conditionally essential and-non
essential genes in the absence of this structure (Chapter 1V), development of a CRISPRCtool for

difficileto study gene function of conditionally essential and ressental genes (Chapter V), and
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use of the CRISPRI tool for studying the effects of gene silencing on targets obtained from this study,

namely via transmission electron microscopy of thin sections (Chapter VI).
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Chapter Il Materials and Methods

2.1 Handling of Bacterial Strains

2.1.1 Handling ofC. difficileStrains and Culture

C. difficilestrains used in this study are listed in taBl& C. difficilestrains were grown in
pre-reduced tryptone yeast (TY) extract brotomposed of 3% tryptose and 2% yeast extract
(Bacto) at 37C under anaerobic conditions in a Don Whitley anaerobic workstation, with an
atmosphere pressure composed of 80% N% C&and 10% Kk C. difficilestrains were grown on
BrainHeart Infusion (BHI) agar (Sigma Aldrich). Media was supplementethigithphenicol (15
ng/ml), colistin (50rg/ml), lincomycin (20rg/ml) andanhydrotetracycline (ATc) (20 ng/ml) as

required.

2.1.2 Handling okE. coliStrainsand Culture

E. colistrains used in this study are listed in tal2 E. colistrains were grown in Lura
Bertani broth (LB) (Fisher) or LB agar (Sigma Aldrich). Cultures were supplemented with
chloramphenicol (1%g/ml) andcarbenicillin(50 ng/ml) asrequired and grown aerobically at 32
with shakingE.colb Soph $SNB dzaSR NRdziAySte F2N Of 2yAy3 |y

were used as conjugation donors for plasmid transfer @tdalifficile
2.1.3 Production of ChemicallgompetentE. coli

An O/N ofE. coliCA434 was set up in 4 ml LB broth. The O/N was subcultured 1/100 into 400
ml LB broth and grown with shaking at 8 Growth was monitored hourly until cells reached-mid
exponential growth (O&onm= 0.40.6). Cells wer harvested by centrifugation at 4,0@@for 10
min at 4 C. The supernatant was discarded, and the pellet resuspended in 5-colic@00 mM
CaCl Cells were incubated on ice for 15 min. Cells were harvested by centrifugation ax4y0®0

10 min at4 C. The supernatant was discarded, and the pellet was resuspended in taoldce00
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mM CaGl 15% glycerol (v/v). Cells were incubated on ice for 2 Ind &liquots were stored at

80 C.

2.1.4 Transformation of Plasmid DNA into Competdatcolicells.

E. colNeb5 or CA434 strains were transformed with the plasmids outlined in tABld=or
the transformation, vials of competent cells (stored-&d C) were thawed on ice for 5 min. &0of
thawed cells were aliquoted into preooled microcentrifge tubes. To this, #i of Gibson or ligation
reactions or approximately 018 of purified plasmidvasadded to thawed cells. Cells were placed
on ice for 30 min. Cells were hestiocked at 42C for 30 s, allowing for the uptake of exogenous
DNA. The cells were then placed on ice for 2 min.md%d Super Optimal broth with Catabolic
repressionSOgoutgrowth media was added to each reaction and incubated a€3with gent
shakingfor 1h. Cdls were plated on LB containing the appropriate antibiotic and incubated O/N at

37C.

2.1.5 Conjugative Transfer of Plasmid DNvoi C. difficile

O/N cultures of thee. coliconjugation donor, CA434, and tie difficileconjugation
recipient were grow in LB broth supplemented with chloramphenicol and TY broth, respectively.
200 of eachC. difficileculture was heashocked at 50C for 10 min and then cooled to 37. 1 ml
of E. coliCA434 cultures were harvested by centrifugation at 4,09@x 2 min, and the
supernatant discardece. colpellets were gently resuspended in 260of heattreated C. difficile
The suspension was spotted onto BHI plates and incubated &t f8r 824 h under anaerobic
conditions. The following day, conjugation misga were harvested from the BHI plates with TY
broth and serially diluted onto BHI plates containing colistin and thiamphenicol. The next day, an
isolated colony was restreaked to purity on colistin plus thiamphenicol plates, and subsequently on

agar contaning thiamphenicol alone, preventirig colioutgrowth.
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2.1.6 Storage of Strains

1 ml ofE. coliand C. difficilestrains were stored in cryovials containing 20% (v/v) glycerol.
Strains were stored aB0 C. It should be noted that transposéhbraries were stored in 10% (v/v)
glycerol as we have previously shown that higher glycerol concentrations reduce library resuscitation

efficiency(Dr. Nadia Fernandes, personal communication)

2.2 DNA Manipulation

2.2.1 Isolation of Plasmid DNA
E. colharbouring the plasmid of interest were grown in 5 ml LB broth with the appropriate
antibiotic. Cells were harvested by centrifugation at 4,0@Cor 10 min. Plasmid DNA was extracted
using the GeneJET Plasmid Miniprep kit (Thermo) as per thdzfidn O i dzZNB N a Ay a i NHzO G A ;
DNA was eluted in 6@ of nucleaseree water. Plasmid DNA concentration and quality was

guantified using Asospectrophotometry.

2.2.2 Purification of Genomic DNA frof. difficile

Genomic DNA was isolated frai difftileusing a phenethloroform method Dembek et
al., 2015. C. difficilestrains were grown in 5 ml TY broth. 1 ml of culture was harvested by
centrifugation at 4,000 g for 2 min. The supernatant was discarded, and the pellet was
resuspended in 2061 PBS. 101 of CD27]a C. difficilespecific endolysin, was added to the
resuspensiorfPeltieret al., 2015) The endolysigleavesntact PG Samples were incubated for 1 h
at 37 C. 10m of pronase (final concentration 1 mg/ml) was added tgmiele cellular proteins,
followed by incubation at 58 for 1 h. 801 of NHlauroylsarcosine (final concentration 2%) was
added to disrupt cellular membranes, followed by incubation aiG3for 1 h. Lastly, 208 RNase
(final concentration 0.2 mg/ml) wasdded to the sample and incubated at &for 1 h. The sample
was transferred to a Phase Lock Gel (PLG) tubent®0Phenol:Chloroform:lsoamyl alcohol

(25:24:1) was added to the PLG tube and mixed by inversion. The sample was centrifuged at 13,000
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x gfor 2 min. This allows for the separation of the DNA in the agqueous phase from the organic
phase. The agueous phase was transferred to a new PLG and treated with
Phenol:Chloroform:Isoamyl alcohol (25:24:1) as before. The sample was centrifuged at 13f000 x
2 min. The DN&ontaining aqueous phase was removed and transferred to a new PLG tube and
treated with 500m chloroform:isoamyl alcohol (24:1) to remove excess phenol. The sample was
centrifuged at 13,000 g for 2 min. The DNA&ontaining aqueous pls@ was transferred to a new
PLG tube and treated with chloroform:isoamyl alcohol (24:1) as before. The aqueous phase was
transferred to a new microcentrifuge tube and an equal volume of isopropanol was added. The
sample was incubated a20 C O/N to precipate the gDNA. The gDNA was harvested by
centrifugation at 4,000 g for 15 min. The DNA was washed with 78@¥anol gDNA was harvested
by centrifugation at 4,000 g for 10 min, the ethanolvasremoved,and samples werair-dried to
remove any residual ethana@DNA was resuspended in BDof nucleasdree HO. DNA

concentration and quality was quantified usingAsd/A2soand Asd/AzzoSpectrophotometer.

2.2.3 Polymerase Chain Reaction

Polymerase Chain Reaction (P{SRin vitrotechnique, which allows for the amplification
of a specific region of DNA of known sequence. 2x PhusiorRitighity master mix (NEB) was used
Fd& LISNJ YIydzFl Ol dzZNBNR A ) yas coNinOeil af 0ok comnetci@ K NB I O A 2
Phusion (2x), I each of forward and reverse primers (10 nMR hg of template DNA and
nucleasefree HO. Primers used in this study are listed in taffie1-5% DMSO (v/v) was added to
PCR reactions when required. DMSO functions to disrupt secondacyuste formation in the DNA
template and was used when primers containedri&h regions. Fo€. difficilecolony PCR, selected
colonies were resuspended in 160of nucleasdree water with a small quantity of chelex resin,
boiled at 100C for 10 min, befly centrifuged to sediment the beads andaiof the supernatant
was used as the DNA template for reactions. Alternatively, 1 ng of plasmid DNA acted as the DNA

template.Reactions began with a 30 s denaturation step &98ollowed by 35 cycles 08 (10
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s), 5658°C (10 s), 7Z (30 s/kb product). The final extension step was carried out’& ft2 510

min. Sizes of PCR products were estimated by agarose gel electrophoresis.

2.2.4 Agarose Gel Electrophoresis

PCR products can lseparated according to size using agarose gel electrophoresis. Gel
electrophoresis relies on the speed at which DNA products will migrate through an agarose matrix in
an electric field. Smaller products will migrate further and resolve quicker, whereges faagments
move slowly through the gel. Sizes of PCR products were estimated by comparison with a 1 kb Gene
Ruler DNA ladder (Thermo) containing fragments of known sizes. Unless otherwise stated, PCR
products were electrophoresed through 0.8% agarods ¢&/v), with trisacetateEDTA (TAE) buffer

plus SYBR Safe stain (Invitrogen), or UView dye (BioRad) for 30 min at 110 V.

2.2.5 Purification of PCR Products

PCR products were purified using a GeneJET PCR purification kit (Thermo) as per
Y |y dzF | OristdeMignslRutified PCR products were eluted im26f nucleaseree water. DNA
purity and concentration was quantified usings#spectrophotometry. Samples were stored-at

20 C until needed.

2.2.6 Gel Extraction of DNA

Gel extraction allows for thisolation and purification of a desired DNA fragment from an
agarose gel. PCR or restriction digestion products, previously resolved on an agarose gel with UView
stain and loading dye were extracted from the agarose gel. DNA samples were visualisedVinder
light using a transilluminator. DNA fragments of the desired size were excised from the gel using a
scalpel. DNA was extracted from the agarose gel using a GeneJET gel extraction kit (Thermo) as per
(KS YIydFl O dNBNRE Ay a indbairledsdae svaber St DNAdrity and { dzil S R

concentration was quantified usingedspectrophotometry.
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2.2.7 Restriction Endonuclease Digestion of DNA

DNA is held together by phosphodiester bonds joining adjacent nucleotides. The enzymes
capable of hydrlysing these bonds are known as exonucleases and endonucleases. Exonucleases
digest nucleotides from the ends of the DNA molecules whereas endonucleases hydrolyse bonds
within the DNA molecule. Each enzyme has its own characteristic recognition sequeneél ant
the DNA at these points. The singliganded overhangs (sticlends) generated by some restriction
endonuclease digests can be used for subcloning or cloning of DNA fragments into the vector of
interest. All restriction endonucleasesweresuppk o6& b9. FyR dzaSR & LISNJ {1
instructions with the appropriate buffers. Digests for cloning were incubated at 33r 12 h. After
digestion, DNA was purified as outlined in section 2.2.6. Diagnostic restriction digests were carried
out to confirm the vector contained the product of interest. Reactions were incubated & &t 1
h. For the processing of gDNA for Illumina sequencing, a restriction digestion step was incorporated

to reduce sequencing reads being wasted on the plasmid. For this, samples were incubated O/N with

the appropriate enzymes and buffers.

2.2 8 Ligaion of DNA

Ligation reactions involve the joining of two DNA fragments. The ends of these fragments
I NB 22AYSR (23S0GKSNJ o6& GKS F2NXNFGA2Y 2F | LIK2aLIK
2yS 5b! FNIAYSYld YR (GKS pQ LIK?Z2 htheagtiNdofan I NR dzLJ 2 F
Syl é&vySed 5b! FNIFIYSyida 6SNB ftAIFGSR dzaAAyYy3I ¢n AT
reaction contained 20 ng of plasmid and-A@-fold molar excess of insert in 1x T4 ligase buffer and
nucleasefree water to make the totbvolume 10m. Reactions were incubated at room temperature

for 1 h.

2.29 Gibson Assembly of DNA Fragments
This technique allows for the joining of multiple overlapping DNA fragments in a single

reaction. For Gibson assembly, the NEB Hifi Assemblyakitiged, composed of an exonuclease, a
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polymerase] YR | 5b! t A3 &Sd ¢KS SE2ydzOf S48 ONBI (5S4

annealing of overhangs that are complementary at the overhanging end. The polymerase fills in the
gaps within eachrnealed fragment while the DNA ligase repairs nicks in the assembled DNA. As a
result, a double stranded DNA molecule is formed, serving as a template for transformations. For a
20m reaction, 50 ng of plasmid was required. The reaction was assembladadtasratio of 1:2:2

or 1:3, plasmid to insert. Reactions were held atGfor 1 h.

