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Abstract

Clostridioides difficiles aGrampositive, sporeforming, anaerobic bacterium and a major
cause of healthcare associated diarrhoea. Significant increases in the incidence of
hypervirulent strains, such as those belonging to PCR ribotype (RT) 027, and increased
antibiotic resistance have ofmed the focus of currentC. difficile clinical
research. Hypervirulent strains belonging to RT 078, in contrast, have received
comparative less attention, despite the fact that they are widely recognized as being
zoonotic, with a particular associationth pigs. A greater understanding of RT 078 strains
would benefit from the implementation of forward genetic approaches. Here we sought
to implementTransposondirectedinsertionsite sequencing (TraDIS), a high throughput
method able to define gene essiality under nichespecific conditions, to elucidate
physiological changes such as sporulation and germination in RT 078 sisaieBective

DNA transfer is a prerequisite for TraDIS implementation, the most efficient strains as
both donor and recipienin conjugation were identified. Applying next generation
sequencing technologies on 10 clinical isolates and subsequent methylome analysis
demonstrated that although the tested strains of RT 078 were genetically similar (up to
99.99%), they possess a ey of potential RestrictiotModification (RM) barriers. One

of these RM systems was circumvented using the noksktherichiaoli donor strain,
sExpressimproved DNA transformability i@. difficileRT 078 strain CD9301 made it an
optimal target for further genetic manipulations and subsequent TraDIS analysis.
Subsequently, several transposon delivery systems were evaluated, based on their
potential to mediate random transposon insertion and reliaplasmid loss, to prevent
interference of the transposase during downstream experimentS.iwifficile. The Tet
inducible transposon vector pRF215, performed best in CD9301. Based on this plasmid
systemthe novel vector pMTIMtV10 was created, which waslditionally equipped with
I-Sceldigestion sites, to achieve increased plasmid clearance during library preparation.
Using both plasmids, genes essential for growth in rich media were determined. In total,
448 essential genes were predicted. The incorfioreof FScebites into pMt\¥10 did not
however, improvesplasmid loss during the TraDIS library preparatiédnfurther 398
geneswere predicted to be essential for sporulatiomhe number of genes identified is
most likely an underestimate as theanual cutoff usedto predict essentialitylacks
sensitivity The describedfindings lay the ground work necessaryfor determining
esentiality in RT 07&nd improving ouiunderstanding of this important ribotype
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Chapter 1

Introduction



1.1 Clostridioides difficile

Clostridiumdifficile was first described in 1935, when Hall and2 ¢ 2ideritifted

a Grampositive obligate anaerobic bacterium, isolated from stool samples of
healthy infants. The strain was referred toBecillus difficilisglue to difficulties in
isolating and culturing the organism. Eventually, they demonstrated progression
of disease in Guinea pigs to the isolated bactfrjaln 2013, phylogenetic analysis
suggested tha€. difficileshould be reclassified d&eptoclostidium difficile. While

in 2016, Lawsoet al.,proposed aralternativereclassification of the organism to
Clostridioides difficil§2] to maintain public and scientific awareness in the form
of numerous studies and literature referring @ difficié [3]. In 1962,C. difficile

was described as a human pathogen for the first time and identified as the
causative gent of pseudomembranous colitis, even though the disease was
known since 18934, 5] TodayC. difficileis the leading cause afosocomial
diarrhoeas worldwide [6, 7]. In 2008, a severe increase ©f difficileinfections
(CDI) was noted in Europe and northern America, linked to the progression of new

emerging hyper virulenépidemic, NAPI/B1/027 type straift].

The number of C. difficileassociated infectionseached a peakn England and
Walesin 2007 Of note was theincreased severity of symptoms and disease
progression requiring surgical interventions, such as colectasulting in

increased mortality9].
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Nowadays, measures such as the isolation of infected patients, alterations in
antibiotic prescription policy and improved personal hygi¢iasled to a decline

of CDI and patient related mortalitjl0]. NeverthelessC. difficileremains a
leading cause of antibiotiassociated diarrhoea and a sigo#nt burden with
500,000 cases and around 14,000 deaths from CDI in the USA [dlbhe
Healthcare providers are confronted with estimated annual costs of $2 billion in
Europe and $3 billion in the US caused by extended lengths of patients stay within

healthcare settings and increased treatment costs resglfrom CDJ[12].

1.1.1C.difficile infection

C. difficilecan be found in the intestinal tracts of both humans and animals and its
environmentally ubiquitous spores can also be isolated from food. Importantly,
people with an adequate immune response will either eliminate the ctibe
and/or become asymptomatic carriertn immunocompromised patients with
interrupted protective intestinal microbiota, ingested or already residént
difficile hypercolonize the gastrointestinal tract and vegetative cells produce
toxins and form trasmissible sporeld 3]. Nowadays 15% of patients treated with
antibiotics develop antibiotiassociated diarrhoeasn patients,C. difficilehyper

colonization is accountable for 20 to 30% dirrhoea cases during or after

14




antibiotics therapy{14, 15] CDI related symptoms are diverse and range from
mild to severe diarrhoea. Eventually these complaints manifest in grave patient
complaints such as pseudomembranous colitis and toxic megacolon.

Consequential mortality rates of ~ 5% have been repojié&d

1.1.2 Molecular Mechanism of disease

The clinical symptoms are caused by the secretion of Clostridia associated toxins.
The pathogen produces three protein toxing: difficiletoxin A (TcdA) and B
(TcdB), andC. difficiletransferase toxin (CDDy binary toxin. Mt all C.difficile
strains producethe latter toxin. The singlkehain toxins TcdA and TcdB are the
main virulence factors. They bind to cell membrane receptors aadhternalized

[16]. Both toxins have glucosyltransferase activity and modifyattten skeleton

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

small GTPases and thus causing symptoms.

CDIs are a considerable liability to healthcare systand haveovertaken cases
of methicillinresistantStaphyl@occus aureudMRSA) infections in specific clinical
settings[17]. Laboratory diagnosis of CDI continues to be challen@ongimonly
used techniques are mzymelinked immunoassays (ELISA), detecting the

Clostridiatoxins A and B, do not have adequate sensitivity to be used alone for
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detecting CDI. Conversely, nucleic acid detection tests, targeting chromosomal
toxin genes show high sensitivity and specificity, provide rapid results but are not
universally recommended for routine use in the recent guidelines. The lack of a
gold standad upon diagnosis techniques of CDI exacerbates appropriate
treatment. Reliable results may be achieved after 48 to 92 hours to complete,
which delays appropriate therapy and critical infection control meas(it&$
Nevertheless, epidemiology 6. difficilds evolving rapidly. Despite this continued

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

1.1.3C. difficilePCRRTO78

Asinfectious diseases such as CDI, represent a major problem in hospital settings,
it is important to identify virulent strains as qulgkas possible. Genotyping is a
method to quickly evaluate the genetic composition of various bacterial strains

and isolaes.

In 1993,Glrtler firstly introduced a process known as PCR ribotyfl®¢ Three

8SIENR fFO0SNE hQbSAtf SiG Ff®dz AYyiINRRdIzOSR
the global standardor C difficile genotyping[20]. PCR ribotyping of. difficile

strains involvesnalyss of the intergenicspacer region (ISR) between the 16S and

23S rRNA genes. The space between the ISR varies in length and cariable
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alleles. PCR amplification of this region with a sipgleofprimer resulsin a band

pattern formation, individual for each specific L]

Worldwide, numerous C. difficile PCR RTs dominating temporally and
geographically have been linked to patient complaint. In 2003, the previously rare
RTO027 first emerged to be epidemj21]. From its first outbreak in Canada it has
spread across Northern America to Eurd@e, 23] In earlier year®RT027 has
spread globally and accowed for the majority of isolates in United Kingdom and
North American hospitalsRecently, there has been a decrease in prevalence of
RT 027&nd the patterns of Ribotypes in the UK havedrae more heterogenous.
While in some areas of BritaiRT 027has almost completely disappeared as
novel strains emergeflL0]. Since 2018, it has been reported, that the patterns
of RT predominancen Englanchavebeen relatively stable, witiRTs001, 017,

and 078have been commonly present in hospital settii§s24-26].

Despite the global efforts to keep. difficilestrain 027 under control, it remains
difficult to eliminate CDlincidencecompletely. Infection control barriers and
education of healthcare personal and patients resulted in a 78% reduction in CDI
incidence and a decrease in severity. The notorepidemic C. difficilestrain 027

has decreased from 51% of clinical isolates associated with CDI in 2001 to 13% in
2005. A reduction of the predominant epidemic strain represents a facility for new

epidemic strains with a different profile to emerge. Wilcoxakt already described
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the emergence ofC. difficilePCRRT078 predominant in parts of Europe where
type 027 has rapidly decreased from 55% oflatectedstrains in 2007 to 21% in
2010[27]. C difficile PCRRTO78 is the most common PERamong CDI positive
isolates from swing86%) in Korea and isolates from calves (94%) in the United
States[28, 29] Older studies from Europe and the United States revealed that in
CDI related human patients, 078 was found at a prevalence ranging36rto
11%. More recentlya study revealed an increase of the epidemic 078 strains in
the Netherlands from 3% to 13% during February 22088 and thus can be
considered hypervirulenf8, 30} PCR RT 078 possesses binary toxins and has a
deletion and stop codon in thiedCgene,resulting in increased toxin production
and thusincreased disease sever[B1]. Patients infected with 078 or 027 develop
similar symptoms, whila younger population is more frequently associated with

078.

It remains questionable, if a zoonotic transmissionRdf 078 from livestock
towards immunocompromised patients is likely. However, the increasing evidence
of the hyper virulent 078 strain in clinical settings in Northern America and Europe
suggeststhat further analysis of thilRT and its method of transmissio and

infection is necessarf?2].
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1.2 C. difficilesporulation

A characteristic feature oflostridiumand Bacillusspecies is the ability to form
dormant spores during a process called sporulatidingure 1.1 The spore
morphotype protects the bacteria from environmental stress and ensures long
term survival. In the dormant spore fornglostridia can survive circumstances
which wouldotherwise have killed the vegetative organism, like the exposure to
oxygen, heat, alcohol, antibiotics and certain disinfectants or a lack of nutrition in
the environment[33]. As during CDIC. difficilecells leave the body in faecal
matter they areunable to survivén the aerobic environmenand due to nutrient
starvation Thusthe affected vegetative form initiatedie sporulation pathway to
persist inhostile environmens. This allowsC. difficiltéo contaminate infected
surfaces and also disseminate through pati#o-patient contact. Soores are
metabolically dormant and intrinsically resistant to antibiotics, attacks from the
host's immune system and once shed into the environment, they are also resistant
to bleachfree disinfectants commonly used in hospitaltseds[34, 35] Ingested
spores migrate into the anaerobic enviroment of the large intestine and
germinate under appropriate stimuli to form the toxproducing vegetative cells

which can proliferate in susceptible individug3$)].
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Forespore

Pre-divided cell Asymmetric division engulfment
= MC . = | MC ‘
Engulfment
completion Spore coat assembly

Figure 1.1Main morphogenetic stages of the process of sporulation.