2.2.10 DNA Sequencing

DNA sequencing was carried out by Geneivakéley, United KingdgmFor plasmid DNA, a
10m sequencing reaction contained 500 ng plasmid in ras#éree HO and 2.51 sequencing
primer. For purified PCR products, therfieaction was composed of BD ngi of the product in
nucleasefree HOand 2.5m of the sequencing primer. For lllumina$dg sequencing, 8 nM of the
library samples were tedzA NER® { SljdzSy OAy 3 g+ a O NNARSR 2 dzi

TraDIS data for FM2.5 was analysed by Dr. Roy Chaudhuri (University of Sheffield, UK).
2.3 InsertionMutagenesidibrary Generation for C. difficile

2.3.1Transposition Frequency of anl&yer Null Strain

Calculating transposition frequency is required to understand the number of cells required
to obtain a highly dense insertion mutagenesis library. This is achieved through comparison of CFU
counts betweerinduced and nofinduced samples harbourinbe transposition plasmidhRPF215

(Fig2.1).

Transposition frequency ¢iM2.5/pRPF21®as deciphered by the following protocol:
strains harbouring the transposition plasmid were restreaked totBidmphenico) two days before
the transposition assay=M2.5/pRPF21%as grown overnight in 5 ml TY. The following morning, the
ODyoonmOf FM2.5/pRPF21®vas measured=M2.5/pRPF21®&as subcultured to 0.05 in triplicate in 5

ml TY. The Qnmwas monitored hourly. Cudres were grown to log phase (@&m0.4-0.8). At log
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phase, cultures were serially diluted in TY in a 96 well plate {PT¥ and 30 [FM2.5/pRPF215

100 pl of culture was plated onto both Bthiamphenicol (for CFUs of the nimduced cells) and

BHIsupplemented with ATc (20 ng/ml) afidcomycin (20 pg/ml). ATc will induce transposition in

pRPF215, whilkencomycin will select for any bacteria harbouring grenBtransposon.

Fresh transconjugants on BHI-
thiamphenicol (15 pg/ml) two

days prior to experiment Strains harbouring

transposition plasmid grown
overnight in pre-reduced TY

Dilutions plated on BHI- / \

thiamphenicol (15 pg/ml) | }
for total CFU counts /ﬁ”

Dilutions plated on BHI-ATc
(20 ng/ml) Lincomycin (20

ug/ml) for transposon \
mutant CFU counts S

Bacteria subcultured to
OD¢gonm 0-05 and grown to log
phase (0.4-0.8)

I

0606066666
66666666
00066666
060666666
000060666
000060666)

Log phase cultures serially
diluted in TY

Fig2.1. Method for determining transposition frequency for largecale mutagenesis library

generation pRPF215, was conjugated iro difficilestrains by the method outlined in secti@l.5

Transconjugants were restreaked to fresh BHI supplemented with the plasmid selection marker,

thiamphenicol (15 pg/mi)C. diffcilestrains harbouring pRPF215, were grown overnight in pre

reduced TY media. Overnights were subcultured t@6dB0.05. The OFonmwas monitored hourly

until cultures reached log phase (638am0.4-0.8). At log phase, cultures were serially diluted¥h

and plated onto BHthiamphenicol and BHI supplemented with the transposition inducer, ATc (20

ng/ml) and lincomycin (20 pg/ml).
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2.3.2 Transposon mutant libraries constructed in liquid media

Dr. Nadia Fernand€3 he University of Sheffieldpnstruced libraries for FM2.5 in liquid
culture, by inoculating 400 ml TY with 0.5% glucose with a defined volume of freshly conjugated
FM2.5/pRPF216vernight culture to an Ofabnmof 0.03. Once cultures had reached dkxof 0.05
(~ 1 h), cultures were supplemted with the transposition inducer ATc (20 ng/ml) and the
transposon selectable markdimcomycin (2Qug/ml). After 8 h, culture was taken for sample storage
and gDNA extraction. At this point the libraries were carried over for processing by me. Libraries

were processed as outlined in sectidrdtand analysed on an lllumina MiSeq.

2.3.3Transposon mutant libraries constructed on solid agar

Insertion mutagenesis libraries for FM2.5 were constructed on solid agar from overnight
cultures.Given the transposition frequency from overnight$.72 x 16 (~1/700), 700,000 bacteria
were plated onto each plate to give rise to an estimated 1,000 transposon mutants. When grown
overnight FM2.5 reaches an @Bwrange of 1.21.8. From OBonmVvs. CFU/mI experiments carried
out by Dr. Joseph KirkheUniversity of Sheffield, we knew that at an &fnof 1.2 there are ~ 1.7 X
10 bacteria per ml. 300 pl was plated onto the transposition inducer plates, which is 571 x 10
bacteria, requiring an 85x dilution to obtain 1,000 transposon mutants per plate. Each overnight
culture was diluted in Fihiamphenicol one at a time, with each diluted overnight plated onto one
stack of 15 plates, giving 150 plates total. Bacteria were incubated overaifiat 24 h, culture was
taken for sample storage and gDNA extraction. Libraries were processed as outkeetian2.4

and analysed on an lllumina MiSeq.
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2.4 Processing Transposon Mutagenesis Library Samples

2.4.1 Genomic DNA Extraction and Shearing

gDNA was processed as per the method described by Gaadall,(2018)(Fig 22). 1 ug of
purified gDNA (resuspended in 130 ul 10 mM-R@, pH 8.5) was required for shearing. Shearing
g1 a8 OFNNASR 2dzi o6& { KSTTAS frdocdl dhihé GoMdiis/senicatar. 2 & LIA G I f
The Covaris sonicator requires 130 pl, but the next processing step only accommodates 55.5 pl. As
such, sample volume was reduced through fredrgng at-80°C. Freeze drying does not
consistently sublimate at the sametezevery time, so samples were thawed every 20 min to ensure
the volume was at or below 55.5 pl. The volume of samples was determined and topped up to 55.5

pl with nuclease free 0 if required.
2.4.2 NEBNext End Prep Kit Ultra |

Shearing generates bleindedDNA which is repaired, and to this, adaptors are ligated.
DNA ends were repaired with the NEBNext End Prep Kit Ultra I. The reaction was set up as follows
with all reagents being kept on ice: 3.0 yl End Prep Enzyme Mix, 6.5 ul End Repair Reéffetion B

(10x) and 55.5 [fragmented DNA.

All reagents were kept on ice, except enzymes which were stored in dloakl Reactions
were mixed by pipetting. Samples were heated on a thermocycler as follows: 20°C for 30 min, then

65°C for 30 min. Samples veeneld at 4°C until needed for subsequent steps.

2.4.3 Adaptor Ligation

Adaptors were ligated to the ends of the newly repaired DNA fragments. The following
reagents were added directly to the End Prep reaction mix: 15 pl Blunt/TA Ligase Master Mix, 2.5

NEBNext Adaptor for lllumina Sequencing, 1 pl Ligation Enhancer, 65 ul End Prep Reaction Mix
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Reactions were mixed by pipetting and samples were incubated at 20°C for 15 min in a
thermocycler. 3 pl of USER a uracitspecific excision reagentas adde to the ligation mixture
from the NEBNext Singleplex or Multiplex Oligos for lllumina kit. NebNext adaptors contain a hairpin
loop structure, which is removed by the USER enzyme, opening up the loop, making it an available

PCR substrate. Reactions wereaa and incubated at 37°C for 15 min.

2.4.4 Size Selection of Adaptor Ligated DNA

AMPure XP beads were removed from the fridge and allowed to come to room temperature.
Beads were resuspended thoroughly by vortexing. Ligation reactions were topped 0f o With
nucleasefree water. Ligation reaction mixtures were resuspended with 55 ul beads. The volume of
beads determines the size of fragments to be selected, with this volume selecting for fragments of ~
300 bp. The mixture was held at room temperatdor 5 min before transferring to a magnetic
stand, separating the beads from the supernatant. After 5 min, once the solution is clear the
supernatant was removed and transferred to a fresh microcentrifuge tube. The beads contain the
unwanted large DNAdgments. Caution was taken to not disturb the beads. 4% pkads were
added to the supernatant and mixed by pipetting. The mixture was held at room temperature for 5
min and transferred to the magnetic stand for another 5 min. Once the supernaasitiear(~5
min), it was removed and discarded as the beads now contain the fragments at ~300 bp. Caution

was taken not to disturb the beads.

Beads were washed with 200 pl freshly prepared 80% ethanol. The tube was incubated for
30 s at room temperaturegfter which the ethanol was removed and discarded. The ethanol wash
was repeated for each sample. Once the ethanol was carefully removed, beads waieciior 5
min and residual ethanol was removed. Beads were resuspended in 17 pl 10 rtNCTdrd bld at
room temperature for 5 min before placing the beads on the magnetic stand for a further 5 min.

Once the supernatant had been separated from the beads, 15 pl was transferred to a PCR tube.
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2.4.5 PCREnrichmentof the Transposon Junction

The next step is an enrichment PCR for the transposon junction fragments using a custom
forward primer, RF1520, which anneals to the transposon end, and a custom reverse primer,
RF1522, which anneals to the ligated adaptor, amplifying the gitdw&posonynction. The
following components were added to the PCR reaction: 15 pl Adaptor Ligated DNA Fragments (our
samples), 25 pl KAPA HiFi Polymerase, 2.5 ul 10 uM PCR forward primer (RF1520), 2.5 pl 10 uM PCR

reverse primer (RF1522) and 5Snukcleasefree water.

The PCR was placed on a thermocycler on the following program: 98°C (3 min), 98°C (15 s),
65°C (30 s) and 72°C (30 s) for 10 cycles. A final extension of 1 min at 72°C was carried out. Samples
were held at 4°C until required. Samples were digested wittREHF to circumvent plasmid
contamination.EcoRI was the most suitable candidate enzyme, which cuts the plasmid once
Consequently, reads amplified from the plasmid are extremely short and negligible. Additionally, this
enzymecuts infrequently throughotthe genome, 96 timeslhe reaction was as follows0 pl of
the PCR reactiqi® ul of Cutsmart buffer and pl of ECoORHF. Restriction digests were carried out to

completion overnight at 37°C. Ecdfff was heainactivated at 65°C for 15 min

2.4.6 Clean-up of PCR Amplification

The PCR reaction was transferred to a fresh microcentrifuge tube. Vortexed AMPure XP
beads (45 pl) were added to the PCR reactions and mixed by pipetting. The mixture was held at
room temperature for 5 min and subsequently addedhe magnetic stand. Once the supernatant
had separated from the beads (~5 min), the supernatant containing unwanted DNA targets was
removed &ad discarded. Beads were washed with 80% freshly prepared ethanol as described in
section 2.3.4. Beads were diried for 5 min Caution was takenot to overdry the beads, lowering
recovery of target DNA. Beads were resuspended in 17 pl of 10 mMCliand held at room
temperature for 5 min. Once the supernatant was removed from the beads (~5 min), 15 pl of the

supernatant was removed to a PCR tube.
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2.4.7 Second PCR Amplification for Library Preparation

The second PCR prepares the library for sequencing through the addition of flow cell
adaptors, P5 and P7, which are on the outermost ends of the fragniEigt23). These provide a
priming site for the samps to bind to on the MiSeq flow cell. Just inside from these are illumina
adaptors, providing sequencing primer binding sites. Next are two barcodes: the illumina index,
increasing index capacity while staggering introduction of the transposon anduiménidl barcode
for sample identification. The following were added to the PCR reaction: 15 pl Adaptor Ligated DNA
Fragments (our samples), 25 ul KAPA HiFi Polymerase, 2.5 ul 10 uM inline index custom forward

primer, 2.5 ul 10 uM illumina index primer angibnucleasefree water.

The inline index custom forward primer is unique to each sample being processed while the
illumina index primer is unique to each conditidwe,, C. difficilestrain. Reactions began withe8°C
initial denaturation step (3 min) flmwed by 20 cycles of 98°C (15 s), 65°C (30 s), 72°C (30 s). The

final extension step was carried out at 72°C for 1 min and samples were held at 4°C until required.