In chase of nutrient starvation, bacilli aelbstridia initiate endospore formation.
Initially an asymmetric division of the cytosol forms a small forespore and a mother
compartment. The cell segregates its DNA and additionally, the mother cell engulfs
the forespore. The forespore compartment remamstabolically dormant. Thus,

the mother cell produces the spore cortex and the inner and outer coat. This leads
to spore maturation and eventually the mother cell lyses and releases the mature
spore. Abbreviations: MC, mother cell compartment; FS, forespompartment;

MS, mature spore. Electron Microscopy pictures have been used and adapted from
ParedesSabja et aJ14].

1.2.1 Endospore structure

The steps during spore formation are similarhacilli and clostridia and are
characterised by the initial asymmetric division of the cell to produce the larger
mother cell and thesmallerforespore the latter being the eventual spo(&igure
1.1) The course of. difficilesporulation can be divided into seven distinct steps.

The first step, termed stage 0, describes the vegetative mother cell before the
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beginning of the sporulation. Dung step one and two sporulation is initiated via
the introduction of environmental stress. The asymmetrically positioned spore
septum begins to form while the mother cells replicates 25 chromosome copy of
its genome. Eventually, the cell divides into @&rmother cell compartment and

a smaller prespare compartment via the formation of a septum in the cell. In stage
three, the prespore compartment is engulfed by the mother cell compartment,
forming the forespore with an inner and an outer membrane. 8tiagir describes

the synthesis of a peptidoglycan layer, forming the primordial germ cell wall and
the cortex between the two spore membranek step five, the spore coat,
surrounding the outer membrane of the forespore, is producédis is
accompanied ¥ transportation ofpyridine-2, 6-dicarboxylic acid (DPA) into the
developing forespore by products of trepoVAoperon. Eventually the spore
matures in step six. It undergoes dehydration and increases the density of the

spore coaiFigure 1.2)

Programmed cell death of the mother catlumulatesn the release of the mature
endospore into the surrounding environmef83, 37, 38] Theformation of this
multi-layered protein structure mainly protects the spore from environmental
interactionbut is rot a significant permeability barriein B. subtilisthe coat is the
outermost spore structure, while irfC. difficile BacillusanthracisandBacillus
cereus the spore is surroundeby an additional layer, termed exosporium. Both

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

modificationg[33].

The function of the exosporium remains unclear but recently has Iseggested

to participate as virulence factor i€. difficilestrain 630 [39, 40] Located
underneath these structures is thepae cortex, expressing species specific
peptidoglycan crostnkageg38]. The central core region, is separated from the
outer core by the gem cell wall, composed of peptidoglycan and the spore inner
membrane. The germ cell wall also serves as the cell wall for vegetative bacteria
F FGSNI 2dzaINRB UK 2F GKS aLRNBO® ¢KS aLR2NB
proteins and ribosomes. Th@ormarnt spore corehas an extremely low water
content as in comparisoto the protoplast. Ratios can mabetween35%of water
content wild type in well studie®. subtilisspecies spores t80%of wet wild type
protoplasts Although the spore inner membrane hassimilar lipid composition

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

dehydration and respective loss in weidhd].
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Exosporium

Coat

Outer membrane
Cortex
Germ cell wall

Inner membrane

Spore core

Figure 1.2: Structural layers in bacterial spores.

A) Structural layers of a bacterial endospore. The structural layers are represented
and respectively labelled with arrows. Especially the exosporium is just expressed
in some species and may contain sublayers, which are not represented. B)
Micrographs of the spore fror@. difficilestrains 630, 027 and M120. Interestingly
different ultrastructural phenotypes can be observed upon the different lineages,
while the majorcompartments remain the same. Abbreviations:-d&x§sporium,

Ct coat, Cxcortex[14].

1.2.2 Sporulation

Master Regulator of Sporulation: SpoOA

Extensivepast investigation of sporulation B subtilishas led to its adoption as

the modelorganism for this proces$hesharedmorphological features andther
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similariitesbetweensporulation inB. subtilisand Clostridum, has led to a number
of predictive assumptions of the mechanisms in operatio@.idifficile However,
more detailedanalysishas shown that during the early stages of sporulation

significant differences occurebnveen the speciept2].

Unlike in B. subtilis the environmental stimuli causin@. difficileto induce
sporulation are largely unknown. However, the downstream protein activation,
has been studied in detail iB. subtilis OnceB. subtilisundergoes nutrient
starvation it has been demonstred, to activate the orphan master histidine
kinase, SpoOAF(gure1.3). Further this inhibits theabrB repressor, eventually
allowing expression of genes essential for sporula{id]. The key regulator

Spo0Ais activatedfollowing phosphorylationby Spo0B

Further,spoOAtranscription is indirectly modulated by a double repression system

in which SpoOA repressabrB, causing incresedsigHtranscription. Higher levels

of the stationary phase sigma factor SigH promotes expression of several genes,
including spoOA While both bacilli and clostridia activate SpoOA, the SpoOB
pathway is restricted t@acilli while just a SpoOB homologue has been found in
Clostridiumtetani, whose function hagetto be determined44]. The mechanism

by which SpoOA is activated during the initiationCof difficilesporulation is
unclear dthough its ablation completely abolishe spore formaton in the

laboratory C. difficilestrain 630[45]. For SpoOA activation it is expected that a
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phosphoryl group is transferred directly from the orphan histidine kinases to
Spo0A, as observed @lostridium acetobutylicunj43]. C. difficilestrain 630
genome encodes five orphan histidine kinases (CD1352, CD1492, CD1579, CD1949
and CD249245]. OnlyCD1579 has been demonstrated to autophosphorylate and
transfer a phosphate directly to Spo46, 46] The exact mechanisof how C.

difficile activates SpoOA remains questionalféglre 1.3. It is speculated that it

is either activated directly by the histite kinases ora yet as unidentified

phosphorylation systers responsiblg41].

The importance of S@A in clostridid spomlation has been demonstrated, as its
inactivation results in lossf production of sporulation specific sigma factors and
thus sporulation. Moreover, transcriptomic and proteomic analysi€.irifficile
revealed, that Sp@A takes an active role in regulation of virulence factors, biofilm

formation and toxin production and overall CDI progres$its 4749].

Sigma factors

In the weltstudiedB. subtilis sporulation pathway, activation of RNA polymerase
sigma factors remains crucial for sporulati@®]. It has been demonstrated that
314 genes are induced during the sporulation process.idifficile Of these 224
genes are primarily controlled by 4 sigma factofs E2°6>° | K/Rtotal of183

were' FRSLISY RSy (1 SERB 3P Yy RS NB S-dependens R were
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*Kdependent[51]. Thissimilarityto B. subtilignitially led to the acceptance, that
the sporulation in both organisms is conserved and would be regulated by the
same pattern[52]. However, genomavide aralyses demonstrated that th€.
difficile sporulation process lacks communication between sporulasipecific
sigma factors observed B. subtiligshown in Figure 1.3 [51]. Moreover, the
morphological phenotypes of the individual sigma factor mutant€.idifficileis
different to the B. subtilismutants. Overall, this indicated a different mode of
regulation of sporulation between these two specigs3]. Furthermore, the
regulatory pathway, mediating the activation of specific sigma factor€.in
acetobutylicumand C. perfringends highly variabldrom the one inC. difficilg54,
55]. However, sigma factor regulation in mo&tostridium spp such asC.
perfringensand C. acetobutylicurrhave not beerthoroughlyinvestigated Thus,

it is likely thatC. difficilesigma factor activation might be even more differentiated

from other Qostridiumand Bacillusspecied56].
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Bacillus subtilis Clostridium difficile
A) Pre-divisional cell B) Pre-divisional cell

Environmental stimulus Histidine Kinase(s)
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Figure 1.3: Basic order &. subtilisand C. difficilesporulation.

A) B. subtilissporulation is regulated through the cressegulation of four
sporulationspecific RNA polymerase sigma factors (s), of whicand * ¥ are
specific to the mother cell antF Iy R aré unique to thedeveloping forespore

Under normal conditions, C upréssedbyanti T QG2 NX» hy OS LJG dzY

QX
(V)

is completed it undergoes activation and activated genes, necessasiefmage of
an inhibitory prepeptide anti" 5@ | ORadtiétBs genes, necessary for induction
2TCAY (KS T2 NEB & difectsBehe egpiebsioik Sadtkates <in the
mother cell via. B) 1€. difficile" Fis also consulted for activation of and partially
for the activation of & Further downstream, Eis required for the production and
activation of ¥ Interestingly irC. difficile “does not require proteolytic activation
as it does inB. subtilis Eventually, Eis not relevant for © activation in theC.

difficile forespore[14, 41]

1.3 Endospore germination

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

morphological changethat returns aspore to the vegetative state is called
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germination. There are numerous agents, triggering spore germination in various

organisms.

These so called germinants ofBacillusandClostridiumspores are mostly
nucleosides, sugars, amino acids, and ifl®y. Howeverin vitro evidence of
purified germination receptors binding to specific germinants are currently lacking
[36]. Neverthelessclostridiaand bacillihave multiple germination receptotiat
interact with various germinants. These eventually trigger the release of
monovalent cations activating@downstream signalling cascade in the spore core.
In B. subtilighis eventuates in core raydration and resumption of metabolism

in the spore coreC. difficilegermination is triggered by a combination of specific
bile salts like cholate, its derivatives (like taurocholate) awgllytine acting as a
co-germinant[57]. The mechanisms of germination recegg are complex and
some C. difficilestrains also germinate in rich media without taurocholate.
Additionally high specificity rates upon receptor homology in diffei@ntlifficile
strains hamper the full understanding of receptor activatibd]. Despite the fact
that C. difficilegermination divergs considerably frorthe wellstudiedB. subtilis
model there are some similarities between nutrient germination of spores of
clostridiaand bacilli includng multiple SpoVA proteins, essential at least for ion
uptake during sporulation. Whilemany dostridid spores contain receptor
componens, similar to those discovered in sporesbatilli, C. difficilereceptors

lack any similarity t@acills[36].
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1.3.1Bacillus subtili;endospore germination

Various germinants triggespore germination irBacilus. Many of these agents
like, calcium dipicolinic aciddaDPA and cationic surfactants like dodecylamine
are of industrial importance and just considered to play a role in the laboratory.
Naturally it is considered that the presence of nutrients triggers spore germination
by binding to multiple germinant receptois the inner membrane of the spore.
Germinant receptor activation can be substrate or concentration speldé¢
Within the wellstudied spore modeB. subtilis specifically L aminacids (E
alanine,-valine, and L-asparagine) but not the Damino acids trigger
germination[58]. Germinant receptor activation results in an initial lag period. In
GadzZLISNR2 NXY I yié &Ll Mdbuptod4Kourdand alteds thedikteér & S

membrane permeability and structure. Consequently, monovalent catiorisK(H

YA

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

multiple sporespecific SpoVA proteirf87]. CaDPA release triggers degradation
of the spore cortex, allowing the germ cell wall and the spore core to expand and
rehydrate. Increased core water mi@nt allows bacterial metabolism in the core

to reinitiate. Macromolecular synthesis, produces proteins converting the
germinated spore which undergoes outgrowth to produce a growing vegetative

cell[45].
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1.3.2C.difficile endospore germination

Also,for C. difficile spore germination is an important step to induce CDI. Unlike
any other spore forming organisms, germinatiorGrdifficileis regulated by the
presence of specific bile salts and for some strains thgazminant Eglycine in

0 KS &L NB QJ57|Réa@rtiyydhe/infespiayi between different bile salts
and their role for disease progression have been observed in the mouse model,
which has been described as the most accurate model in mingitkiman disease
[59]. It has been demonstrated that the environment of the mouse smalliimes
appears to support germination, while outgrowth in the mouse large intestine
could only be observed after excessive antibiotic treatment with cefoperazone,
clindamycin and vancomycie0]. Additionally, a decline of secondary bile salts
like deoxycholate, ursodeoxycholate and hyodeoxycholate has been observed in
the affected regions. How exactly the different muricholic acids influence spore
germination remains unclear. Although theiffdrent balance appears to directly
affect C. difficilespore germination hence chenodeoxycholate is known to be a
competitive inhibitor of the germinant taurocholate vitrohowever,primary bile
acids such asholic and taurochenodeoxycholic acade seen as germinants and
cause spore outgrowth, regardless of antibiotic treatmen{61]. Thus, the
concentration of bile acids is considered as an important factor during CDI.