2.4.8 Cleanup of Second PCR Amplification

PCR reactions weprified as outlined in setion 2.3.6. The beads were resuspended in 33
pl of 10 mM TrigHCI and held at room temperature for 5 min. The mixture was placed on a magnetic
stand until the supernatant had separated from the beads (~ 5 min). 32 ul of the prepped libraries

were transfered to a fresh microcentrifuge tube. Libraries were storeeR@fC until sequenced.
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Transposon gDNA

Random DNA Shearing

.
|

End-Repair and Adapter Ligation

|

Transposon-gDNA Enrichment PCR
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2nd PCR: lllumina Library Preparation

N
=l
N

Fig 22. Preparation of genomic DNA for sequencirgPNA is extracted from the pooled library of
mutants and fragmented by sonication, generating btantd DNA. The DNA is repaired, and to this,
adaptors are ligated. Next, an enrichment PCR of the gib&l#sposon junction selects for

fragments harbouring ainsposon insertions, using a transposon specific and ligatagtorspecific
primer. In a second PCR step, fragments are prepared by addition of sequencing specific adaptors

and barcodes
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PS5 Flow Cell Inline NEB Reverse Sequencing
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Fig 23. gDNA fragments for Illumina sequencinghe P5 and Padaptors are required for binding

to the lllumina flow cell (green and red). lllumina forward and revedaptors, provide the
sequencing primer binding sites (blue and pink). The inline index staggers the introduction of the
transposon (purple), while thidlumina barcode is used to identify samples (orange). TEB N

adaptor(yellow) increases ligation efficiency

2.4.9 lllumina MiSeq Sequencing

Prepped library samples were adjusted to 8 aMl 1.5 pl of each prepped library was
pooled together in a fresh microcentrifuge tuldgbraries were loaded onto the lllumina MiSeq with
150 bp paireeend reads, sequencing both ends of the transpaesontaining gDNA fragments
Sequencing was carriedou | G G KS { KST T A BdmRitiplexihg df RADESys&mplesk 2 & LIA 0 |
was carried out by Dr. Roy Chaudhuri, The University of Shefietdls from the lllumina
4SS dzSyOAy3a NHzy OFYS 06101 lFa FlLadl TAbBedfildF@ NBY { KS
which contains the nucleotide sequences and the quality s&igeTraDIS was run on the individual
FM2.5 libraries and one lane of the R20291 Dendiekldata [ERR377408] from one sample
(Dembeket al.,2015; Barquistt al., 2016) The BioTraDIS pipeline provides software utilities for
processing, mapping, and analysing transposon insertion sequencing data. At the core of the
Bio:: TraDIS pipeline is the bacteria_tradis script, which filters reads in the fastq format for
transposon tags, repving the tag. The modified reads were then mapped toGhelifficileR20291

genome and the transposition plasmid, pRPF2EMg the bwa short read mapper. To produce an
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initial prediction of gene essentiality, the output from bacteria_tradis was ruoubh the
tradis_essentiality.R script, which quantifitbe number of insertions per ger{@able 4.2) The

insertion frequency for each gene was normalised against gene lémgnerate an insertion index
where genes with low insertion scores are preditto be essential for growth. The
tradis_essentiality.R script attempts to fit distributions to the two modes observed for insertion
indexes(Fig 1.9) This produces a table of putative essential and ambiguous genes, along with plots

that can evaluate th@redictions (Barquiset al., 2013).
https://hactar.shef.ac.uk/TraDIS_201119

2.4.10 Tools foComputational Analysis of theConditional Genome of FM2.5

Conditionally essential and narssential genes identified in this study were translatednano acid
sequences. Amino acid sequences were run thrdBigAST, Pfam, TMHMM and Sigrs@Rersto
assess protein similaritgp other known sequences and cellulacation of proteins, providing
insights into the function of these identified genes dmlv these genes may translate into targets

for blocking Sayer assemblyDescriptions of these servers are outlined below:

BLASTFinds regions of local similarlgtaveen nucleotide, or protein sequences against a database
of known genome sequencé3ohnsoret al., 2008) For the FM2.5 TraDIS analysis, protein

sequences were compared to other microbial genomes via BLAST.

Pfam:is a widely used database that provides classification of protein families and dofiRainst

al., 2014) Pfamcontains multiple sequence alignments for each protein family, as well as profile
hidden Markov models for finding these domains in new protein sequences. Presented are Pfam
matches obtained for conditionally essential and conditionally-assential geng of FM2.5, and the

regions these domains span.

TMHMM: For any given protein sequence, TMHMM, gives the number of predicted transmembrane

helices, the expected number of amino acids in the transmembrane helices (if the number is greater
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than 18 then it idikely to be a transmembrane heli@roghet al., 2001) Additionally, this software
provides the probability that the ferminus is cytoplasmic. The algorithm is based on statistical
analysis of TMbase, a database of naturally occurring transmembrane proteins. Predictiomasde
using several weighmnatrices for scoring. Protein sequences from the FM2.5 TraDIS data set were

analysed for the presence of transmembrane helices.

SignalP 5.0This sever predicts the presence of signal peptides in Archaea, pa@sitive
bactera, Gramnegative bacteria, and Eukaryotés§imagro Armergroset al., 2019) For bacteria,
SignalP 5.0 can distinguish between Sec/SPI signal psptidwhich proteins are secreted by the
Sec translocon, Tat signal peptides, secreted by the Tat translocon and Sec/SPII lipoprotein signal
peptides.For the Signal® software, a probability close to 1 means a highly reliable prediction. For
Archaea, Gzam-positive and Grammegative bacteria, the probability threshold is 0.25, as there are
four possible classes of signal peptide (Sec/SPI, Tat/SPI, SPIl and Other). A probability close to this
threshold means a very unreliable predicti®trotein sequencesom the FM2.5 TraDIS data set

were analysed for the presence of signal peptide

KEGG PathwayKyoto Encyclopaedia of Genes and Genomes (KEGG) Pathway shows a compilation
of molecular interactions and biochemical reactions based on manually verified/agsiKanehisa

andGoto, 2000)

2.5 Protein Manipulation

2.5.1 Preparation of Cell Wall Protein Extracts

C. difficilestrains weregrown O/Nin 5 ml prereduced TY. Cells were harvested by centrifugation at
4,000 xg for 10 min. The supernatant wakscardedand cells were normalised to @ghm50 in 0.2

M glycine (pH 2.2). Suspensions were incubated at room temperature for 30 min witlorotati
Samples were centrifuged at 20,00@ for 2 min and the supernatant, containing the cell wall

proteins were transferred to a fresh microcentrifuge tube. The pH was adjusted8avith 2 MTris.
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2.5.2 SDSPAGE

Proteins were separated according toesizsing denaturing polyacrylamide gels as outlined

in tablel.

Table 1 Recipe for SDEAGE resolving gel. Sufficient for two 1.0 mm rrgails.

6% 8% 10% 12% 15%
30% acrylamide/biscrylamide 2 ml 2.7 ml 3.3ml 4 ml 5ml
1.5 M TrisHCI, pH 8.8 2.5ml 2.5 ml 2.5 ml 2.5 ml 2.5 ml
H.O 5.4 ml 4.7 ml 4.1 ml 3.4 ml 2.4 mi
10% SDS 100 pl 100 pl 100 pl 100 pl 100 ul
10% APS 50 pl 50 50 pl 50 pl 50
TEMED 10 pl 10 pl 10 pl 10 pl 10 pl

The resolving gel was poured and set with a layesagropanol andllowedto polymerise

for 1 h. The isopropanol was removed, and the stacking gel was poured as outlined i2.table

Table 2 Recipe for SDBAGE stacking gel. Sufficient for two 1.0 mm rrgeils.

5%

30%acrylamide/bisacrylamide 833 ul

0.5 M TrisHCI, pH 6.8 1.25 ml
H0 2.87 ml
10% SDS 50 pl
10% APS 25 ul
TEMED 5 pl
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Samples were combined with an equal volume of Laemmli buffer (150ms\HCI pH 6.8,
1.5% (w/v) SDS, 15% (vbAnercaptoethanol, 30% (v/v) glycerol anar@/ml bromophenol blue)
(Laemmli, 1970)Electrophoresis was performed using the ngrotean tetra @ll apparatus (Bio
Rad). A colour prestained broad range marker was use@4bkDa). 10 of sample was loaded to
each well. Gels were run at a constant voltage of 190 V until the dye front reached the bottom of the

gel ~ 60 min.

2.5.3 Coomassie Blue Sining

When required, gels were stained O/N in Coomassie blue (45% methanol, 10% acetic acid

and 1 mg/ml brilliant blue R50). Gels were destained using 45% methanol, 10% acetic acid.

2.5.4 Western Immunoblotting

Western blotting allows for detection of a specific protein from samples, using an antibody
probe that is specific for the protein. Protein samples were separated on a denaturing gel as outlined
in section 2.4.2. Gels were equilibrated in Cathode bufféem(i1 Tris-HCI, pH 9.4, 40 mM glycine,

10% (v/v) methanol) for 10 min at room temperature. ldmamobilon-P PVDF membrane was briefly
soaked in methanol, incubated in Milli Q water for 2 min and then equilibrated in Anode Il buffer (25
mM TrisHCI, pH 10.4,@%6 (v/v) methanol) for 5 min. Transfer stacks were assenfbiedanode to
cathode as followswo pieces of Whatmann filter paper soaked in Anode | buffer (0.3 MHRIs

pH 10.4, 10% (v/v) methanol), followed by a piece of filter paper soaked in Anoaliéelr, the
ImmobilonP PVDF membrane, the equilibrated gel and finally three pieces of filter paper soaked in
cathode buffer. Transfers were run at 15 V for 15 min for one gel or 15 V for 25 min for two gels.
After transfer, membranes were stained witoncaeu S (0.5% (w/v) Ponceau S, 1% acetic acid) for 2
min atroom temperatureto assess the quality of protein transfer. Membranes were washed with
Milli Q water until protein bands were visible. Membranes were dehydrated with methanol and
dried by incubtion at room temperature O/N. The primary antibody was diluted appropriately in

PBS with 3% skimmed milk. Membranes were incubated with the primary antibody at room
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temperature for 1 h with gentle agitation. Membranes were washed four times with PBS and
incubated with secondary horseradish peroxidase (HRP) conjugated antibodies in PBS with 3%
skimmed milk for 1 h at room temperature with gentle agitation. Membranes were washed four
times with PBS. Blots were developed using an enhanced chemiluminesceng{g€liate (Bio
Rad), which covered the membrane for 2 min@m temperature Blots were visualised using the

Bio-Rad ChemiDoc imaging system. A white image was also taken to visualise the molecular marker.

2.6 Growth Analysis ofC. difficileStrains

C. difficilestrains were growr®/Nin 5 ml prereduced TY supplemented with antibiotic as
required. The optical density of cells () was adjusted t®.01-0.05 with cultures being diluted
in fresh prereduced TY. Growth was monitored by measuthmgODsonmat 1 h intervals over an-8

10 h period.

2.7 ThinSectioning ofC. difficie samples

Thin sectioning was performed by Christopher Hill at the electron microscopy unit at The
University of Sheffield. After O/N fixation with 2.5% Glutaraldehyde, cells were further fixed with 2%
Osmium Tetroxide. Samples were dehydrated with increasing ctratiems of ethanol, followed by
Propylene Oxide. Cells were embedded in an araldite resin and sectioned at 85 nm on a Leica U6
ultramicrotome. Sections were transferred to copper coated grids and stained with uranyl acetate
and lead citrate. Samples wevesualised with a FEI Technai BioTWIN TEM at 80 kV fitted with a

Gatan MS600CW camera

2.8 Bioinformatic Analysis

Geneious software 8.1.9 was used routinely for DNA sequence alignmeiiicocloning,
SgRNA target design for CRISPRi and analysing théoRINAthe sgRNAs. Primers used Gibson

assembly were designed on Nebbuilditty://nebbuilder.neb.con).
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Chapter Il Optimising Transposon Mutagenesis Library Generation
in C. difficile

3.1 Introduction

Directed gene inactivatiooften relies on assumptions abothie contribution ofan
individual gene to a phenotype. Instead, it mayaulyantageous to generate large pools of mutants
across an entire genomevhich can be screened simultaneoudlyansposon directed insertion site
sequencing (TraDI8puples transposon mutagenesis with short DNA fragment sequencing,
generatnglarge randomiibraries of mutantswhichcan be phenotypically screened, allowing a
direct link between genotype and phenotype to be drawn. This technique requires the construction
of a highdensity library, in which all neessential genes contain the transposon itstollowed by

growth of the library through defined conditions.

Identifying the core genome @. difficilewould enable all essential genes for growth and
disease to be identified. Ofterssential genes will encode components of novel metabolic or
biosynthetic pathways, aiding in the development of therapeutics against this pathdgaRIS has
been applied taC. difficileR20291using transposon mutants generated solidrich agar media to
identify genes essential fgrowth (Dembeket al,, 2015) For R20291, a librappntaining more than
77,000 unique mutants was obtained. From this, a set of 404 genes were identified as essential for
growthin vitro, and 798 genewere identified, whichwere likely to affect spaulation, a process
critical forC. difficilgransmissim. Generation of transposon mutantelies on a conditional mariner
delivery vectorpRPF21%Fig 3.1) This plasmidlisplaysreplicationalinstability when induced with
the tetracycline nonantibiotic analogue, anhydrotetracycline. Fuicible expression systeis
composedof apair of divergent promoterseachwith overlapping tet operator sequencé®tO).