Especially, as spore outgrowth liealthy individuals is sypressed by secondary
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bile acids, such as lithocholic acid, in the colon. Howerereasingly virulenC.

difficile strains have been more tolerant towards secondary bile g6dk

C. difficilestrains react to different germinants and are not known to contain
germinant receptor homologuet® the canonical GerA receptor family in well
studiedB. subtilismodel Franciset al.,, discovered that a different mechanism is
responsible foC.difficile outgrowth. The bile acid specific pseudoproteasspC,
has been demonstrated asfunctional germinant receptor in the hamster model

[63].

The exact signalling pathway, starting from the activation of the germination
recepor GspCuvia, for example, taurocholate remains uncleaspgC is expected

to activate the downstream serine proteases@B. GpB is encoded in th&spBA
gene locus and transcribed into thesBAB protease. Hence the A subunit of this
molecule is catalytically inactive, interdomain cleavage efpBA via SpC
releases activated-§pB, entering the spore. In the sporesB mayrocessepro-

SleCinto the mature cortex hydrolas&leC[61].

Lack of currenkknowledgehighlights the need fofurther in vivo studiesthat
investigate the role of other factorfor example CaDPA release from the spore
core, essential irB. subtilisor C. perfringengo eventually result in full spore

outgrowth. Interestingly, Guteliugt al., have provided evidenddat SleCcortex
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hydration in vitro does na require proteolytic cleavaggs4]. These results are
supported by different studies suggesting that neither the inactivatioSlelCor
GspCprevents cortex hydrolysis and DPA release. These results underline, the
importance of DPA, inducing osmotic swellirghjydration of the spore core and

thus eventually spore germinatid64].

1.4 A roadmap irC difficile genetics

In C. difficile the sigma factors have been identified #® main sporulation
regulators. Each of these sigma factors contains a representative homoloBue in
subtilispathwaysThe 228 key genes involved in sigma factor directed sporulation
of C difficile correspondto about half of the genes activated B subtilis Given
that the genusClostridiumcomprises notonly diseasecausing organismsf
humars and animals but also important targets for food, fuel or biotechnological
industry, their genetic and phenotypicatharacterization becomes more
important. However, clostridid species are complicated targets for genetic
modification Thus, several methods and approaches for improving the specific
clostridia genetics have been suggested by Minton et al. anelsentedas a
roadmap [65]. This roadmap has beamplementedfor numerousClostridium

species and partially implemented Clostridium pasteurianunf®6].
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The basis of this roadmap builds upon thaailabilityof a fully sequenced genome
of the respecte target organism andhe identification and negationof the
speciesspecificrestriction/modification (RM)systemsin order to optimize DNA
transfer into the organisni67]. In the case o€. difficile DNA is introduced by its
conjugative transfefrom E. coldonor strainghat bear an appropriate methylase
for host specific DNA modificatiof68, 69] Once effective DNA transfer is
obtained, genome editing tools such as CRISPR ca&€kploited to bring about

defined changes in the target organism.

1.41 Transformation

Implementing genetic tools ielostridia for industrial or therapeutical reasons

makes gene transfer into the organism necessargac€tobutylicuntepresents an

important research target for gene transfer. In 1988 the first successful gene
transfer intoC. acetobutylicunaia electroporation was reportefd0]. This method

offers rapid and easy insertion of DNA fragments a@s thenimplemented in
severalother Clostridiumspp includingC. pasteurianunii71] and C. perfringens

[72]. Ackemann describedpotential electroporation of DNA fragments from
pathogenic isolates into the netoxigenicC. difficilestrainP-881[73]. Purdyet al.,

however, concludedl KI Gt G KS RSaA3dy 27F HadddSmY I yy Q3

could not be replicated in the laboratofy4].
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More recently, Bhattacharjee and Sorglescribed another electroporation
protocolfor C. difficileachieving 20 and 200 colonies per microgram of DNA. They
focused their studies on @ifficile strains R20291, CD630 and JSC10. The method
however, is difficult to conduct and needs long recovery times to obtain
transformants. The authors further suggest, that the success and performance of
the protocol relies heavily on the environmental conditions of each[T&h. C.
difficileturned out to be complicated to transform by electroporationabremical
integration. Based on the conjugation method, developgdliyanagest al., Purdy
described thesuccessful transfesf DNAvia conjugation intcC. difficilestrains CD3

and CD6 fronk.colidonor straing74, 76} In 2016, Kirk et al., proved, that heat
treatment of recipientC. difficilestrain R20291 of up to 5Z, prior to conjugation
causes an increase of conjugation efficiefi€§]. Until now conjugation remains

the gold standard DNA transfaerethodin this organism

1.5 Forward genetics ilostridium

Forward geneti@approaches are based on the isolation of mutants of a defined

phenotype and there after determining the genotypeesponsible Such

approaches help toidentify the underlying genetic bases behind specific

phenotypes without drawing previous assumptions of the genes involved. This is
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normally achieved by the analysis of naturally occurring mutants or production of
chemical, radiation or transposon insertion induced random mutations in the
bacterial genome. Furthermore, random mutagenesis may be followed by high
throughput gene mapping methods and correlation of the phenotype with the
affected genes. Followed up by istiten and further analysis of individual
mutants, a mutant library allows the screening and analysis of numerous mutants

simultaneously and thus optimizes the speed of the ana[g8is78]

1.5.1 Transposomutagenesis

Transposable elements, or short transposons, are a DNA segment, which can alter
its position within a genome or from one genome to another. Several of these
genetic elements are not dependent on host fact@ffggure 1.4)A distinction is
drawn between class 1 transposons, or retrotransposons, and class 2 transposons.
Retrotransposons form an RNA intermediate and are inserted via reverse
transcription. Class two transposons are DNA transposons which encode the
corresponding transposase, implented into inverted terminal repeats (ITRS).
Transposition of class 2 transposons happens mainly during -sepdicative cut
and-paste mechanisni79]. Transposable elements play an important role in the
fitness of both eukaryotic and prokaryotic organisms. They protect against viral

attacks or provide environmentdltness against stressarg.g, antibiotics via
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random insertion mutation odissemination of regulatory factof80]. However,
transposons can participate in disease formation and development of a

deleterious phenotypg81].

A) DNA Transposon B) LTR retrotransposon C) LTR retrotransposon
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Figure 1.4: Mechanisms of DNA transposons

A) Many transposons are mobilized by a-paste mechanism and are encoding a
transposase, flanked by internal repeats (ITR), indicated by the black arrows. The
transposase binds near or at the ITRs and transfers the transposon from its initial

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

mobilized via replication, depending on a reverse transcriptase. B)
Retrotransposases require very long terminal repeats (LTR) for successful

NBLI AOF A2y ® hy (i KSs amsgeciabpfdtotd, Fecagriiz&d byi NI y & LJ2
the hosts, producing transposon encoding MRNA. Subsequently, reverse
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transcriptase copied the Transposon mRNA back into full length dsDNA (cDNA). In
another step, integrases build in the transposon cDNA into the iaeget side. C)
NonLTR retrotransposons Lack LTRs and encode either one or two OFRs. Similarly,
to B), the transcription of no TR retrotransposons generates a full mRNA.
Retrotranscription, however, is primed on the target side directly. An endonuclease
generates a singtstrand nick into the genomic DNA priming reverse transcription

of the RNA by noautonomous and autonomous retrotransposasée integration

of nonLTR retrotransposons can lead to target side depletions (TSDs) or small
deletions at thetarget site in genomic DNA. The Graphic was adapted from Levin

et al.,[82].

Transposable elements make up a lapgeportion of the eukaryotic genome and
can constitute up to 85% in some planf83]. In C. difficilearound 11% of the
genome is comprised of mobilgenetic elements. Thisonfersa high degree of
plasticity to genome The complete roleof these mobile elements upon the
organism's biology, evolution and pathogenicityowever,remains to be fully

understood[84].

1.5.2 Transposon mutagenesis @ difficile

Transposable elements are a promising tool for performing forward genetics and

have been used for mutant production andutant identification in several

clostridid speciesTwobasic types of transposaystemhave been describeih

clostridia: conjugative and noRconjugative transposons.
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Integrative Conjugative Elements are circular structures, introduced from a donor
cell into a recipient using a conjugatiike mechanism. These DNA fragments do
not contain their own replicon and thus integrate inttet hosts origin of
replication to endure. Noionjugative elementshowever, lack the genetic
machinery for conjugation and use the mechanism present in thd&#ll Most
studies tryingto produce random insertion mutant libraries rely on the
conjugative ThB or the nonconjugative mariner transposon. $is one of the first
transposons discovered and derived from bacterial origin and has been reported
to function in most bacterial speciésas been tested if85]. Trb has been shown

not to have a strong prefereecfor a particular insertion site or the GC content
[86]. Interestingly TransposorDirected InsertionSequencing(TraDIS) performed

in Salmonelleentericahas revealed a small bias upon AT richer sequence regions.
Considering the high insertion frequency o5 however, this bias has not been

seen as a major obstadés, 87]

As they are directly transformed into the hostetsuccess of thesén vitro
mutagenesis systemaries based on the transformability of the target organism.
As DNA transfer intcC. difficile is poorly characterized and challenging, these
systems are less appropriate for implementation of transposon mutagenesis
transposons Tel6and Trb397have been tested i€. difficile Both are biasedn

their integrative motif and have therpference to lead to multiple insertions. As
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such, these systems have been neglected as suitablé.fdifficilemutant library

production[88].

On the other hand, the mariner elemertimarl is derived from thehorn

fly, Haematobia irritansand reconstructed as a consensus sequemite a weak
preferences for insertion sitgB9, 90] TheHimarltransposase is the only protein
required for its integration and thus the transposon can be integrated into the host
genome without activation of any host factor. Eventually, the transposon can be
integrated into the host genome via homologorecombination. This makes it a
method of choice for bacteria, that amoorly transformed with foreign DN/89,

91].

Based on these findings, the mariner transposon system became of ificient
interest for application irC. difficiledue to thehigh AT content of its genome. The
OGN yalLl2az2yQa oAlLa F3FAyad !'¢ NRAOK AyaSN
optimal choice forclostridia[65]. Two studies have been performed Gndifficile
utilizing the mariner transposon and indeed, successful libragdyction in

severalC. difficlestrains have been reportef@6, 91]

The marinetbased transposon system designed Ggrtman and Minton was
based on thepMTL-SC1 plasmid, adjusted with the Himarl C9 transposase gene
[91]. TheC. difficiletoxin B promoter, Rdis, was located in front of thélimarl

transposase gene A copy of the catP gene, encodng chloramphenicol
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acetyltransferase provides the transformed organism with resistance to
Thiamphenical Transcription from the ¢3s promoter is mediated by the
alternative sigma factor TcdR which is aisin Gram-negativebackgroundand
thus considered inactive ia. coli This lack of a Grammegativeorigin of replication
Is considered to prevent transposition events from happening in @Giam-

negative host beforeonjugationinto C. difficilg92].

A major drawback of this study was found in the segregationally unspesglede
suicide vector system. It is emphasized that it takes at least two passages to
eventually eradicate the transposon plasmid. This approach improves the time
and work efforts required to produce libraries containing thousands of magtant

[91].

In 1990, Geissendorfer and colleagues introducetieracycline (Tenducible
expression system imacillus This Tcinducible system consists of divergent
promoters, each with an overlappirngt operator sequence (TetO). When fois
present, thePetr, promotor drives expression tétR,binding to thetet operators

and eventually represses both promoters. The adjacent prom&ear drives
expression of any subsequent gendc or its less cytotoxic analogue
anhydrotetracycline (aTc) induces a conformational change in TetR that prevents
binding to the operator and relieves repressi¢d3]. Fagan and colleagues

introduced two studies on & cinducible expression system cloned into the
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conditional pRF177 plasmi@6, 94] Downstream of the & promotor, they
cloned an optimisedHimarl transposase gene with customised ITR regions,
flanking anermBresistance gene. Plasmid instability was achidwegositioning

the Rewr promoter toward theC.difficile pCD6 origin of replication keeping the
plasmid intact during normal conditions butducing aTc dependent instability
Using this system, the group was able to generatdéame pool of random
transposon insertion mutants. In th@. difficilestrain 630kerm, around 85000

Em resistant colonies were pooled, from which.4@2 unique mutantswvere
identified via sequencing. In the clinically relevant R20291 strain approximately
70,000 unique mutants were achieved. This stadynonstratedthe functionality

of the Tcinducible systenfior C. difficileransposon mutantibrary production and

represents a promising target for further reseai@®, 94]

Monitoring large transposon libraries is crucial for identifying random insertions
and thus analysing the fitness of a given phenotype under various environmental
conditions. Already in 199%lutchison et al, developed a sequencimased
method to screen for transposon insertiosites inaround 1000 transposon
mutant in reducedMycoplasmaenomed95]. This techniqughowever, was time

intensive and the low accuracy preventesd widespreaduse
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1.5.3 Mutant sequencing and TraDIS

More recently, large transposon libraries have been analysed by high throughput
sequencing technologies likeransposorDirected InsertionSequencing TraDIS),

Insertion  sequencing (INSeq), highthroughput insertion track by
deepsequencingHITS and Transposon sequencing-géq) which with minor
variations, generally follow a similar workflofw8]. These techniquesare
characterised bya high level of reproducibility up to 90% and are tterefore
considered as reliable and fast methofibr broad scale genome screenif@g,

97]. Langridge et al demonstrated a technique which could be sufficiently used to
screenmutant related fitness within a population of single transposon mutants

[87]. The workflow (of TralB) initiated withthe fragmentation of the selected

mutant genomic DNANd then the subsequeRCR amplidationand enriciment

of these transposon containinigagments. The technique is highly adaptable to
various transposons by simply redesigning the sequencing prif@8}sTo verify
transposon insertion, primers for sequencing are designedroealwithin the

0N yalrLlzazy | yR (Kdag, baf@eNde rdad. SequsdciyigiidJ2 a 2 Y
performed on the chromosomal DNA. A short¢l@ cycle transposon read by

Lt fdzYAyl aSljdzSyOAy3 NRdziAySte | OKAS@Sa
TraDIShat has been implemented in Bn Tro17- andHimark based mutant

libraries, isanticipatedto work in ary transposon model, given the appropriate set

of sequencing primers is available. The technique has been performed successfully
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in many organisms and transposon modeiscluding Trb-based libraries
in Salmonellg87] andEscherichig®9, 100] Marinerbased libraries in
Mycobacterig101] and inC difficile [86] have also been successfully analysed

usingthis high throughput sequencing method

1.6 Overall Aims of this Work

The broad aim ofhis project is to gain a deeper understanding of the molecular
mechanisms involved in sporulation and germinationCndifficlePCRRTO078
strains based on our knowledge dransposon derived mutagenesi/efirst, aim

to improve DNA transfer int&. difficleRTO78 and additionally evaluate a variety
of transposondeliverysystems Finally, the mosseminal construct is depictedr
execution ofan enhancedlraDIS protocol from transformation to library prep
Constructive on thatthis studyrevealsthe currently most successful TraDIS
pipelineto elucidate the role of genes involved im C. difficilesporulationand

seek to establish reversgznome editing irC. difficile
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Chapter 2

Materials and Methods



2.1 Bacteriaktrains

Table 2.1.1: Bacterial strains used in this study.

E coliTOP 10 Invitrogen Plasmid cloning an
storage
E. coliXL-1 Blue Promega UK Ltd Plasmid cloning an
storage
E. coliDH5 alpha New England Biolah Plasmid cloning an
(NEB) storage
E. coliCA434 M. Young, UCW Conjugative transfe
Aberystwyth, UK74] strain
E. colisExpress Craig Wood$§102] Conjugative transfe
strain
C. difficile630 NCTC, Public Heall PCRRT 012 (Zurich
England Switzerland)
C. difficilec o prm Hussain et al, (2005) Emsensitive derivative
[103] of C. difficile630
C. difficilec o Brm Patrick Ingle Emsensitive derivative
of C. difficile630
C. difficileR20291 Patrick Ingle Clinical PCR RT (0&vain
C. difficileEK24 Heeg et al.[104] C. difficle PCR RT 07
CD2315
C. difficileEK26 Heeg et al.[104] C. difficlePCR RT 078
C. difficileEK28 Heeg et al.[104] C. difficle PCR RT 07
CD¥009825
C. difficile18-01 Nottinghamshire Clinical PCR RT O
isolate
C. difficile44-01 Nottinghamshire Clinical PCR RT O
isolate
C. difficile90-01 Nottinghamshire Clinical PCR RT O
isolate
C. difficile93-01 Nottinghamshire Clinical PCR RT O
isolate
C. difficile95-01 Nottinghamshire Clinical PCR RT O
isolate
C. difficile97-01 Nottinghamshire Clinical PCR RTO78
isolate
C. difficileM120 [13] C. difficilePCR RT 078
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Table 2.1.2Plasmids used in this study

pMTL-81151

pMTL:82151
pMTL:83151
pMTL:84151
pMTL:85151
pMTL:86151
pPMTL:CW17

pMTL-CW21

pPMTLCW22

pDIG1

pDIG2

PMTL-GL15

pRF215

pMTL-MTV10

Clostridium shuttle vector with no Gram SBRC
positive replicon
pMTL-81151 containing the pBP1 replicon SBRC

pMTL-81151 containing the pCB102 replicc SBRC
pMTL-81151 containing the pCD6 replicon SBRC
pMTL-81151 containing the pIM13 replicon SBRC
pMTL-81151 containing the plP404 replicor SBRC

Himar1C9 transposase under the control Craig
the lactoseinducible bgaRPbgal promoter Woods
instead of theorthogonallycontrolled PtcdB

like in CW21, 22, 26 and 2

Transposon mutagenesis vector harbouri Craig

the Himarl transposase and pcBl1G2am Woods

positive replicon

CW21 with pCD6 Grapositive replicon Craig
Woods

Part 1 of a Zart transposon mutagenesi James

vector system, harbouring the Himal Millard

transposase and pCB102 Grawsitive

replicon

Part 2 of a 2part transposon mutagenesi James

vector system, harbouring the marin¢ Millard

transposon and n&Grampositive replicon

Suicide Transposon mutagenesis vec [91]

mobilizing a catP transposon, drivil

Himar1C9 transposase vit&c8B

Transposon mutagenesis vector harbouri Robert

the Himarl transposase and pcD6 Gre Fagaf86]

positive replicon

Transposon mutagenesis vector, harbouri This study

the SBRC backbone and the Him

transposase, Em Transposon and Te

promotor derived from pRF215. Additional

Scel, As@ndFsel side have been added.
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2.2 Growth conditions

Aerobic growth conditions
E colistrains were cultured aerobically in Luigrtani (LB) media at 37°C, in liquid
broth with horizontal shaking at 200 revolutions per minute, or on solid agar

plates. LB medium was infused with appropriate supplemertedlis Table 2.52.

Anaerobicgrowth conditions

C difficile strains were cultured anaerobically at 37°C within an MG1000 Mark II
anaerobic workstation (Don Whitley Scientific Ltd, UK), with an internal
atmosphere of Nitrogen (80%), Carbon dioxide (10%) and Hydrogen (10%). Prior
to use, all culture media were pireduced within the anaerobic workstation, for

a minimum of four hours for agar plates or 24 hours for liquid me@iadifficile
strains were routinely cultured on Brain Heart Infusion Supplemented (BHIS)

media with appropriate supplements listedTable 25.2.

Strain storage
E. colistrains were grown on LB agar, before the resulting growth was harvested
using a 10> [plastic loop and resuspended in MicrobaMKk_ong Term Storage

tubes (PreLab Diagnostics), for storage-80 C.C. difficilestrains were grown on
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BHIS agar, before the resulting growth was harvested using>a[plastic loop
and resuspended in screw cap tubes containing BHIS broth with 10 % (v/v)

glycerol, for storage aB0 C.

2.3 Chemicals and Suppliers

Plasmid minprep kits, genomic DNA extraction kits and Gel extraction kits were
sourced from New England BioLabs. For polymerases reactions DreamTag (Sigma
Aldrich), Phusion (New England BioLabs) were used. Oligonucleotides were
sourced from Sigmdaldrich. All other enzynge for molecular biology were
sourced from New England BioLabs as well-agy2and 1kb+ DNA ladders. All

chemicals were ordered from Sigrdddrich Company Ltd.