Per drives expression détR, encoding the system repressor angl @tives expression of the
mariner transposaseer is oriented towardsthe pCD6 replication origifhere is no transcriptional

terminator followingtetR, and, @ a result, transcriptional reatthrough disrupts the origin of
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replication, blocking furtheplasmid replicationMoreover,unlike C. difficile630,R2@91 does not
harbourtetM, a tetracycline resistance germaaking pRPF215 a good candidate for the selection of
transposon mutants (Stablet al., 2009).The plasmid also contains &n coliColE1 origin of
replication, acatPgene conferring chloramphenicol/thiamphenicol resistance and a transposon
containing he ermBgene (conferring erythromycin resistancEpon addition of tetracycline, the
transposasés expressed, anecognises the inverted terminal repeats flanking the transposon,
cutting the sequence from the DNA at these points. The transposornseged into any sequence
containing the recognition sequence, TA, which is prevalent acro<s.tt#ficilegenome as it is 70%

AT.

orfB

mariner
transposase

PRPF215

ermB

Fig3.1. C. difficiletransposon mutagenesis system shuttle vector containing t@tracycline
inducible mariner transposase and emmBtransposon
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One of the geneglentified asessential for growthn vitro encodeghe surface layer protein,
SIpA. This major surface structure has been suggested to be invola@dyriad of cellular
processes, includingporulation, toxin production and resistance to innate immunity effec{#lisk
et al, 2017b) Additionally, the Sayer is postulated to be involved in induction of the host immune

response and colonisation of host tisseagan and Fairweather, 2014)

Previous attempts to knoetiut slpAhave been unsuccessful. However, using bacteriocins
that specifically target the-Byer, mutantswhich resisted killing by avidocin A3D291.2 due to a
mutation inslpAarose at a frequency of < 1 x(Kirket al., 2017b) This mutatiorwas predicted to
truncate the protein at a site fierminal to the posttranslation cleavage site, preventindayer
formation. One of these mutanstrains, FM2.5, lacks detectable SIpA subuniiseC. difficileSlayer
is a major surface structure, which is metabolically costly to prodsevenow have a strain that
R2Say Qi LdsyerRazépsculhate'thafther genesmightbecome conditionally essentiat
non-essential in the absence of this major sudaarotein. For example, in the absence of the S
layer we may postulate that the protein responsible fdager secretionencoded bysecA2 may
become conditionally noessential. Additionallywe speculate that genes involved in PSII
biosynthesis, the @ionic polymer responsible forl8yer surface attachment may become non

essential in the absence of SIpA.

Identification ofchanges in gene essentialligtween R20291 and FM2vasachieved
through the construction of a higtlensity transposon mutagenesis librdoy the Slayer null strain
Ideally, saling up library production could obtain a higher number of unique mutants than the
77,000 obtained from the R20291 Traldgaset,giving rise taa higher resolution data set with
fewer number of base paitsetween transposon insertionghisimproved data resolution would
allow essentiality of several genes that were previously ambiguous &sdertained TraDISvas
applied to the FM2.5 mutagenesiibrary, to identify genes that become conditionally essential and

conditionally noressential in the absence tife C. difficileSlayer.
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3.2Results

3.2.1 AnhydrotetracyclineTolerance of an Sayer Null Strain

Before generating large scale transposon mutagenesis libraries, the fitness ofayer S
mutant, FM2.5to the transposition induceneededto be assessed. Ftre publishedC. difficile
insertion mutagenesis librarieransposition was induced withTcat a concentration of 100 ng/ml.
R20291 and 630 both have a#ia$er, which to some degree may provide a barrier of protection
against ATc. FM2.5 does not produce this surface layer as such there could loifferences in
sensitivityto ATc in this strainVhen generating these transposon libraries on a larger scale, a
balance between transposition induction and a steady growth rate is desirable. To assess the
tolerance of FM2.5 to ATc, thel&er null strairand wib-type, R20291were grown in increasing
concentrations of the inducer and the @Bmwas monitored hourlfor each concentratiorfFig
3.2). Overnight cultures of R20291 and FM2.5 were grown in 5 ml efgateced TY. Overnight
were subcultured to O8om 0.05 in TY supplemented with increasing concentrations of ATc: 20
ng/ml, 40 ng/ml, 80 ng/ml and 160 ng/rAlTc TY lacking the inducer was used as a control. Growth
rate of each strain was monitored hourly over 8 h by measuring thgJs@DExperiments we
carried out in triplicatausing biological duplicateMlild sensitivity to ATc was observed at 40 ng/ml
for R20291 and FM2.5, and the growth defects were more profound with higher concentrations of
inducer. All strains grew as expected at 20 ng/ml £bnsequently 20 ng/ml ATc was used to

induce transposition for our libraries.
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Fig3.2. An Slayer null strain is less tolerant to the transposition inducer than itsld-type counterpart.C. difficile
strains R20291 (wittype) and FM2.5 (gyer null strainvere grown overnight in 5 ml TY broth. Overnights were
subcultured to an Ofdonmof 0.05 in fresh preeduced TY containing increasing concentrations of anhgthatycline
(ATc): 20 ng/ml, 40 ng/ml, 80 ng/ml and 160 ng/mlsgafdwas monitored hourly for 8. Experiments were carried out
in triplicate using biological duplicateéShown are the mearstandard deviatiorand a linear regression model fitted to

the growth data to determine if FM2.5 is less tolerant to the transposition inducer than itstyygilslcounterpart.
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3.2.2 Transposition Frequency of anl&yer Null Strain

Calculatingransposition frequencys required to understand the number of celéqjuired
to obtain a highly dense insertion mutagenesis library. This is achieved through comparison of CFU
counts between induced and neanduced samples harbouring pRPFZER 33). Transposition

frequency ofFM2.5/pRPF21®as deciphered by the protocoltlined in sectior2.3.1

Colony morphologyas monitored after 24 hvVarying colony morphology was observed on
BHI plates supplemented with ATc dimtomycin, indicating successful transfer of the transposon.
CFUsvere counted for induced and neinduced samples and tabulat€d@able 3.1) Transposition

frequency was calculated by the formula below:

Transposition Frequency = No. of colonies on BHI-thiamphenicol

No. of colonies on BHI- ATc-Lincomycin

Table 3.1.CFU/mI of induced and neinducedFM2.5 exponentially growing cultures

Strain CFU/ml BHthiamphenicol CFU/ml BHATclincomycin
FM2.5/pRPF21Beplicate 1 6.00E+07 1.18E+05
FM2.5/pRPF21Beplicate 2 6.80E+07 1.12E+05
FM2.5/pRPF218eplicate 3 8.2E+07 1.71E+05

Table 3.2. Transposition frequency of induced FM2.5 exponentially growing cultures

Strain TranspositionFrequency Mean Transposition
Frequency
FM2.5/pRPF21%eplicate 1 1.97E03
FM2.5/pRPF21%eplicate 2 1.65E03 1.9E03
FM2.5/pRPF21%eplicate 3 2.09E03

92



3.23 Large Scale Transposon Mutagenesis Libraries in Liquid Media

Previously, insertion mutagenesis libraries were constructed in liquid media by Dr. Nadia
Fernandes, The University of Sheffiglahlike solid agar, in liqguid medieells are given ~ 16in a
competitive environmentThe bestompromisefor minimisingcompetition effectswould be to
grow the library through fewer generationsg8y-Additionally, when reducing generations of growth
there is a tradeoff as we want to avoid bottlenecks and a lack of mutant diversity while also
sufficiently diluting the plasmndifrom the populationTheoretically8 generations should be
sufficient toreduce plasmid contaminatigmvith pRPF215@D6 replication origin assuming 6

plasmid copies per cell.

From the preliminary data set, insertion mutagenesis library in liquid ngpetierated a
highly saturated mutant pool with 1.2 million chromosomal reddiswever, no essential genes were
identified in the data set, which is likely due to the library being grown through too few generations
to be able to isolate essential gen€sirthermore a large percentage of sequencing readse
from the transposition plasmidvastingthe majority ofsequencing read$siven the apparent
limitations of this approach, we instead decided to further optintts® methodology of making
mutant libraries on agar with thaim of improving the data resolution of previous published TraDIS

data forC. difficile

3.24 Improving Data Resolution for Agar Based Biological Libraries

Previouslyapproximately750,000 colonies were harvested in ligbiebth, yielding 77,000
unique mutantgDembeket al., 2015) Scaling ugo 1.5 million coloniesouldpotentially generatea
greater number of unique mutant# higher insertion density would allow tiessentiality of smaller
genes lost in the previous analysis to be ascertaineda§ar based biological libraries for FM2.5,
pRPF215 was conjugated into FBI2s outlined in sectioR.1.5 Five overnights ddM2.5/pRPF215
were grown in 10 ml Fthiamphenicol (15ug/ml). Overnights were subcultured to @Bm0.05 in

10 ml T¥thiamphenicol and grown to QEn.m0.3.To obtain 1.5 million lincomycin resistant
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mutants, sibcultures were diluted 1:10 in TY as per the transposition frequehEy2.5 in section
2.3.1 300ul of culturewas plated onto BHI supplemied with ATq20 ng/ml)andlincomycin(20
pg/ml). Bacteriavere harvested in TY with ATc dittomycin for sample storage and gDNA

extraction.Libraries were processed as outlinedsattion2 4.

lllumina sequencing runs are costly, therefere wanedto ensure that therevasno issue
with plasmid contaminatiomnd wasted sequencing readsenewizoffersan AmplicorEZ service
With this service, 50,000 reads are provided, sufficient to detect significant plasmid contamination.
For this, the custom inline indices are removed and replaced with partial addpt PCR with
oligonucleotides RF1522 and RF1&820R products were column purified as outlined in section
2.2.5 DNA concentration was measured by Qubit. 500 righ#were prepared at a concentration

of 20 ng/ul.Samples were sent for sequencing in dugikc

For the FM2.5 agar based biological libra8&8of sequencing reads were mapped to the
plasmid andnly 12% to the chromosome, indicating plasmid contamination wasagorissue in
our library preparationgTable 3.3) (Fig 33).

Table 33. Number of reads mapped to the R20291 chromosome and plasmid pRPF215 from the

first solid agar library attempt

Sample Number of Number of % Reads Numberreads % Reads
reads with the readsmapped mapped tothe mapped tothe mapped tothe
transposontag to the chromosome  plasmid plasmid

chromosome

FM2.5 (1) 69,183 8,663 12.52 60,520 87.47

FM2.5 (2) 75,509 8,983 11.89 66,526 88.1

Mean 12.2 87.79
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Fig3.3. Percentage reads mapped to R20291 chromosome and transposition plagRiRF215The
mean number of sequencing reads mapped to the transposition plasmid, pRPF215, and the R20291
chromosome, were plotted as a percentage of the total number of mappable reads from duplicate

samples.

3.25 Enzymatic Digestion Effectively Removes Plas@ahtaminantsDuring gDNA
Processing.

With ~ 87% sequencing reads being losthte plasmid a restriction digest stepsing EcoRl
HFwas incorporated int@ur library processing preparatiqms outlined in sectiof.4.5 Digested
and undigested samples were rimduplicateon aHiSedane to compare the efficiency of plasmid
curing by this methodA HiSeq lane should giup to 300 million sequencing reads instead df 3
million from a MiSedgane. This should circumvent the issue of plasmid contamination as the number
of remaining reads should be sufficient to do an essentialfassential gene analysi@romosomal
mapping of sequencing reads increased frb2f6 to % when the digestion wasicorporated

(Table 34) (Fig 34).
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Table 34. Comparison ofhe number of reads mapped to chromosomand plasmid pRPF215

following EcoRI digestion

Sample Number of Number of % Reads Number of %Reads
reads with the readsmapped mapped tothe readsmapped mapped tothe
transposontag to the chromosome  to the pRPF215 plasmid

chromosome plasmid

FM2.5 965,135 83,111 9.5 795,780 90.5

Undigested(1)

FM2.5 3,497,283 254,596 8.1 2,874,906 91.9

Undigested (2)

Mean 8.8 90.95

FM2.5 7,857,796 3,082,119 71.2 1,247,989 28.8

Digested (1)

FM2.5 9,300,784 3,133,403 52.9 2,792,593 47.1

Digested (2)

Mean 62.05 37.95
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Fig3.4. Enzymatic digestion reduces plasmid contamination during gDNA library processing.
Undigested and digested gDNA samples were ruardtiumina HiSeq in duplicate. The digested
samples were digested with EcoRlI after the ligatioadzptors to the bluntend DNAThe mean
number of sequencing reads mapped to the transposiptasmid, pRPF215, and the R20291
chromosome, were plotted as a percentage of the total numbanappablereads containing the

transposon tag from duplicate samples.

However, a large portion of reads were still wasted on the transposition pla3midsess if
the enzymatic digestion step could be improved, ttepsvas moved after the enrichment PCR of
the transposon junction, which amplifies only fragments harbouring the transposon. Samples were

then processed as outlined from sectiai.6 onward.
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Table 35. Number of reads mapped to the chromosome after enzymatic digestion.

Sample Number ofreads Numberof reads % Readsnapped to
with the transposon mapped tothe the chromosome
tag chromosome

FM2.5 Digested (1) 868,361 845,528 97.37

FM2.5Digested (2) 2,007,420 1,942,291 96.76

Mean 97.06

Altering the position of the restriction digest resulted~876 mapping of sequencing reads
to the chromosomeWe nowhada defined method foremoval of contaminatinglasmidDNA

when making transposon libraries.

Uponremoval of the plasmifrom our samplesit then became apparent that our libraries
alsocontaineddominating mutantghat monopolsedsequencing reads, witimsufficient mappingn
the remaining reads to dthe dedred essentialhon-essential gene analysid/e postulatel that the
presence of a dominating mutant is due to tleakiness of thé&e; promoter, allowinglow frequency
early transpositiorprior to mutant selection, followed by amplification of thesulting mutant

through the library selection procedure

3.26 A Multifactorial Approach to Prevenan Early Transposition Event

Generation of transposon mutantsok 5 days from initial elivery of pRPF215 int®.
difficile, involvingmultiple restreaks without indution, increasinghe likelihood of an early
transposition event occurring, especially if the promoter which drivedranscriptionof the
transposase is leakyhe first precaution to be takemasreducing the time thestrain containing the
plasmidwas culturedprior to library generationThiswas achieved by harvesting the conjugation

after 8 h instead of 24 h, and platibgcteria on BHtolistin thiamphenicol instead of BHI
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cycloserine thiamphenbl. Cycloserine is bacteriostatic, preventiigcoligrowth whereascolistin is
bactericida] killing E. coli Swapping these antibiotics reduces the restreaks required to eliminate the
E. colifrom two to one Combined, these refinementsglved the entire procesgrom 5 to 2.5 days
Additionally,previoustranspositionexperiments use@xponentially growing cells, potentially
selecting for a dominating mutant in sampkesd adding yet more growing tim&electing for

mutants directly fromovernight culturesvould reduce the number of generations the bacteria go
through, reducinghe chances of selecting for bacteria that have undergone an early transposition
event.Afinal precaution thatwastakenwasincreasing the number of transconjuga used to
construct thelibrary from five to ten.Each overnightulture, representing an independent
transconjugantwasplated onto 15 plates, giving 150 plates tofBhis proceswas thenrepeated,
allowing 1.5 million colonies to be harvestdah wse overnight cultures to induce transposition, the

transposition frequency of overnight cultures was determined as outlined in sezi®h(Fig3.5).
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Table 36. CFU/mI ofC. difficileFM2.5 midlog and overnight culturesiarbouring the transposition
plasmid pRPF215.

Strain CFU/mI BHI CFU/ml BHATc

thiamphenicol lincomycin

Mid-Log Cultures FM2.5/pRPF215 2.43E+06 1.50E+05
replicate 1

FM2.5/pRPF215 1.19E+06 1.30E+05
replicate 2

FM2.5/pRPF215 8.00E+05 5.00E+04
replicate 3

Overnight Cultures FM2.5/pRPF215 7.80E+06 2.00E+05
replicate 1

FM2.5/pRPF215 1.13E+07 6.00E+05
replicate 2

FM2.5/pRPF215 5.70E+06 7.00E+05
replicate 3

Table3.7. Transposition frequency o€. difficileFM2.5 midlog andovernight cultures

Strain Transposition Mean Transposition
Frequency Frequency

Mid-Log Cultures FM2.5/pRPF215 6.17E02

replicate 1

FM2.5/pRPF215 1.09E01 7.78E02

replicate 2

FM2.5/pRPF215 6.25E02

replicate 3
Overnight Cultures FM2.5/pRPF215 2.56E02 6.72E02

replicate 1

FM2.5/pRPF215 5.31E02

replicate2

FM2.5/pRPF215 1.23E01

replicate 3
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Mid-log Cultures

107+

106+
105+ —

104_
103_
102+
101-
100- .

CFU/mi

Hm BHI-Thiamphenicol
B3 BHI-ATc-Lincomycin

CFU/ml

Overnight Cultures

105_
107_
106 —
105_
104_
103_
102_
101_
100

Hm BHI-Thiamphenicol
B BHI-ATc-Lincomycin

Fig3.5. Comparison of transposition frequency from nildg and overnight culturesC. difficile

strains harbouring pRPF238ere grown overnight in preeduced TY media. To assess the

transposition frequency of mitbg cultures, overnights were subcultured to 4a,0.05. The

ODsoonmwWas monitored hourly until cultures reached log phasedfa0.4-0.8). At log phase,

cultures were serially diluted in TY and plated onto-Btiomphenicol for total CFU counts and BHI

supplemented with the transposition inducer, ATc (20 ng/ml) Emzbmycin (20 pg/ml). To assess

transposition frequency of overnight cultures, bacteria were digrdiluted in TY and plated onto

BHHthiamphenicol and BHI supplemented with ATc &ndomycin. Cultures were spotted in

triplicate and the CFU/ml for induced and nomduced samples was determineghown are the

means and standard deviations.

The nexday, plates were examined to determine if an early transposition event had

occurredin any of the 10 independent startermdicated by aet of plates with higher colony

density than expectedEach stack waken pooled one at a time in FXTclincomych. Samples from

each poolweretaken forlongterm sample storagat -80°Cand gDNA extraction. gDNA was

extracted from10 stacks as outlined in sectiéh2.2

To assess if the issue of an early transposition event had occurred, sSQ@plas

performedusingthe AmpliconrEZservice described abowe assesshe number of reads containing

the transposon tagFor the FM2.5raDISno dominating mutants were observe80-40,000
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insertions were obtained for the libraywith 20-30,000 of tlose insertions supported by multiple
reads.This was sufficient coverage to do an essentialfagaential gene analysis between R20291
and FM2.5Theoptimised transposition method developed in this chapter is described in section

24,
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3.3Discussion

In summary, we have now generated a transposon muliarary inC. difficileFM2.5, to
observechanges in genessentiality in the absence of adeyer. The method of making transposon
libraries in liquid media vs solid agar, was first adopted to reduce the amount of space used in the
anaerobic cabinets and the labour involved with harvesting mutants from plailesry generation
in liguid mediahas several potential advantages: it is less costly, quicker and less labour intensive,
with the possibility of generating several libraries for different strains in parallel. Generating libraries
by this method may givase to higher density transposon libraries, as mutant density per ml is
greater in liquid media than the mutant density per square cm on.ddaally,this would allow
clarification of essentiality in both directiondowever, library generation in ligghmedia presented
several challengegirst,C. difficilecannot be transformed, as such the transposon must be delivered
onaplasmid, resulting in a tradeff between efficient plasmid curing and obtaining a highly
saturated librarySecondly, in liquidhedia, cells are given ~ 16 h of growth in a competitive
environment. Consequently experimental aims change from identifying the cessentiagenome
in an Sayer null strain to identifying changes in gene essentiality wbedifficildacking this
structure are competing for the same nutrients and resourd@sminimise competition effectse
reduced the numbeof cellgeneratiors that libraries were grown through-dowever, by this method
we were unable to ascertain any essential genes as the Vilovas growth through too few
generationsAlso,growing the library through too few generations would not sufficiently dilute the
transposition plasmid from the library, which would waste valuable sequencing reads in the
downstream processes. Hesitancy to grow the libraries through further generatiade s decide

to go back and adjust the protocol for generating insertion libraries on solid agar.

For these librariedransposition was induced using 20 ng/ml ATc, due to concerns of ATc
sensitivity of FM2.5. Higher concentrations of ATe%20 ng/ml)have been usegreviouslyfor

transposition induction irC. difficileR20291 and 630 (Dembek 2015). However, varied colony
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morphology was observed after induction with 20 ng/ml, indicative of the occurrence of a
transposition event. For the first solid agautant library, a large number of sequencing readsne

from the transposition plasmid, which could be due to the low concentrations of ATc used in the
experimentand a consequent reduction in the efficiency of plasmid cuflmyensure there was no
problem with wasted sequencing reads from the plasmid a restriction digestion step was
incorporatedafter the enrichment PCR. For FM2.5, EcoRI was chosen, eutsch sitgpresent on

the plasmid onceadjacent to the transposon inverted terminal repeand aits infrequently

throughout the genome. Digestion of samples with EcoRI meant that reads amplified from the
plasmid were short and negligible. Introduction of a restriction digestion step reduced plasmid
sequencing reads from 87% to 3%. Additionally, ftbepreliminary FM2.5 dataset, dominating
mutants were also observed, which monopolised sequencing reads. These mutants left insufficient
reads in the remaining genes to do the desired essentiality analysis. The appearance of these
mutants was likely dueotleakiness of the R promoter on the transposition plasmid. This would
allowalow frequency early transpositiogvent to occumprior to mutant selectionThe resulting

mutant would then be enriched fdsy amplification through the library selection medure.To
overcome this, several adjustments were made to the library generation protocol. The first
precaution to be taken was reducing the tir@e difficileharbouring the plasmid was cultured prior

to induction Secondly, previous transposition expeeimts used exponentially growing cells, adding
more growingtime and potentially selecting for a dominating mutant in the samples. Instead, we
selected for mutants using overnight cultures, reducing the number of generations the bacteria have
gone throughand reducing the likelihood that bacteria selected have gone through an early
transposition event. The final precaution was increasing the number of transconjugants used in the
experiment from 5 to 10. Each overnight culture represented an independergdoarugant and

these were plated onto 15 plates, giving 150 plates total. Repeating this process allowed 1.5 million
colonies to be harvesteaach potentially representing a unique transposon mutauty stacks of

plates which appeared to have a highemndiythan expectedsuggesting that a premature
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transposition event had occurred in that lineageere discarded. Abf these refinements lead to
the library generated for this thesis, containing-80,000 insertions with 280,000 insertions
supportedby multiple readsOne potential way of improving coverage for subsequent library
generations would involve inducing transposition with a higher concentration oféAdapies of the
transposition plasmid are assumed per cell. Consequently, per celkahgposon cajumpinto the
genome a maximum of 6 times. It is possible that usage of low concentrations ohay opt result
in transposition occurring in all copies of the plasmid, reducing coverage, as observed in the
sequencing stageé&n optimised nethod for library generation i. difficilas described in section
2.3, however, future insertion mutagenesis libraries should be constructed with higher
concentrations of ATc to improve coveradgéethodology from this experiment has now been

extended toanotherClostridiagenerating a library i€lostridium saccarhoperbutylacetonicum
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Chapter IV Conditional Gene Essentiality in anl&yer Null Mutant

4.1 Introduction

Generally, TraDIiS used to study the core genetic elements required for growth.
Interrogating genomes in this way is pivotal to understanding key cellular processes, fronyidgntif
novel metabolic components to potential antimicrobial targets. Thay8r ofC. diffidie is essential,
for reasons that remain unknowiDembeket al., 2015) Despite this, and as outlined @hapter I,
we now have an-fayer null strain, FM2.5. This strain is avirulent and displays severe sporulation
defects. Extending a TraDIS analysis to FM2.5, could allow the identification of alternative protein
targets to disrupt Sayer formation. Ratilom transposon mutagenesis of FM2.5, gavel83®D00
unigque transposon insertions, with Z8D,000 of those insertions supported by multiple reads. This
was sufficient coverage to do an essential/ressential gene comparison between FM2.5 and WT,

R20291.

Here, we define @jene asessentialf the gene encodes functions vital for bacterial growth
under the conditions of the assa@enes identified as conditionally essential in the absence of SIpA
represent synthetically lethal gene pairs as this library e@asstruced in amutant strainlacking the
Slayer.On the otherhand,conditionally noressential genes in the absence of thiaer
potentially represent targets for disruptingl®yer assemblyWe may speculate that in the absence
of this surface structureslpAmay become dispensable for growtve may also speculatedhthe
protein responsible for-fayer secretionSecA2,may become conditionally neassential in this
strain(Fagan and Fairweather, 201This may also extend to biosynthetic genes for PSiII, the anionic

polymer responsible for-Byer surface attachmer(iVillinget al., 2015)

Here we present successful application of TraDIS to identify a repertoire of genes either
dispensable or vital fo€. difficilegrowth in the absence of arl8yer. Additionally, we provide a

functional analysis dll the candidate genes identified in this study.
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4.2 Results

4.2.1 Sequencing of FM2.5 TraDIS Libraries

As outlined in chapter Ill, TraDIS libraries were sequenced in biological duplicates with
technical duplicates, FM2.5 1a and 1b and FM2.5 2a Bn@&&mples were prepped as outlined in
section 2.3 Libraries were loaded onto the MiSeq flaellandrun on an lllumina MiSegith 150
bp pairedend reads. This involves sequencing both ends of the transposataining gDNA
fragments and aligning the forward and reverse reads as read pairs, enabling more accurate read
alignment than single reads. Demultiplexing TraDIS sam@e<arried out by Dr. Roy Chaudhuri
The University of Sheffield as outlinedsiection 2.3.1(Table 4.1) The mean number of unique
insertions sites for all FM2.5 samples, was 33,022 resulting in an average of 1 insertion every 126 bp,

unlike the 54 bp bserved for R2029(Dembeket al., 2015)

Table4.1. Summary of TraDIS results from FM2.5 sequencediliies.