2.4 Bioinformatics tools

DNA visualization

DNA was  visualized using the wehsed tool Bencimg

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

SnapGene for preferred visualization.
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Sequence data analysis

Sequence data and plasmid maps were routinely viewed using the Benchling
online resource accessible wtvw.benchling.com. The phylogenetic analysis and
genome alignments were performed using Qiagen CLC workbench 28yd®dm
prediction was performed on the internet platform Rebase usingRdd finder

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

BLAST
For searches of DNA sequence and transposon integration side the databases
using the Basic Local Alignment Search Tool (BLAST) were performed using the

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

MiSeq data analysis

Reads were filtered for quality and trimmed wusing TrimGalore
(https://github.com/FelixKrueger/TrimGalore). The MiSeq custom recipe already
filters for reads that contain the specified transposon tag. Bioinformatic analysis
was then undertaken by Dr. Craigddbls,using methods based on those outlined

in Barquist et al., 201f®8].
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2.5 General microbiological techniques

2.5.1 Bacterial Growth medium

Table 2.5.1: Growth media used in this study

Luria-Bertani (LB) Sodium chloride 10.0
Tryptone 10.0 E.colistrains
Yeast extract 5.0
BrainHeart Infusion  Brain Heart Infusior 37.0
Supplemented (BHIS; Yeast extract 5.0 e ,
C.difficile strains
L-cysteine 1.0

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

sterilization proceeded at 121°C for &0n.

2.5.2 Supplements

Media supplements were prepared as stock solutions according to manufacturer's
instructions. Solutions were sterilised by filtration througp.2>Y Y SYo6 NI y S
(Minisart9). Stock solutions were stored at the recommended temperatures for no

longer than 5 weeks.
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2.5.3 Strain Storage and Revival
Bacterial stocks were stored &0°CE. colistrains were kept in the Microbahk
Long Term Bacteriand Fungal Storage System by-Riw DiagnosticClostridia

stocks were preserved by the addition of 10% glycerohwaf dostridiaculture.

Table 2.5.2: Supplements for bacterial growth media.

Chloramphenicol 25 EtOH (100%) Broth: 12.5 -
Agar plates: 25
Tm 15 EtOH (50%) - 15
Em 50 EtOH (100%) 500 10
D-cycloserine 50 dH20 - 250
Cefoxitin 50 dH20 - 8
Anhydro- 50 EtOH 10 10
tetracycline (70%)
IPTG 23.81 dH20 - 476
=100 (mM) =2mM
Lactose - 10
Sodium 100 dH20 - 1000

taurocholate

2.5.5 Preparation of electrocompetertt. coli



E. colisExpress (NEB) were inoculated on an LB plate. Growing coleaies
picked from the plate and inoculated inmBLLB medium at 37°C with horizontal
shacking at 200 rpm. After 24 hoursnl of the subsequent culture was incubated

in 200mL of LB broth under the abovementioned growth conditions, till the
culture reachedan OD of 0.5 0.7 at 600 nm. For optimized handling, the 260
culture was divided into four 5L falcon tubes. Each falcon was centrifuged at
4000 xg for 10 min at 4°C to obtain a pellet. The pellet was resuspended in ice
cold sterile water and cenifuged as above. The washing step was subsequently
repeated. Eventually the resulting pellets were washed im2of sterile icecold
water and pooled. A final centrifugation step was performed as the previous once
and the pellet was resuspended in iced MOPS (InL, 1 mM) with 10% v/v

glycerol before being pooled in 50[aliquots and stored ai80°C.

2.5.6 Preparation of chemical competei coli.

RelevantE coli strains were inoculated on an LB plate. Growing colonies were
picked from the plate ad inoculated in SnLLB medium at 37°C with horizontal
shacking at 200 rpm. After 24 hoursnl of the subsequent culture was incubated

in 200 mL of LB broth under the abovmentioned growth conditions, till the
culture reached an OD of 0¢.7 at 600 m. For optimized handling, the 200L

culture was divided into four 5L falcon tubes. Each falcon was centrifuged at
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4000 xg for 10min at 4°C to obtain a pellet. The supernatant was discarded, and
the pellet was resuspended in 20L 100 mM of MgC4. The cell mixture was
placed on ice for 30 min. Centrifugation was repeated and the pellet was
resuspended gently in 12/8L 100 MM CaCland the mix was inoculated for 30
min on ice. After a final spin, thpellet was resuspended equally in 160M of

CaGland 20% glycerol. Aliquot are stored &0°C.

2.5.7 Transforming electrocompeteri. coli

A 50 > [aliquot of the electrecompetent E. coliwas thawed on ice and
subsequently 2> [of plasmid DNA was added and mixed by resuspending. The
mixture was tansferred into a chilled a 0.2 cm gap electroporation cuvette-(Bio

Rad) and pulsed with an electroporator (Btad MicroPulser) using pset
O2yRAGAZ2Yya O6Hdp 1+ HnAnN epwbde cellpwere @ixed LI OA
with 400> [SOC broth (Invitrogen) and transferred to a b microcentrifuge

and incubated at 37°C and 200 rpm of horizontal shaking for one BALBO> [

aliquot of the cell mixture was spread plated in a dilution series of up tddrio

LB agar medium contaimg the appropriate antibiotic and incubated at 37°C
overnight. Growing colonies were picked from the plate and inoculated iml[10

of LB medium, containing the appropriate antibiotic at 37°C with horizontal
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shacking at 200 rpm overnight. The growing c@tuwere harvested in 56 |

aliquots and stored at30°C.

2.5.8 Transforming chemically competeft coli

A 50 > [aliquot of the chemicatompetent E. coliwas thawed on ice and
subsequently 2> [of plasmid DNA was added and mixed by resuspending. The
mixture thawed for 3min on ice and then immediately transferred for 45 seconds
on a preheated 42°C heating block. After the heat shock, the mixture was
transferred on ice again, for @in. The cells were mixed with 460[SOC broth
(Invitrogen) and incultad at 37°C and 200 rpm of horizontal shaking for one hour.
A 100> [aliquot of the cell mixture was spread plated in a dilution series of up to
10°% onto LB agar medium containing the appropriate antibiotic and incubated at
37°C overnight. Growing colosigvere picked from the plate and inoculated in 10
mL of LB medium, containing the appropriate antibiotic at 37°C with horizontal
shacking at 200 rpm overnight. The growing cultures were harvested m [50

aliquots and stored at30°C.

2.5.9C. difficiletransformation via conjugation withE.coli.

E. colicultures, harbouring the plasmid construct of interestre grown in 5mL

of LB broth, supplemented with the appropriate antibiotics at 30°C with horizontal
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shaking at 200 rpm overnigh&1 mLaliguot of BHIS broth was incubated with the
recipient C. difficilekerm strain and incubated anaerobically at & overnight.

The following day, th&. colicultures reached the stationary phase andhLwas
harvested by centrifugation at 1800 g«for 1 minute at 25°C. The pelletvas
washed twice in sterile PBS and transferred into the anaerobic cabinet and
resuspended in 208 [of the C. difficileovernight culture. The culture was divided
and spread on two nosupplemented BHIS agar plates and incubated
anaerobically for a minimum of 8 hours. Subsequent growth was harvested by
spreading 200nL of sterile PBS on the plate and scraped of the platé sterile

cell spreaders. The PBScteria mixture was spread plated onto BHIS agar
supplemented with Erycloserine, Cefoxitin and the plasragpropriate
antibiotic. Plates were incubated anaerobically at @7for 2472 hours, until
distinct transconjugnt colonies had appeared. Growth was harvested and

incubated in 15mLof supplemented BHIS broth.

2.5.10Measurements of bacterial growth

Growth ofC. difficilestrains was measured via monitoring the changes in optical

density at 600 nm (OD600) over a2dur period. The optical density of overnight

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

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

2.6.1 Plasmid construction

All plasmids wereloned using NEB HiFi assembly, the necessary fragments were
generated via PCR using the appropriate templates and primers. Transformants
were selected for on LB agar supplemented with chloramphenicolEanénd
inoculated to overnight cultures with theame supplementation. Plasmid DNA
was prepared from overnight cultures and verified with diagnostic digests and

Sanger sequencing.

2.6.2 Plasmid DNA extraction frofa. coli

E. colicells harbouring the plasmid of interest were grown over night iml®f

LB culture with the corresponding antibiotic at°® under horizontal rotation at

200 rpm After 24 hours the cultures were centrifuged fom#h at 16000 rpm and

room temperature. For harvesting the DNA from the pellet, @enElute HP

Plasmid Miniprepr AG 0 { A3YLF 0 gl a dziaAft AT SR I 002 NR.
The plasmid DNA was eluté@> [of sterile dHO, incubated at 40°C for enhanced

elution and stored at20°C Quantification of DNA preparationSxtracted plasmid
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DNA and genomic DNA samplamcentrations weremeasured by a nanodrop
NDMnnn &LISOGNRLIK2G2YSGSNI 6¢KSNY2 {OASyl
recommendations as doubigtranded DNA has an OD260 value of 1 with a 1 cm

path length.

2.6.3 Extraction oflostridial genomic DNA usin@enElute kits

TenmLof C. difficileculture, grown under anaerobic conditions at 37°C overnight,
were taken out of the anaerobic workstation and pelleted at 160@Xor 3 min

at 25°C. The supernatant wdscardedand the cell pellet was treated amaling

to the protocol of GenElute Bacterial Genomic DNA Kit (Sigma). The cells were
resuspended in 208 [Lysis buffer, containing 10nmmgL:* lysozyme and incubated

at 37°C for 30nin. A 20 > [aliquot of RNase a Solution (Sigma) was added and
incubated at room temperature for fhin. 20> [of Proteinase K in 208 [Lysis
solution (Sigma) were added to the mix and incubated at 55°C foni@Qvith
intermediate vortexing. To precipitate the genomic DN@Q2 [of 99, 9% ethanol
were added to the mixture and the whole conglomeratas introduced into a
silica membrane binding column (Sigma) and centrifuged at 6530rx. minute.

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

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

purified DNA was sorted a20°C.

2.6.4 Extraction oflostridial genomic DNA using Phen@hloroform.

Between 1l to 5 mL of culture was pelleted at 4000 x g forr8in at room
temperature. Supernatant was removed by decanting, followed by thorough
pipetting. Bacterial pellets were fsuspended in 200 [PBS with 10ng/mL
lysozyme. Cells were lysed at 37°C form3idn with occasional mixing. After
degradation of the cell wall with lysozyme, 29proteinase K, 85 [dH20 and
100 > [10% SDS solution were added and vortexed. Incubation of the mixture
proceeded at 55°C for 3fhin with occasional vortexingA 400 > [volume of
Chloroform: Isoamyl alcohol (25:24:1) with &M Tris, pH 8.0, inM EDTA was
added to phasdock gel tubes and after proteinase treatment the samples were
added to the prepared phadeck tubes. Samples werthen centrifuged at
14,000x g for 2Znin at room temperature allowing the extraction of the top layer
to which 20> [RNAse 6%as added and incubated fom2in at room temperature.
Phaselock cleanrup was repeated durther two times. Eventually, the tofayer
was mixed with 43 [of 3M Sodium acetate and 808 [of 100% ethanol. After
thorough resuspension, the sample mix was inoculate@@tC for at least 3@in.

Sample were pelleted in a 4°C greoled centrifuge at 14,000 x g for frfbn. The
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supernatant was carefully removed by aspiratiénl mLvolumeof 70% ethanol
was added to the pellet and a further centrifugation step was performed at 14,000
x g for 5min. The supernatant was poured off and the remainder removed
carefully using a P20dpette. The pellet was auried for around 45min before

being resuspended in 5000> [sterile dH20.

2.6.5 Restriction digest of genomic and plasmid DNA

DNA was cleaved at specific sites using appropriate restriction endonucleases Mix
(NEB) based o I y dzF I OG dzZNBEND& Ay AGNHzZOGAZ2Yad ¢ & LI
in 25> [volumes with incubation at 37°Crfone hour, followed by 2Bnin heat

inactivation at 80°C. The resulting DNA was measured witnadrop NB1000

spectrophotometer.

Table 2.6.1: Rstriction endonuclease master mix on the example of Hindlll

digestion ofClostridiagenomic DNA.

R

gDNA 15

CutSmart Buffer 2.5
Hindlll 1

HO 6.5

Total Volume 25
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2.6.6 DNA ligation

Fragments with compatible ends resulted from the restriction digested genomic
DNA were ligated together using T4 DNA ligase (NEB) in accordance with the
Y|y dzF I O G dzNB NIpgically, yeactioNsizera pedoyfriedhn 2Qvolumes

with incubation at r@em temperature for one hour, followed by 2®in heat

inactivation at 65°C.

2.6.7 Polymerase Chain Reaction amplification of DNA

Oligonucleotide primers for utilized for DNA amplification, described above, were
synthesised by Sigmarifers weredilutedtoag 2 NJ Ay 3 O2y OSYy (G NI (A
andstored at-20°C The PCR mix was prepared typically ir-ZBeaction Volume.

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

F OO2NRAY3I (2 YI ydzFl O dibdoNiarsposdniBsardo2 f ® C
t KdzaA2y 0O0b9.0 YIFAGSNI YAE ¢ Bhe dnhdalibgh SR Y|
temperature for each individual reaction was calculated udi@BI onlingrimer

BLAST https://www.ncbi.nlm.nih.gov/tools/primerblast/). While elongation

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

allocated per 1 kb.
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2.6.7.1 Inverse PCR

During this protocol, a possible transposon mutant colony was gramn
supplemented LB medium overnight5InLof the culturewere isolated using the

Spin columns or phenahloroform. Subsequently, the DN#&as digested with
Hindlll master mix (as described previously). Digestion was conducted for 4 hours,
followed by a leat inactivation 80C for 25:00 minA total of30-75 ng of the heat
inactivated digest wadigated overnight (on Ice) orfor 4 hours at room
temperature to form Transpose@hromosome junctior ring formation. These

ring structureswere amplified by an imicated PCR run, using (NEB) Q5 high
fidelity PCR protocollable 2.6.2and the Forward primer catP_INV_F1 as well as
Forward primer catP_INV_R1. The inverse pro&ucts amplifiedvere visualized

on by agarose geklectrophoresis The fragments were obined and extracted
from the agarose. For sequence identification, the samples were sequenced and
the data obtained blasted using run products on gel, extract fragments, and

sequence with catN\tR2.
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Table2.6.2: Integrated PCR protocol to ampliffhromosome transposon

junctionse ¢ 2 NHzy GKAA t-RavgWSIIONR2Y¥Q2 f K2 dDKS

follows:

98 05:00
o8 0:10
70-55 2:00 Temperature decreases by 1°C per cycle
60°C is reached.

72 2:00

98 0:10

60 0:30  20-25 cycles
72 2:00

72 5:00

15 Pause

2.7 Isolation of C. difficilespores

2.7.1 Spore purification

Prior to spore isolationC. difficilewas cultivated in 200mL of LB broth,
supplemented according to Table 2.5.1, at 37°C in the anaerobic workstation. The
cultures were incubated for at least 10 days (mostly¢ days) to induce spore

formation by starvation.
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After the starvation, the samplesere heat treated at 68Cfor 20 min in the HB

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

at room temperature to allow thenixture to cool down and split into ¥ 50mL
cultures. The culturewere centrifugedat 3000xg for 1@ninat room tenperature.

The supernatant was discardaad the sporepellet resuspended in 1L dHO

to which was dded 10 mL 95 % EtOH andhe mixture vortexed for 10 min.
Centrifugation was repeated and the spore pellet was washed iml16f dH20

and vortexed for 10min. The washing step was repeatadfurther two times
Eventually, the spores were spun down, and the final pellet was resuspended in

44 L of dHO.

2.7.1 DNAse clean treatment of spores.

To the 44uL of dHO spore mixturgs uL 10X TURBO DNase Buff&d 1uL TURBO
DNase (Ambion) were added and incubated at 37°C foni®0 The spores were
spun at 3000xg for 1@nin at room temperature and the supernatant was
discarded from the pellet that was resuspended in 500 of 20% HistoDenz

(Merck).
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2.7.3 ®paration in Sucrose gradient

The 500uL of spore20% HistoDenz mixture was gently transferred via pipetting
into a 1mLEppendorf tube, containing hLof 50% HistoDenz. The solution was
spun at 14.000x g for 15min at 4°C in a preooled table centrifuge. The
supernatant was discarded, and tispore pellet washed in inL of dH20 and
centrifuged at 500& g for 3min at 4°C. The washing was repeageturther two
timesand the final pellet resuspended inMlL PBS fomicroscope quantification

and final storage.

2.8 Transposon mutant library preparation

2.8.1 Library preparation

Genomic DNA samples were fragmented via sonication using ai€®series
sonolab at DeepsefNottingham). DNA fragments with an average size of around
500 bp were produced using the following settings: 20W, 200 cycles/burst,
intensity 5, 10% dutycycle. A 1X bead purification was performed using NEB
sample purification beads before fragments wered repaired and dAailed using

NEBNext Ultra Il DNA Library Prep reagents. A custom splinkerette adapter (
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https://www.ncbi.nim.nih.gov/pubmed/2679431)7 was ligated to the ends of

fragments usg the ligation reagents from the NEBNext Ultra Il kit. Adapter
ligated samples were purified again with a 1X bead purification step before an |
Sceldigest was performed to selectively cut between the library primer binding
site and the splinkerette adapr on plasmid DNA only. Digested products were
again purified using a 1X bead cleam before a PCR was performed amplifying
the transposorgenomic DNA junctions. The PCR employed the NEB Q5 high
fidelity polymerase which amplified the region between thet 6 NI NB  LINA Y S N
and the adapter primer SplAP5.x where x represents the multiplex number. SplAP5
primers bind to the adapter and contain a unique region allowing multiplexing of
samples. The library primer contains the P5 figedl binding region, whil¢he
adapter primer contains the P7 fleeell binding region. PCRs were sse¢ected

on a 2% lowmelt agarose gel and then gel extracted using a NEB monarch gel
extraction kit. Gel extracted samples were quantified using an agilent 2100
bioanalyzer and ®NA 1000 chip teisualisethe size distribution of the library.

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

Qubit and gPCR using the fla&ll binding regions to amplify.
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2.8.2 MiSeq

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

LINA Y Sthichavastdesigned teead out of the transposon giving initially 12 bp

2F (GKS

OGN yalLkzazy Wil 3aQ

Iy R

GKSNBI FiSNJ :

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

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

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

are not homogenous throughouhe whole sequencing lane.

Table 2.8.1 Primers utilized in this study* IndicatesPhosphorylatioh

MTV10.1 F
MTV10.1 R
MTV10.2 F
Aligns to pRF215

MTV10.2 R
Aligns to pRF215

ermB-R1
catP_INV_R 1
catP_INV_F_1
catP_INV_R 2
SplA5_top

SplA5_bottom

CGGCCGCTGTATTACCCTGTTATCCC
Aligns to pRF215 TGTGCTGGAATTCGCCCTTAG
CGGGCGCGCCTTAAGACCCACTTTCA
Alignsto pRF215 AGTTGTTTTTCTAATCCG
TGGGTCTTAAGGCGCGCCCGCCCTTA

TCGCCCTTAGTAGGGATAACAGGGTA
GCGGCCGCGGTCATAG
GCATCTAATTTAACTTCAATTCC

TATTTGTGTGATATCCACTTTAACGGT

TGTAGGTACAAGG

TATTGTATAGCTTGGTATCATCTCATC

TCCCCAATTCACC

For MTV10alignment to

pRF215

For MTV10alignment to

pRF215

For MTV10alignment to

pMTL-84151

For MTV10alignment to

pMTL-84151

Inverse PCR of pRF2
and MTV10

Inverse PCR of the G\

plasmids

GGCAAGTGTTCAAGAAGTTATTAAGT(

GTGCAGTCGAAGTGG

G*AGATCGGTCTCGGCATTCCTGCTG,

CTCTTCCGATC*T

TTTCAAAAAAA*A

catPsequencing primer

Primers for the
G*ATCGGAAGAGCGGTTCAGCAGGTT Sprinklerette Adaptor
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SpIAP5.7

SplAP5.8

SpIAP5.11
SplAP5.12
SplAP5.13
SplAP5.14
SplAP5.15
SpIAP5.16
SpIAP5.17
SpIAP5.18

ermB  Tn_seq_
library_primer

C*AAGCAGAAGACGGCATACGAGATC
CTGGAGATCGGTCTCGGCATTC*C

C*AAGCAGAAGACGGCATACGAGATC
GTGAGATCGGTCTCGGCATTC*C
C*AAGCAGAAGACGGCATACGAGATC
GCCGAGATCGGTCTCGGCATTC*C
C*AAGCAGAAGACGGCATACGAGATA
AAGGAGATCGGTCTCGGCATTC*C
C*AAGCAGAAGACGGCATACGAGATA.
CCAGAGATCGGTCTCGGCATTC*C
C*AAGCAGAAGACGGCATACGAGATA.
AGAGAGATCGGTCTCGGCATTC*C
C*AAGCAGAAGACGGCATACGAGATA.
TTAGAGATCGGTCTCGGCATTC*C
C*AAGCAGAAGACGGCATACGAGATA
GGAGAGATCGGTCTCGGCATTC*C
C*AAGCAGAAGACGGCATACGAGATA
ACAGAGATCGGTCTCGGCATTC*C
C*AAGCAGAAGACGGCATACGAGATA
GAAGAGATCGGTCTCGGCATTC*C
AATGATACGGCGACCACCGAGATCTA
ATCAACACACTCTTAAGTTTGCTTCTG

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

Libray Primer

ErmB_Tn_sege GCTTCTGTCAGACCGGGGACTTATCA Sequencing Primer

guencingprimer

2.8.3 Agarose gel electrophoresis

Separation of PCR products, restriction fragments and plasmid DNA was

performed via electrophoresis at 100 V for 8in through 1.0% agarose (Sigma)

gelsin TAE buffer containing 0.0% (v/v) SYBR Safe DNA Gel Stain (Thermo

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

DNA fragments were visualized under blue light.idipatedDNA fragments were
excisedrom the gel using a scalpel. The DNA was extracted from the agarose using
Monarch® PCR & DNAClelh] YA G 6b9. 0 oF&aSR 2y YI ydzFl

was eluted in 20> [of distilled HO and stored iR20°C for later usge.