Sample Total reads No. reads with No. reads mapped No. unique
transposon tag (%) to reference insertion sites
genome (%)

FM2.5 1a 4,849,448 4,796,794 (98.9) 4,338,542 (90.4) 35,252
FM2.5 1b 4,766,458 4,706,317 (98.7) 4,255,282 (90.4) 28,220
FM2.5 2a 3,201,625 3,115,029 (97.3) 2,871,088 (92.2) 28,652
FM2.5 2b 4,562,453 4,470,657 (98) 4,048,634 (90.6) 39,965
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4.2.2 Identification of theputative essential genome of FM2.5 by TraDIS

In an ideal library with a high density of insertions, this analysis should generate two peaks
(Fig 4.1) The first node contains all the genes with a low number of transposon insertessestial
genes, while the second node contains all the genesttilatated higher numbers of insertions
above the threshold of essentialjtthe nonessentiagenes. Highly complex librariesll contain
multiple unique insertions in every gene, with a clear separation between the two peaks, allowing
the differences iressentiality to be clearly ascertained, as observed for the R20291 TraD(Fidata

4.1)(Dembeket al.,, 2015)

Analysisof samples via Bio::TraDi&/ealed 488 genes as essential in the R20291 (dathle
4.2). For R20291, theighly complex librarcontainedmultiple unique insertions in every gene, with
a clear separation between the two peaks, allowing the differencegeiieessentiality to be clearly
ascertainedDembeket al., 2015) However, for each individual FM2.5 data set, overlapping peaks
are observed, meaning that many nessential genes, especially small genesgoieg that contain
few potential insertions are incorrectly characterised as essefitigl4.). From the TraDIS analysis,
there are many insertion locations with only a small number of reads, and these locations are not
consistent across all individuabdaries. While each library has-80,000unique insertion sites, only

7709 of these are consistently found across all FM2.5 samples.
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Table 4.2Gene essentiality in an-Byer mutant.

Sample Essential Non- essential Ambiguous Conditionally ~ Conditionally

genes genes genes essential genes non-essential
genes

FM2.5 la 379 3154 37 55 20

FM2.5 1b 824 2386 360 55 20

FM2.5 2a 460 3028 82 55 20

FM2.5 2b 325 3176 69 55 20

R20291 488 2904 178 - -
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A.
R20291 Insertion Index (Dembek et. af 2015)
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Fig4.1. Insertion Indices ot. difficileR20291 andC. difficileFM2.5. AGene insertion index scores

of WTC. difficileR20291 andB. FM2.5. The frequency distribution of insertion index scores for
R20291 is bimodal. An exponential distribution model isditie the first mode, including all

essential genes (red) and a gamma distribution model is fitted to the right, indicating all genes that
tolerate higher number of transposon insertions, the ressential genes. Dissimilarly, the insertion
index for FM2.5ample 1b has overlapping modes, making differences in essentiality harder to

ascertain. All FM2.5 samples followed a similar distribution.
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4.2 3 ldentification of the conditional genome in an-Byer null mutant

Merging thedata sets made iharder to specificallgecipher the conditional genome of the
Slayer mutant(Table 4.2) As such, we will define conditional essentiality as genes which are
essential in all four data sets of FM2.5 amah-essential in the published R20291 TraDIS anaysis

vice versa for conditionally neessential genes.

Genes identified as neessential in all FM2.5 libraries were compared against the R20291
data to identify initial changes in essentiality. In a second step, any differences in essentiality were
compared against the published Demletk aldata to ascertai the genes dispensable for growth in
the absence of an-ayer. By this method, 20 genes were identified as conditionallyessential in
an Slayer null mutan{Table 4.3) Additionally, 55 genes were identified as vital for growth in the

absence of thd major surface structur€rable 4.5)
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Table 4.3. Conditionally noessential genes of an-lByer mutant

Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Indexlb Index2a Index2b Length
(bp)
CDR20291_0038 13 12 15 17 0.007576 0.006993 0.008741 0.009907 1716 proylyHtRNA
synthetase
(pro9
CDR20291 0481 10 8 4 8 0.013228 0.010582 0.005291 0.014898 756 putative endonuclease
CDR20291_0513 83 67 53 89 0.018954 0.0153 0.012103 0.020324 4379 hypothetical protein
CDR20291_0896 19 17 10 20 0.005479 0.004902 0.002884 0.005767 3468  ATRdependent
nuclease subunit B
CDR20291_1130 4 4 2 3 0.0199 0.0199 0.00995 0.014925 201 putative small acid
soluble spore protein
CDR20291 1213 2 2 1 1 0.006116 0.006116 0.003058 0.003058 327 putative phage protein
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Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Indexlb Index2a Index2b Length
(bp)
CDR20291_1930 4 8 8 8 0.010753 0.021505 0.021505 0.021505 372 putative phage
regulatory protein
CDR20291_2329 5 5 6 5 0.005593 0.005593 0.006711 0.005593 894 GTPRbinding protein
(era)
CDR20291 2355 2 4 3 2 0.003221 0.006441 0.004831 0.003221 621 heat shock protein
(9rpB
CDR20291_2463 7 5 1 4 0.009485 0.006775 0.001355 0.00542 738 probable short chain
dehydrogenase
CDR20291 2603 7 10 4 3 0.007407 0.010582 0.004233 0.003175 945 UTR glucosel-
phosphate
(9taB) uridylyltransferase
CDR20291 2659 11 9 3 10 0.008185 0.006696 0.002232 0.00744 1344 putative UDRglucose
6-dehydrogenase
(rkpK)
CDR20291_2660 3 3 1 3 0.003984 0.003984 0.001328 0.003984 758 putative teichuronic

(tuaG)

acid biosynthesis
glycosyltransferase
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Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Index1b Index?2a Index2b  Length
(bp)
CDR20291 2681 38 32 56 86 0.016198 0.01364  0.02387 0.036658 2346 preprotein translocase
SecA subunit
(secA?
CDR20291_2694 6 4 9 11 0.005882 0.003922 0.008824 0.010784 1020 Holliday junction DNA
helicase
(ruvB)
CDR20291_3187A 1 1 1 1 0.007092 0.007092 0.007092 0.007092 138 autoinducer
prepeptide
CDR20291_3217 19 10 16 27 0.019792 0.010417 0.016667 0.028125 960 6-
hosphofructokinase
(PfkA) PROSPROITUCoK
CDR20291 3399 2 4 8 3 0.002478 0.004957 0.009913 0.003717 807 glutamate racemase
(murl)
CDR20291 3535 21 23 4 18 0.011076 0.012131 0.00211  0.009494 1896 glucose inhibited

(gidA)

division protein A

114



4.2 4 Tools for computational analysis of the conditional genome of FM2.5

Conditionally noressential genes represent good targets for disruptivigyBrassembly in
the WT strain. As such, computational analysis was performed on the conditional genome to gain
further insightsinto the function of individual gene#édditionally,several genes from the analysis
could be mapped to KEGG metabolic pathway<fadifficile enabling identification of dispensable
metabolic reactions in the absence of Slganehisa and Got@000) These reactions, and perhaps
metabolic intermediates, would be essential in the WT background, and perhaps good targets for
the development of antimicrobials. Tools for computatioaahlysis of the conditional genome of an

Slayer mutant are otlined in section 2.4.10

4.2 5 Conditionally nonessential genes in the absence of a#ia$er.

From the FM2.5 TraDIS analysis 20 genes were recognised as conditionalsantialTable
4.3). Bioinformatics analysis revealed that none of these genes encodentiembrane proteins
(Table 4.4) Moreover, it is extremely likely that all of these proteins are intracellular, as evidenced
by low probabilities of the proteins having a signal peptide sequence. From these 20 genes, two
genes were annotated to encode hypetical proteins ¢dR20291_ 0518ndcdR20291 1213
(Table 4.4) however, bicinformatics analysis revealed little information about the functions of these

two proteins.

cdR202912329was identified as conditionally neessential. This gene encodes the EfEPase
involved in 30S ribosome subunit biogendg¥ikodet al., 2019) Six genes were idéfied as
involved in sugar metabolisedR20291_0481dR20291 260®taB), cdR202912659(rkpK),
cdR20291 266QuaG), cdR20291 321(pfkA) andcdR20291 35350f these six, twogtaBand
rkpK) encoded proteingound within the same metabolic pathwdfig 4.3) GtaB, a 314 amino acid
UTR-glucosel-phosphate uridylyltransferasie involved in the conversion glucoselP to UP-
glucose. In many bacterial species Uihicose serves as a substrate for the synthesi
diacylglycerol (DAG) in lipoteichoic acid synthé&sisindling and Schneewind, 2003ubsequently,
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RkpK, a putative UDglucose édehydrogenase catalyses the conversion of igbieose to UDP
glucoronate. RkpK is 447 amiacids in length and shares ~72% sequence similarity with a UDP
glucose/GDfnannose dehydrogenase froBaecillussp. From the bioinformatics analysis, RkpK lacks
transmembrane domains andpotentially Sec secreted (0.3744 probabilitifor the Signaly

software, a probability close to 1 means a highly reliable prediction. For Archaea;[8sitive and
Gramnegative bacteria, the probability threshold is 0.25, as there are four possible classes of signal
peptide (Sec/SPI, Tat/SPI, SPIl and Other). A pilapalose to this threshold means a very

unreliable prediction.

Additionally, several proteins were identified as part of the anionic polymer,d&ynthetic
locus:cdR20291_2658ndcdR202912660(Willinget al., 2015)Fig 1.6)CDR20291_2660¢aq is
250 amino acids, andputative teichuronic acid glycosyltransferg&moldoet al., 1999) TuaG o€.
difficile shares 59.2% amino acid sequence identity with tha® gberfringensThis protein is
intracellular with a 0.9922 probability it is not secreted. Notabt§R20291 2664&nd
cdR20291 2665vhich are also PSII biosynthetic genes were identified as conditionalgssamtial
in 3 out of 4datasets and of ambiguous essentiality in tH& ZHs confirmed the hypothesis that

several PSII biosynthesis genes would become conditionalkgssantial in the absence of SlpA.

Another major gene identified as conditionally nessential wagdR20291 2681This gene is
annotated to encode the preprote translocase Se@4Fagan and Fairweather, 20185ecA2, is 781
amino acids in length and is comprisafta DEABike domain, a SecA Wing, @ffold domain, and a
SecA preprotein crodgking domain. It is this protein that is responsible $dayerprecursor
secretion.LikeBacillus anthracij<C. difficilesecAds contained within an-fayer genomic locus
(Minkovskyet al., 2002) However unlike inB. anthracissecAds essential for viability i€. difficile
(Dembeket al., 2015) This ispotentially due toSIpA being a SecAizpendent substrate. However,

in the absence of the-layer, we have identifiedecAZas expendable for growth.
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Two genes identified are involved in sporulati@mable 4.4) The first is small acid soluble spore
(SASP) prote, cdR20291 113m@ne of four SASPs described @rdifficile cdR20291 257§SspA,
cdR20291 310{SspBandcdr20291 308@Nerber and Sorg, 2021Jhese SASPs are locavgthin
core of the spore, tightly associating with, and altering the properties of the DNA, contributing to
spore resistancéo heatandchemicalgParedesSabjeet al., 2014) While the major SspAnd SspB
are involved in UV resistance, no such role has been described®20291_113(Nerber and Sorg,
2021) The second spore protein identified as conditionally tessential icdR20291_3086r
dapBJ encoding a dihydrodipicolinate reducta@ég 4.4) InClostridium perfringens dap#ddapB
encode the precursor enyzmes for dipicolinic acid, which preserves the metabolically dormant spore
state (ParedesSabjaet al., 2014) Interestingly,cdR20291 335&polllF, encoding the sige V
sporulation protein B was identified as conditionally ressential ir8 out of 4datasets, and of

ambiguous essentiality in thé"4not shown).

cdR20291 339%r murl,encodes a glutamate racemase, Murl, responsible for conversion of L
glutamate b D-glutamate, which is then incorporated into the PG cell wallrl, is essential if. coli
andC. difficileexpressing SlpfOembeket al., 2015; Doubleet al., 1993) However, in the absence
of this surface structuranurlis dispensable for growth. Interestingly, while twaurl homologues
have beendentified in many bacterial species, no sushrl homologue is present in th€. difficile
genome(Duvallet al., 2017) Murl exhibits spdaes-specific structural and enzymatic properties and
as such may represent a good target for the development of nasp&ctrum antibiotics to treat

CDI(Lundgvistet al., 2007)

Additional proteins includeneinvolved in proline metabolisrtFig 4.2) COR20291_0038Pro9),
CIR202912355(GrpE), encoding a bat-shock protein, postulated to be anl&yer chaperone
(Peter Oatley, personal communication), a phage transcriptional reguf@aii®20291 193@nd the

the Holliday junction branch migration DNA helicdReyB
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Table 4.4Bioinformatic analysis of conditionally noessential genes