2.8.5 DNA sequencing and genome assembly
DNA sequencing was performed by Eurofins Genomic

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

protocol using the associated primefsanopore sequencing data were matched
to the previously acquired Illumina sequencing data. Genamsemblywas

performed by Deepseq, usinganu 2.0 fittps://canu.readthedocs.io/en/latesty
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3.1 Introduction

3.1.1 Restriction modification systems i@.difficile

RestrictionModification (RM) systems are utilized in prokaryotic organisms to
detect, cut, and modify specific DNA sequences. Generally, they protect the cell
from invading DNAsuch as that originating from bacteriophagé¥efensive
properties in bacteria were first observed in the 195@benE.coli. LIKI IS <
found to replicate poorly irE. colK-12. Restriction was observed for the non
methylated phage DNA, whilst tlie colK12 genome remained intact due to site
specific methylation by the cognate methyltransferases (MTHS, 106] Since

RM systemslimit the entry of foreign DNA into the cell, they are generally
considered to serve as an innate immune system for prokarydgi@g]. Initially,

DNA modifications a carried out byMTase These enzymes transfer methyl
groups from the universal substrat&adenosylmethionine to their respective
recognition site on the genomgl108]. Bacteria th& recruit restriction
endonucleasegREasesyhich recognize nomethylated doublestranded DNA.
These REases clear theeatied sites by causing DNA double strand cleavage
Restriction and methylation may be conducted by different enzymes or enzyme

complexes, pdorming the individual steps utilizingjfferent subunits.Based on
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their activities, prokaryotid®®M systemscan le differentiated intofour classes
type I, type I, type 11l and type &% depicted in Figure 3.Each of these systems
perform restriction activity, while type-lll have additional methylation activity.
Furthemore, RM system {lll perform theiractivities on noAmethylated DNA,
while system IV exhibits nucleolytic activity against incorrectly modified DNA

[109].

Type | restrictiommodification systemsType RM systemsare encoded by three
genes. The resulting protes, transcribed forna protein complex. Its recognition
sites on the genome consist of two allocated sequenceparated by a
degenerate sequence. TheNRsystem | complex contains two individual target
recognition domains (TRD), which detect and interact with the allocated DNA
sequences. Additionalljhe MTase subunits interact with both strands of the DNA
target. Many bacterial species, lieaureusandMycoplasmaspp.contain several
different TRDand methylation subunits. Responsible genes are in rotation of

active and silent states, providing change in-Rdtem specificit[109].

Type Il restrictiog@modification systems Type IIRM systems are well
investigated, as ey endonuclease$rom this groupare important enzymes in
genetic engineering. Usually-MR system |l encodes two genesne for the
restriction enzymes andnother for themethyltransferase Occasionally heseR-

M systemsalso utilize other complexes, like transcription factors, nickases or DNA
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repair systems tsupport their function The Type II-Rl system recognition site

is often a 48 bp palindromic sequence. The utilized endonucleases are various and
can be differentiated into 11 subfamilies. These enzymes bind the
unmethylated recognition site and cleave DatA defined location within or close

to the recognition site.

Type |l restrictiogmodification systems RM Ill-systems consist of twhighly
related subunits. These can modify and hydrolyze specific DNA sequences and
recognize short ngoalindromic sequences. The methyltransferease consist of two
subunits and modify one DNA strand after binding. The restriction enzymes cause

DNA cleavage25-27 bp away from one of the recognition sifd4.0].

Type IV restrictiomgmodification systems In contrast to the previous systems, R

M system IV hydrolyzes gniodified DNA. Thus, it is only madeafpestriction
enzyme components. Depending on the enzyme, these recognize modified
cytosine residues or methylcytosine and methyladenine. The restriction
components have a low specificity, which allows broad rgmgection against
invading DNA with diverse methylation patterns. Like type-M Bystems, also
type IVRM systemsare methyldirected and are encoded by one or two genes.
There is no specific characteristic allowing to distinguish between Type IV and
Type IIRRM systems Thus, some research suggests to reclassify spégifiell

systems tolypelV[109].
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Orphan methyltransferases Orphan methyltransferases have no allocated
restriction enzyme and act independently from tReM systems Most of these
orphan enzymes are not well characterizeéthey canpossessdiverse cellular
functions, includng DNA replicatiofrepair and even regulation of gene
expression Host protection from invading DNA in these cases is based on the

underrepresentation of recognition sequence in the gendiikl, 112]
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Type | Type lI

hsdR hsdM hsdS mod res
S S S I D
HsdR HsdM HsdS Mod Res
- 1 ] )
MTase MTase REase

REase + MTase

Type 1l Type IV
mod res res
S D
Mod Mod Res
—_J L ]
MTase REase

REase + MTase

Figure 3.1: Schematic illustration of tHeM systemspresent in bacteriaGraphic

was adapted from Andrew Dempster and Atack €ilaB]. TheR-M system type |

O2y Gt Ayada o aK2 & lhsdgdiSOHsARA@ regtriEtiottsdM far 2 NJ
modification and hsdSfor specificity. ThehsdM and hsdSgenesare transcribed

from the same promotor and are important during methylation, whitglRhas its

own promoter and is required for restriction. In type Il systems the methylase and
the endonuclease are two separate enzynmded andRes. Thes&M systems are

the most prevalent in the bacterial kingdom. Like Type Il systems, TyRélll
systems contaia Res and a Mod protein. In type 1l systems, these form a complex
for modification and cleavage. Type IV systems do not contain a modification unit

but are just comprised of an endonuclease, that deteatd cus modified DNA.
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3.1.2R-M Systems irclostridial genetics

RM systems in prokaryotic organisms drighly strainspecific.This has a direct
impact on lorizontal gene transfebetween bacterial species and/or strains
Accordingly transferring extrachromosomal DNA int€lostridium spp, by
conjugation or transformation, may be impedég the RM systemof the host
Efficient gene transfer into many strains of a numberGlbstridum spp. is
relatively straight forward, for example int&lostridium beijerinckNCIMB
8052 C. perfringensl3, C.difficilestrains CD37 andCD630 and Clostridium
botulinum ATCC 350867, 74, 114116] This is because although these strains
possess at least one type Il methylasengethey lack the cognate restriction
endonuclease genfs5]. In other cases, the presence of a complet®Rystem
(genes encoding both the restrictiom@onuclease and methylase enzymes) can
prevent DNA transfer if the incoming DNA is not protected from cleavage by
appropriate methylation of any targeted restriction enzyme recognition sequence.
It follows that the successful transfer of DNA into a paticClostridiunrecipient

can require an understanding of number and specificity of anysigétem present
The action of these systems can then be avoided, eithembwyitro or in vivo
methylation of the donor DNA prior to its transfer or by negatiorrestriction
activity by inactivating the encoding genes in the recipigg]. RMsystem
specificity can be determined by the analysis of the fragmentation pattern

obtained when plasmid DNA dhown sequence is incubated with bacterial
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lysates By inspecting the resulting restriction pattern visible as DNA bands on an
agarose gel, the targeted motives can be allocaléuds can allow a gene encoding

a methylase with the required specitigto be cloned and introduced into thE
colidonor strain Most studies focused on evasion of Rlystem type llalthough

the evasion otype | systems has also been reported. For examgmentering the
type | system ofClostridium saccharobutylicuMCP 262resulted in an 8-10-fold
increase in transfer frequenci¢s17]. In more recent times, the specificity BfM
systems has largely been determined through genome analysis, identifying
specificity on the basis of homology to known systdit¥s 115] Genomics also
allows the cloning of methylase genes in the recipient without needing to

necessarily know the specificity thfe RM systems.

3.1.3 Rebase

REBASE is a publicly accessible database, pmvidformation aboutRM
systems[118, 119] which is eviewed andfrequently updated. Single Molecule
Real Time Sequencing (SMRT sequencing) improved the alloca@dh ®fstems
as DNA modifications can deectlydetected during sequenciri@20]. Restriction
enzymes are always locateth the immediate vicinity of Heir cognate

methyltransferases. However, the identification of these complexes is difficult as
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they undergo rapid evolumnary changes due to their protective function in host

parasite coevolution.

3.1.4 Ra Q acC. Hifficile

In someClostridiumspecies, successful introduction of foreign DNA plasmids is
relatively easy t@chieve However successful transformation of plasmid vectors
in other strains, like& acetobutylicumATCC 82fL21]or C.botulinumtype B[122]

has only proven possible after circumvention of host restriction barriers. Until the
early 2000s, gene transfer inf. difficilewas based on conjugative transposons
such as Ta6, which were transferredrom B. subtilisdonors using filter mating.
Theseearly protocols resulted in low frequencies of*3per donor and the
transposon insertion sites are limited to one single location into the gerja2f.

In the early 2000s Purdy et atharacterized theR-M systems of two toxigenic
strains ofC. difficileby the conjugative transfer fronkE. coliof a number of
autonomously replicating plasmids inf®. difficilestrain CD6 and CO34]. The
plasmids employed utilised the replication region of tBedifficileplasmid pCD6
and were transferred byoriT-mediated mobilisation By analysing the
fragmentation pattern obtained wheNA of a specific plasmid was incubated
with the lysate of strain CD6 they concluded that it possessed RM

systemsCdCD6I/MCdCD6l andCdCD6II/M.CdCD6Il,  with  equivalent
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specificities tdSa®6l/M. Saupc L 0% / mDD kibol/M.yWBoL  OMATGwt D

o , réspectively. Further analysis of the strain CD3, revealed that it possesses a

type lls restriction enzyme. The systeshenoted Cdil, cleaves the DNA sequence

p m/! ¢/ Dmo 0SU6SSYy (GKS F2dzNIK FyR FAF
fragment. By measuring the frequency of plasmid transfer of various plasmids
carrying different numbers of recognition sitdurdyet al. [73], estimated that

SFOK &aAdS OF dzZa$KH RO MeaTFRY R NBERAOiTAZ2Y Ay
representing a crucial factor in exogenous transfer if@o difficile[74]. In
nontoxigenicC. difficilestrain CD37eplication minus vectors were employed and

designed to integrate into the genome byngie crossovef76]. Successful

integration of these plasmids was followed by the successtubduction of a

mobilizable, replicative plasmid via conjugation wih coliin CD37[124].

Additionally, in 2003, Herberet al, have shown thabriT based shuttle vectors

may be transferred int&. difficilestrain CD630 via conjugation at frequencies of

10%per donor cell. The transfer was not affected by the methylation status of the

shuttle vector. Consistent with this observation, although the CD630 genome
carried5 different methylase genebut did not appear to carry any associated,
cognateREasegene. This finding lead to the assumption, that the methylases play

norole in the RMsystem of CD&0 but fulfil anotherfunction such as controlling

of gene expressiofiL15].
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3.1.5 Improving ConjugatioBfficiencies intoC.difficile.

Conjugation may be the preferred way of DNA transfer ttdlifficile However,
transfer frequencies of shuttle vecteremain low, especially intbypervirulent
strains belonging t€. difficilePCR RT 02Z25]. RM systems play a crucial role in
DNA transfer and recognition thus impacting conjugation and successful plasmid
transfer. RM types I-lll recognize nomodified DNARM type IV, however, is
conserved amongst mosElostridium sppand recognises foreign modification

patterns.