Locus_tag Annotated Function  BLAST Pfam Prediction TM Pred Sec Signal  Tat Signal Lipobox Other
Peptide Peptide Signal
Probability Probability Peptide
Probability
CDR20291_0038 prolyl-tRNAsynthase proline tRNAligase tRNA synthetase class Il core 0 0.0047 0.0006 0.0004 0.9943
domain (G, H, P Sand T){94
454), anticodon binding
domain (470562)
CDR20291 0481 putative endonuclease sugar phosphate xylose isomeraséke TIM 0 0.0115 0.0002 0.0022 0.9861
isomerase/epimerase barrel (29210)
CDR20291_0513 hypothetical protein  hypothetical protein no significant Pfam matches 0 0.1494 0.0022 0.0101 0.8384
CDR20291 0896 ATRdependent helicaseexonuclease exodeoxyribonuclease V, 0 0.0051 0.0003 0.0012 0.9933
nuclease subunit B AddAB subunit AddB gamma subunit (299439), PD
(D/E)XK nuclease superfamily
(781-1125)
CDR20291 1130 putative small acid spore protein no significant Pfam matches 0 0.0074 0.001 0.0009 0.9907

soluble sporeorotein
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Locus_tag Annotated BLAST Pfam Prediction TM Pred Sec Signal Tat Signal Lipobox Other
Funci Peptide Peptide Signal
unction Probability ~ Probability ~ Peptide
Probability
CDR20291 1213 hypothetical protein  DUF2577 family protein protein of unknown function 0 0.0014 0.0001 0.0003 0.9982
DUF257718-104)
CDR20291 1930 putative phage Helixturn-helix Helixturn-helixdomain (862) 0 0.0039 0.0005 0.0005 0.9952
regulatory protein transcriptional regulator
CDR20291 2329 GTPhinding protein GTPase Era 50S ribosoméinding GTPase 0 0.0081 0.0005 0.0014 0.99
(6-121), KH domain (26383)
CDR20291 2355 heat shock protein nucleotide exchange GrpE (2206) 0 0.0067 0.0123 0.002 0.979
factor GrpE
CDR20291_2463 probable short chain  3-oxoacylACP reductase Enoyl(Acyl carrier protein) 0 0.1118 0.0034 0.0053 0.8795
dehydrogenase FabG, SDR family NAD(F reductase(10-244)
dependent
oxidoreductase
CDR20291 2603 UTR-glucosel- UTR-glucosel- Nucleotidyl transferase (30 0 0.0792 0.002 0.0089 0.9099
phosphate phosphate 293)
uridylyltransferase uridyltransferase
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Locus_tag Annotated BLAST Pfam Prediction TM Pred Sec Signal Tat Signal Lipobox Other
Function Peptidg . Peptidg . Signgl
Probability = Probability = Peptide
Probability
CDR20291 265 putative UDP UDRglucose/GDP UDRglucose/GDHRnannose 0 0.377 0.0045 0.0699 0.5482
glucose 6 mannose dehydrogenase family, NAI
dehydrogenase dehydrogenase family binding domain(17-201),
protein UDRglucose/GDfnannose
dehydrogenase family,
central domain(215-308),
UDRglucose/GDRnannose
dehydrogenase family, UDI
binding domain330-432)
CDR20291 266 putative teichuronic Glycosyltransferase Glycosyltransferase family 0 0.006 0.0001 0.0699 0.9922
acid biosynthesis  family 2 protein (7-166)
glycosyltransferase
CDR20291 268 preprotein Preprotein translocase SecA DEAlke domain(4- O 0.0016 0.0002 0.0003 0.9979

translocase SecA
subunit

subunit SecA

381), SecA Wing and
scaffold domain574-781),
SecA preprotein cross
linking domain229-337)
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Locus_tag Annotated Function  BLAST Pfam Prediction TM Pred Sec Signal Tat Signal Lipobox Other
Peptide Peptide Signal
Probability = Probability = Peptide
Probability
CDR20291_2694 Holliday junction DNA Holliday junction branch Holliday junction DNA helicas 0 0.0034 0.0006 0.0005 0.9954
helicase migration DNA helicase RuvB Roop domain (26184),
RuvB RuvB AAA lid domain (187
260), RuvB @rminal winged
helix domain (262332)
CDR20291_3086 dihydrodipicolinate 4-hydroxy dihydrodipicolinate reductase 0 0.0049 0.0002 0.0006 0.9944
reductase tetrahyrdodipicolinase N-terminus (2113),
reductase dihydrodipicolinate, €
terminus (116248)
CDR20291_3187, autoinducer cyclic lactone autoinduce no significant Pfam Matches 0 0.7163 0.03 0.1704 0.0833
prepeptide prepeptide
CDR20291 3217 6- 6-phosphofructokinase  phosphofructokinase 275) 0 0.0849 0.0009 0.0111 0.9031
phosphofructokinase
CDR20291 3399 glutamate racemase glutamate racemase Asp/Glu/hydantoin racemase 0 0.0046 0.0002 0.0007 0.9945

(6-214)

121



Locus_tag Annotated Function  BLAST Pfam Prediction TM Pred Sec Signal Tat Signal Lipobox Other
Peptide Peptide Signal
Probability = Probability = Peptide
Probability
CDR20291_ 3535 Glucose inhibited tRNA uridines- glucose inhibited division 0 0.0513 0.0084 0.153 0.7873

division protein A

carboxyaminomethyl protein A 10400, GidA
synthesis enzyme MnmG associated domain (46&16)
tRNA uridines-

carboxymethylaminomet

hyl modification protein

GidA
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4.2 6 Genes vital for growth in the absence of SIpA

From the FM2.5 TraDIS analysis, 55 candidate genes were identified as conditionally
essential for growth in the absence of tle difficileSlayer(Table 4.5)Conditionally essential genes
in theabsence of the -fyer are considered synthetically lethal gene paassthis insertion
mutagenesis library was constructed in alager mutant For these gene pairs deletion of either
gene does not have any impact on cell viability, but the combineetidel of both genes results in a
non-viable mutant. This gene set didt tolerate asingle transposon insertigmevealing that these
genes encode functions vital for cell growth, with bacteria requiring a functioning copy of the gene.
Of the 55 candidat genes, 21 were annotated to encode conserved hypothetical proteins. For the
majority of these, Pfam and BLAST analyses revealed little about the function, however,
CIR20291_2416vas identified as an antibiotic biosynthesis monooxygenase a1 2810
was identified as the CRISBSsociated endonucleas€as2 For the nativeC. difficileCRISPRas
system, Cas2 is required for integration of new spacers to fend off invading genetic m@&etidry
et al, 2015) Additionally, while annotated as a conserved hypothetical protein, bioinformatic

analysis revealed thatdR20291_3098ncodes a proline reductase.

TMHMM analysis of the 55 conditionally essential genes, revealed that 15 genes encoded
proteins withputative transmembrane heliceedR20291 0320, cdR20291_ 05837R20291 021,
cdR20291 0922, cdR20291 0978, cdR20291 0979, cdR20291_ 1272, cdR20291 1283,
cdR20291 1445, cdR20291_1816, cdR20291_t8R20291 2251, cdR20294dR20291_ 2617,
cdR202912656 Using Signa&?, 4 genes were likely to encode proteins destined for seeretio
cdR20291_053%dR20291 0978, cdR20291_1445, cdR20291_1661, cdR20291T\®6560n
uptake proteins were identified: CDR20291_0114, ferrodoxin, and CDR20291_0978 (RnfB), the B
subunit of the RnfABCDGE electron transfer complex. Of the 55 conditiessdigtial genes, two
encoded proteins of phosphotransferase systeotiR0291_079%r lactose/cellobiose uptake and

cdR20291 2854 phosphoenolpyruvatelependent sugar phosphotransferase protein. Interestingly,
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cdR202912656is vital for growth in the akence of SIpACIR20291 2656 a cell wall hydrolase
located within the PSII polymer locus. Conditionally essential genes and bioinformatic analysis of

these genes are shown in tables 4.5 and 4.6 below.
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4.5 Conditionally essential genes in the absence of alager

Locus_tag Insertion  Insertion Insertion Insertion Insertion Insertion Insertion Insertion  Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Index1b Index2a Index2b Length
(bp)
CDR20291_0114 0O 0 0 0 0 0 0 0 216 ferredoxin
CDR20291 0230 0 0 0 0 0 0 0 0 276 negative regulator of
flagellin synthesis
CDR20291 0320 0 0 0 0 0 0 0 0 213 hypothetical protein
CDR20291 0537 0 0 0 0 0 0 0 0 177 conservechypothetical
protein
CDR20291_0544 0 0 0 0 0 0 0 0 141 hypothetical protein
CDR20291 0587 0 0 0 0 0 0 0 0 270 hypothetical protein
CDR20291_0695 0 0 0 0 0 0 0 0 366 PTS system, glucitol/sorbito

specific Ila component
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Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion  Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Index1lb Index?2a Index2b Length
(bp)
CDR20291_0792 0 0 0 0 0 0 0 0 330 PTS system, lla component
CDR20291_0822 0 0 0 0 0 0 0 0 201 cold shock protein
CDR20291_0846 0 0 0 0 0 0 0 0 516 putative thioesterase
CDR20291_0921 O 0 0 0 0 0 0 0 180 hypothetical protein
CDR20291_0922 0 0 0 0 0 0 0 0 201 hypothetical protein
CDR20291_0978 0 0 0 0 0 0 0 0 972 electron transport complex
protein
CDR20291_0979 0 0 0 0 0 0 0 0 168 hypothetical protein
CDR20291_1104 O 0 0 0 0 0 0 0 249 hypothetical protein
CDR20291_1111 O 0 0 0 0 0 0 0 345 conserved hypothetical

protein
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Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion  Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Index1lb Index?2a Index2b Length
(bp)
CDR20291_1132 0O 0 0 0 0 0 0 0 423 conserved hypothetical
protein
CDR20291_1272 0O 0 0 0 0 0 0 0 675 putative membrane protein
CDR20291_1275 0O 0 0 0 0 0 0 0 135 hypothetical protein
CDR20291_1283 0 0 0 0 0 0 0 0 291 putative membrane protein
CDR20291 1308 0 0 0 0 0 0 0 0 468 putative 5nitroimidazole
reductase
CDR20291_1327 O 0 0 0 0 0 0 0 222 putative ferrous iron
transport protein A
CDR20291 1347 O 0 0 0 0 0 0 0 477 hypothetical protein
CDR20291_1440 0 0 0 0 0 0 0 0 438 phage protein
CDR20291_1445 0 0 0 0 0 0 0 0 162 hypothetical phagerotein
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Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion  Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Index1lb Index?2a Index2b Length
(bp)

CDR20291_1467 O 0 0 0 0 0 0 0 639 MarRfamily transcriptional
regulator

CDR20291 1512 0 0 0 0 0 0 0 0 795 putative sodium extrusion
protein ABC transporter, AT
binding protein

CDR20291 1661 O 0 0 0 0 0 0 0 465 putative lipoprotein

CDR20291 1707 O 0 0 0 0 0 0 0 399 putative two-component
system response regulator

CDR20291_1740 O 0 0 0 0 0 0 0 309 pseudogene

CDR20291 1746 O 0 0 0 0 0 0 0 309 putative uncharacterised
protein

CDR20291 1816 0 0 0 0 0 0 0 0 369 putative lipoprotein

CDR20291 1822 0 0 0 0 0 0 0 0 171 pseudogene
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Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion  Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Index1lb Index?2a Index2b Length
(bp)
CDR20291_1823 0 0 0 0 0 0 0 0 207 putative lipoprotein signal
peptidase
CDR20291_1858 0 0 0 0 0 0 0 0 261 stage V sporulation protein ¢
CDR20291 1953 0 0 0 0 0 0 0 0 216 putative transcriptional
regulator
CDR20291 2043 0 0 0 0 0 0 0 0 204 hypothetical protein
CDR20291 2095 0 0 0 0 0 0 0 0 681 beta-phosphoglucomutase
CDR20291_2190 0O 0 0 0 0 0 0 0 378 putative regulatory protein
CDR20291 2192 0 0 0 0 0 0 0 0 219 pseudogene
CDR20291_2251 0O 0 0 0 0 0 0 0 225 putative membrane protein
CDR20291_ 2405 0 0 0 0 0 0 0 0 381 putative translation inhibitor

endoribonuclease
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Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion  Gene  AnnotatedFunction
Countla Countlb Count2a Count2b Indexla Index1lb Index?2a Index2b Length
(bp)

CDR20291_2416 O 0 0 0 0 0 0 0 312 conserved hypothetical
protein

CDR20291_2617 O 1 0 0 0 0.00211 O 0 474 putative membrane protein

CDR20291 2644 0 0 0 0 0 0 0 0 261 PTS system, phosphocatrriel
protein

CDR20291 2656 0 0 0 0 0 0 0 0 708 putative cell wall hydrolase

CDR20291 2810 0 0 0 0 0 0 0 0 279 conserved hypothetical
protein

CDR20291 2851 O 0 0 0 0 0 0 0 462 PTS system, Ila component

CDR20291 3041 0 0 0 0 0 0 0 0 540 conserved hypothetical
protein

CDR20291 3099 0 0 0 0 0 0 0 0 468 conserved hypothetical
protein

CDR20291_3134 0O 0 0 0 0 0 0 0 219 putative ferrous iron

transport protein A
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Locus_tag Insertion Insertion Insertion Insertion Insertion Insertion Insertion Insertion  Gene  Annotated Function
Countla Countlb Count2a Count2b Indexla Index1lb Index?2a Index2b Length

(bp)
CDR20291_3201 O 0 0 0 0 0 0 0 585 putative protease
CDR20291 3373 0 0 0 0 0 0 0 0 936 putative phosphonate
metabolism protein
CDR20291 3461 0 0 0 0 0 0 0 0 645 chloramphenicol e

acetyltransferase
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Table4.6 Bioinformatics of conditionally essential genes of FM2.5

Locus_tag Annotated Function  BLAST Pfam Prediction TM Pred  Sec Signal Tat Signal Lipobox Other
Peptide Peptide Signal
Probability Probability Peptide
Probability
CDR20291 0114 ferredoxin 4Fe4S binding protein  4Fe4S dicluster domain 0 0.0384 0.0006 0.0026 0.9585
(12-65)
CDR20291_0230 negative regulator of flagellar biosynthesis  anti-sigma 28 factor, FIgM 0 0.0061 0.0003 0.0006 0.9931
flagellin synthesis anti anti-sigma factor FigM  (35-87)
sigma D factor
CDR20291 0320 conserved hypothetical protein no significant Pfam 1 0.0014 0.0002 0.001 0.9974
hypothetical protein matches
CDR20291_0537 conserved hypothetical protein no significant Pfam 2 0.0121 0.0004 0.2966 0.6908
hypothetical protein matches
CDR20291 0544 conserved hypotheticalprotein no significant Pfam 0 0.1507 0.0035 0.0056 0.8403
hypothetical protein matches
CDR20291_0587 hypothetical protein DUF3795 domain Protein of unknown 0 0.1506 0.0037 0.0235 0.8222

containing protein

function DUF3795 (61)
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Locus_tag Annotated Function  BLAST Pfam Prediction ™ Sec Signal Tat Signal Lipobox Other
Prediction Peptide Pentid Pentid
Probability ' cPH0€ eptide
Probability Probability
CDR20291_0695 PTS system, PTS glucitol/sorbitol PTSystem 0 0.0059 0.0001 0.0008 0.9932
glucitol/sorbitok transporter subunit IIA  glucitol/sorbitolspecific
specific 1A IIA component (4115)
component
CDR20291 0780 conserved NifU-like domain NifU-like domain (571) 0 0.0567 0.0125 0.0037 0.9271
hypothetical protein  protein
CDR20291_0792 PTS system, IIA PTS lactose/cellobiose PTS system 0 0.006 0.0011 0.0011 0.9918
component transporter subunit IIA  lactose/cellobiose specific
IIA subunit(8-100)
CDR20291 0822 cold shock protein cold shock protein cold shock DNAinding 0 0.0101 0.0006 0.002 0.9872
domain(3-65)
CDR20291_0846 putative thioesterase Paal family thioesterase thioesterase superfamily, 0 0.0088 0.0003 0.0011 0.9897
(57-128
CDR20291 0921 hypothetical protein  hypothetical protein no significant Pfam 2 0.0338 0.0028 0.0327 0.9306
matches
CDR20291_0922 hypothetical protein  hypothetical protein no significant Pfam 2 0.0361 0.001 0.0384 0.9245

matches
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Locus_tag Annotated BLAST Pfam Prediction ™ Sec Signal TatSignal Lipobox Other
Functi Prediction Peptide Pentid Pentid
unction Probability eptide eptide
Probability Probability
CDR20291_0978 electron transfer RnfABCDGE subunit B putative FeSluster (43 1 0.4143 0.0082 0.0127 0.5648
complex protein 75), 4Fe4S binding
domain (163184), 4FeAS
dicluster domain (214
257), 4FedS dicluster
domain (269321)
CDR20291 0979 hypothetical protein  hypothetical protein no significant Pfam 1 0.014 0.0003 0.0171 0.9687
matches
CDR20291_1104 conserved hypothetical protein no significant Pfam 0 0.0024 0.0003 0.0003 0.997
hypothetical protein matches
CDR20291_1111 conserved YraN family protein uncharacterised protein 0 0.0066 0.0003 0.0009 0.9923
hypothetical protein family UPF0102 (1:000)
CDR20291 1132 conserved DUF2000 domain protein of unknown 0 0.0257 0.0023 0.0039 0.968
hypothetical protein  containing protein function DUF2000 ¢740)
CDR20291_1272 putative membrane  MgtC/SapB family MgtC family (16140) 4 0.0124 0.0006 0.0136 0.9733

protein

protein
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Locus_tag Annotated Function  BLAST Pfam Prediction ™ Sec Signal Tat Signal Lipobox Other
Prediction Peptide Pentid Pentid
Probability ' cPH0€ eptide
Probability Probability
CDR20291_1275 hypothetical protein  hypothetical protein no significant Pfam 0 0.0825 0.0072 0.0115 0.8988
matches
CDR20291_1283 putative membrane  hypothetical protein no significant Pfam 2 0.0208 0.0003 0.0222 0.9566
protein matches
CDR20291 1308 putative 5 pyridoxamine 5 pyridoxamine 5 0 0.0583 0.0012 0.0019 0.9386
nitroimidazole phosphate oxidase phosphate oxidase (14
reductase family protein 152)
CDR20291_1327 putative ferrous iron  ferrous irontransport FeoA domain (F3) 0 0.0051 0.0013 0.0011 0.9926
transport protein A protein A
CDR20291_1347 hypothetical protein  type I restriction type | restriction enzyme F O 0.0022 0.0001 0.0001 0.9976
enzyme HsdR-N protein Nterminus (4
terminal domain 108)
containing protein
CDR20291_1440 phage protein hypothetical protein no significant Pfam 0 0.0093 0.0004 0.0017 0.9886
matches
CDR20291_1445 hypothetical phage  hypothetical protein no significant Pfam 1 0.2811 0.0079 0.1406 0.5704

protein

matches
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Locus_tag Annotated Function  BLAST Pfam Prediction ™ Sec Signal Tat Signal Lipobox Other
Prediction Peptide Pentid Pentid
Probability ' cPH0€ eptide
Probability Probability
CDR20291_1467 MarRlike MarRtranscriptional MarR family (62021) 0 0.0017 0.0001 0.0002 0.998
transcriptional regulator
regulator
CDR20291 1512 putative sodium ABC transporter, ATP  ABC transporter (4283) 0 0.0435 0.0004 0.0006 0.955
extrusion ABC binding protein
transporter, ATP
binding protein
CDR20291 1661 putative lipoprotein  DUF4624 domain Domain of unknown 0 0.0008 0.0001 0.9987 0.0003
containing lipoprotein  function DUF4624 (22
153)
CDR20291 1681 putative hypothetical BtrHN-terminal domain butirosin biosynthesis 0 0.0433 0.0005 0.0047 0.9516
protein containing protein protein H, Nterminal (25
160)
CDR20291_1707 putative two- putative two LytTrDNAbinding domain 0O 0.01 0.0002 0.0011 0.9887

component system
response regulator

component system
response regulator

(33-123)
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Locus_tag Annotated Function  BLAST Pfam Prediction ™ Sec Signal Tat Signal Lipobox Other
Prediction Peptide Pentid Pentid
Probability ' P CC eptide
Probability Probability
CDR20291_1746 putative hypothetical protein no significant Pfam 0 0.0078 0.0001 0.0005 0.9916
uncharacterised matches
protein
CDR20291_1816 putative lipoprotein  putative lipoprotein no significant Pfam 1 0.0014 0.0003 0.1109 0.8873
matches
CDR20291_1822 putative transposase transposase no significant Pfam 0 0.0079 0.0038 0.0012 0.9871
(fragment) matches
CDR20291 1823 putative lipoprotein  signal peptidase no significant Pfam 1 0.0231 0.0003 0.0019 0.9747
signal peptidase matches
CDR20291 1858 Stage V sporulation  Stage V sporulation Stage V sporulation 0 0.0372 0.0386 0.0016 0.9225

protein S

protein S

protein S SpoVS-&)
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Locus_tag Annotated Function  BLAST Pfam Prediction ™ Sec Signal Tat Signal Lipobox Other
Prediction Peptide Pentid Pentid
Probability ' cPH0€ eptide
Probability Probability
CDR20291 1953 putative Helixturn-helix Cro/Cltype HTH DNA 0 0.0057 0.0002 0.0003 0.9938
transcriptional transcriptional regulator binding domain (68)
regulator
CDR20291 2043 Hypothetical protein  Hypothetical protein no significant Pfam 0 0.0101 0.0001 0.001 0.9888
matches
CDR20291 2095 beta- beta- haloaciddehalogenase 0 0.0014 0.0001 0.0002 0.9982
phosphoglucomutase phosphoglucomutase like hydrolase (€.89)
CDR20291 2190 putative regulatory Blal/Mecl/CopY family penicillinase repressor (12 0 0.0019 0.0002 0.0007 0.9972
protein transcriptional regulator 118)
CDR20291 2192 transposase IS3 family transposase no significant Pfam 0 0.0136 0.0002 0.0023 0.9839
(fragment) matches
CDR20291_2251 putative membrane  hypothetical protein no significant Pfam 1 0.0947 0.0006 0.004 0.9008

protein

matches
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Locus_tag Annotated Function  BLAST Pfam Prediction ™ Sec Signal Tat Signal Lipobox Other
Prediction Peptide Pentid Pentid
Probability ' cPH0€ eptide
Probability Probability
CDR20291_2405 putative translation RidAfamily protein endoribonucleaseSP 0 0.0412 0.0085 0.0047 0.9456
inhibitor (9-125)
endoribonuclease
CDR20291 2416 conserved antibiotic biosynthesis antibiotic biosynthesis 0 0.0023 0.0001 0.0002 0.9974
hypothetical protein  monooxygenase monooxygenase (69)
CDR20291_ 2617 putative membrane  threonine/serine threonine/Serine exporter, 4 0.0187 0.0029 0.0434 0.935
protein exporter family protein  ThrE (16136)
CDR20291_ 2644 PTS system, HPr family PTS HRtomponent 0 0.0062 0.0014 0.0007 0.9917
phosphocarrier phosphocarrier protein, phosphorylation site (2
protein 81)
CDR20291_2656 putative cell wall Peptidoglycan NIpC/P60 family126- 1 0.9893 0.0055 0.0033 0.0019
hydrolase endopeptidase, C40 232), bacterial SH3 domait
family peptidase (51-104)
CDR20291 2810 conserved CRISPRBssaociated CRISPR associated prote 0 0.0181 0.0014 0.0032 0.9774

hypothetical protein

endonuclease Cas?2

Cas2 (572)
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Locus_tag Annotated Function  BLAST Pfam Prediction ™ Sec Signal Tat Signal Lipobox Other
Prediction Peptide Pentid Pentid
Probability ' cPH0€ eptide
Probability Probability
CDR20291_2851 PTS system, IIA PTS sugar transporter PEPdependent sugar 0 0.0135 0.0003 0.0006 0.9857
component subunit 1A phosphotransferase
system EIIA (@49)
CDR20291_3041 conserved 2'-5' RNA ligase family 2'-5' RNA ligase 0 0.0319 0.0005 0.0055 0.9621
hypothetical protein  protein superfamily (36141)
CDR20291_3099 conserved proline reductase glycine/sarcosine/betaine 0 0.0029 0.0002 0.0003 0.9965
hypothetical protein reductase component B
subunit (5-125)
CDR20291 3134 putative ferrous iron  ferrous iron tranport FeoA domain (70) 0 0.0097 0.0016 0.0097 0.979
transport proteinA protein A
CDR20291 3201 putative protease DJ31/Pfpl family protein DJ31/Pfpl family (3175) 0 0.0279 0.0005 0.0069 0.9647
CDR20291 3373 putative phosphonate phosphonate €P lyase phosphonate metabolism 0 0.023 0.002 0.004 0.9764

metabolism protein ~ system proteinPhnG protein, PhnG(7-142)

144



Locus_tag Annotated Function  BLAST Pfam Prediction ™ Sec Signal Tat Signal Lipobox Other
Prediction Peptide Pentid Pentid
Probability ' cPH0€ eptide

Probability Probability

CDR20291_3461 chloramphenicob- chloramphenicol e chloramphenicol 0 0.0011 0.0001 0.0002 0.9986
acetyltransferase acetyltransferase acetyltransferase (208)
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ABC-2 and other transporters
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Fig 46. C. difficileABC Transporter KEGG Mdglue boxes indicate conditionakgsential

genes in the absence of ad&yer. Green boxes indicate organispecific pathways.
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Fig4.7. KEGG map €. difficileR20291 phosphotransferase systen@lue boxes indicate conditionally essential genes in the absence of SIpA. Green boxes

indicate organisrspecific pathways.
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Fig4.8. C. difficilestarch and sucrose metabolic KEGG pathwaghkie boxes indicate conditionally essential genes in-&y& null strain. Green boxes

indicate organisnspecific pathways.
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