A variety ofE. colistrains can function as conjugative donors in the transfer of
plasmid vector DNA into clostridial recipients. Vectors are risauil from the
donor through the action of transfdffra) functions on a vector encoded origin of
transfer ©riT) derived fromplasmid pRK2. The Trunctions may either be
encoded on a coesident large plasmid, such as thddgtor R702, or localised in
the chromosome, as in the donor straifd7.1 and SM1[B5]. However, most
genetic studies il€.autoethanogenumC.difficile and C.sporogene$ave utilized
the E. colistrain CA434where thetra genesare carriedby R70274]. Recently,
Woodset al.,created a novel conjugative donor to improve DNA transfer fEam
coli to C.autoethanogenum C. sporogenesandC.difficile R20291 [126].
DSaAdyl SR WAa9ELINB&AQT (NEB Bibldbs)this®a dcinl & SR

mutant. As a consequence, the internal cytosine in the m@EWGds not
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methylated. Therefore, plasmid DNA maintained in sExpress is not cleaved by
cytosinespecific Type IV restriction systenmfss mostC. difficilestrains carry a

Type IV system, transfer of plasmids from sExpress occul$-atld higher
frequencies than frm CA434 Similar improvements are evident to any clostridial

donor that possesses a Type IV sys{éa?].
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3.2 Aims of thestudy

Many geneticprotocols in bacteria heavily rely onpreceding DNA transfer.
However, establishing DNA transfer irf@odifficileeemains challengingnd labour
intensive As theC. difficileRT078 has been poorly researched, we aim to find a
suitable donor strain thayieldsa high rate of plasmid transfer. To answer this
guestion we aim to evaluatevhich R-M systemscan be identified irRT 07&y
whole genome sequencing-ollowing these experimental set ups, we aim to
establish, which rationale strategiesresult in improvenents in DNA transfer
frequency and subsequent mapping of transposon insertions |daling

implementation of TraDIS.

81




3.3 Results

3.2.1 Genomesequencing

Theinitial step in the identification of possibRM systems in RT 078. diffidle
strains was the selection afO different clinical isolatedrom the Clostridia
Research Groupulture collection (CRG, NottinghamQultures were grown
overnght from which gnomic DNA was prepared via phembloroform
extraction as described in the Material and Methaéction 2.64 DNA samples
were then sent for genome sequencing yoth Illumina MiSeq and Oxford
NanoporetechnologiegDeepSeq, Nottingham). The reads generadigdliumina
sequencing were aligned with the M120 draft genome annotation using CLC
Genomics Workbencbkoftware Variants were called according to the guidelines
stated in Materials and Methods. Addition&xford Nanopore analysis of the
strains was performed to obtaimaximum coverage of the respective genomes.
Nanopore sequencingan alsopotentially provide information on those motifs
that aremethylated, which could allow the identification &M recognitionsites.
The 10 strains choseare listedin Table 3.1. Strain CD801, CD4401, CD9001,

CD9301, CD9501 and CD9701 were origisalhlgpledfrom patient material in
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QMC, Nottingham. Strains EK24, EK26 and EK28 were idotatealcross Europe

by Ed Kuijper, whe the M120 reference strain originaden London.

Table3.1: Information about the Cdifficile RT 078 strains

9301 | CD9301 UK M. Lister UoN | CP068561

9001 | CD9001 UK M. Lister UoN | CP068560

9701 | CD9701 UK M. Lister UoN | CP068559

9501 | CD9501 UK M. Lister UoN | CP068558

4401 CD4401 UK M. Lister UoN | CP068667

1801 | CD1801 UK M. Lister UoN | CP068556

M120 | M120 UK B. Wren LSHTM,| CP068555
London

EK24 | CD2315 Hungary | EdKuijper | LUMC, | CP068554
Leiden

EK26 | 2016 Ireland | Ed Kuijper | LUMC, | CP068553
Leiden

EK28 | 7009825 NL Ed Kuijper | LUMC, | CP068552
Leiden

*UoN, University of Nottingham,
*LSHTM, London School of Hygiene & Tropical Medicine,
*LUMC, Leiden University Medicéntre
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3.2.2 Phylogenetic analysis

To find taxonomic variation between the 10 straipbylogenetic analysis was
performed, via Whole Genome Alignment (CLC, Workbench 20). Short stretches
of nucleotide sequences shared between multiple genomesi@deatified and
similarities between the genomes are processed. The resulting Average
Nucleotide Identity (ANI) algorithm qualifies the genetic distance in between the
analysed genomes. The ANI can be used to further create a Phylogenetic tree of
the screemd organisms. The length of the tree branches illustrates the
evolutionary time between the next nodes, displayed as substitutions/sequence
site. Vertical lines represent evolutionary split to visualize connection. The CLC
genomic alignment protocol applieon the sequenced RJI78 strains, resulted in
clustering the candidates based on their pairwise nucleotide identity (Fg@je

The bioinformatic analysis identifies high levels of similarity of above 99% ANI
between the genomes. The calculated ANlarftcol RT027 strain R20291 and the
RTO012 strain CD63Were estimated to be abov86%. This indicates lgher
degree of genome similarity between the RO78 genomes tharwith strains
belonging to these other ribotypesSome RT78 strains, such as CD23&b
CI¥009825, display taxonomic similarities of up to 100% ANI towards other RT

078 strainsin particularstrain C[2016.
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The Phylogenetic treedepictedin Figure3.2B is based on ANI analysrain
CD®501 is clustered on a separate branch togetiwth the other RT078 strains
(Figure 3.2B)As indicated irFigure3.2A, all strain exhibits minimatifferences in

nucleotide analogy towards the other strains.
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Figure 3.2: Phylogenetic tree and pairwise comparison @f difficile RT 078
strains. (A)Pairwise comparison of genome sequences of the selected RT 078
strains. The comparison gradient indicates percentage ideri@jween two
genome sequences. Strain CDR20291 as well as strain CD630 have been included
as reference sequences for other RTs. For the RT 078 strains, the GenBank identities
have been used. (B)The Neighbour Joining (NJ) tree was constructed from the
whole genome sequences of the selected C. difficile RT 078 strains. The branches
are based on the comparative ANI, computed on the CLC workbench whole genome

alignment software.

3.2.3 Finding a Conjugal Donor Strain for difficileRT 078

To examine the efficiency of DNA transfer into the seledfedlifficileRT 078
strains, shuttle vectors were transferred into each strain by conjugation and
transfer frequencies calculated. As the transfer of shuttle vectors into
hypervirulent C. difficié strains is observed at low efficiencies, the plasmid of
choice for this assay was pMTL841825], since this vector contains th€.
difficile replicon CD6, which is stable and generally transferred at the highest

frequency to this organism.

Conjugation is the preferred method of DNA transfer ir€o difficile thus a
suitable conjugal donor must be selectdtheHB101E. colistrain CA434arries
the R factor R702 which contains the DNA transfer function, served as standard

conjugal donor. The strain dam" and dcnt which results in a Dam and Dcm
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methylation pattern that may leave shuttle vectors susceptible to attack by Type
IV restricti;n systemsAs discussed in the introductioR, colistrain W& 9 E,QINK & &
dcm-and as a consequencggves dl0-fold increase in DNA transfer efficiencyan

C. difficileR20291 which carries a Type IVNRsystems, relative to #awidely used
CA434 donor straifil02]. As suchsExpress could represent an optimal strain to

transfer the shuttle vector pMTL84151 into the sequencedrd strains which

were also found to carrtype IV RM systemsgee Figure 3.5).

3.2.4 Comparison of conjugation efficiency between sExpress and CA434 for

transfer into C. difficileRT 078.

Tocompare the relative efficiencies of CA434 and sExpress as conjugative donor
strains each was transformed with a range of differeatRcbased pMTL8x151
shuttle vectors carrying different Grapositive replicons. As the RT 078 strains
were shown to be higly genetically similar, CD9301 and M120 were chosen as
representative recipient strainddonor E. colistrains harbouring the different
pPMTL8&151 plasmidswere mixed with overnightC. difficle according to the
conjugation protocol described in section 52 and incubated together
anaerobically on BHIS plates without selection for 24 hours. Subsequently, the
plates were flushed with PBS and all growth harvested from the surface of the agar

with a cell spreader. The cells were diluted to a factor of &0d transferred to
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solid selective media for selection of tdesired transconjugant#\fter 48 hours
the CFUwere recorded,and the efficiencyof plasmid transfer callated. All

conjugations were carried out in triplicate (Table 3.2)

Table 3.2: Conjugation efficiency into. difficileCD9301 fronk colidonors CA434

and sExpress.

SExpress
pMTL81151 None 0 0
pMTL82151 pBP1 1.80x 106 6.34 x 16
pMTL83151 pCB102 3.64x 107 5.57x 108
pMTL84151 pCD6 3.75x 10° 2.93x 107
pMTL85151 pIM13 0 0
pMTL86151 pIP404 0 0

Of the tested replicons, transfer to strain CD9301 was only achieved when the
repliconswere those of pBP1, pCB102 andD®CAs previously noted65] the
highest frequency of transfer was obtained when the remhi was that of pCD6
(PMTL84151), whereas the lowest frequency of the three replication regions was
obtained with the replicon of pCB10@NITL8315) The highest rates of transfer
were obtained when the donor strain was sExpress, regardless of whichoreplic

the vector employed.
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Having established that sExpress was a superior donor relative to CA434 for
transferring plasmids to the RT 078 strain CD9301, and that plasmid pMTL84151
was transferred at the highest frequencies, further conjugations were uaélert

to see if any of the other clinical isolates were more effective recipients.
Accordingly, conjugation experiments were repeated using the RT 078 strains
CD1801, CD9501 and M120 as recipients. The results from these experiments are

presented in Table.3 and Figure 3.3.

Table 3.3: Influence of Type IR systems on the transfer of pMTL84151 into
four different RT 078 strainsThe total CFU refers to the colonies counted on BHIS
medium supplemented with just CC to select agaiistolidonor cells resulting in
colonies solely formed bg. difficile Positive transformants carry agrmR® are
detected via their growth on BHIS supplemented wiim. The frequency of

transfer has been developed by relating the total number of cells (Total CFU) and

the number of transformant colonies dim selection plates.

Total CFU EnRCFU

Standard Transfer

Deviation Frequency
1801 25X 16 13.66 2.5 5.46x10°
9301 1.33X 1C¢ 5.0 2.6 3.75x10°
9501 2.33X 10 5.33 0.5 2.28x10°
M120 1.16X 1G 5.16 1.6 4.42x10°
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Total CFU

Transfer Standard

CFU Frequency Deviation
1801 8.5x 106 3.66 4.51x107 1.6
9301 8.83 x 16 2.16 2.93 x107 1.5
9501 1.8x16 2.16 1.20 x107 0.7
M120 2.42 x 16 0 0 0

Recipient strain
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Figure 3.3: Analysis of the influence on conjugation of the Type iM Bystem.

Graphic representation of thealues presented in Table 3 Strains conjugates with

the E. colidonor sExpressare depicted in black, whilst strains conjugated with

Cad34are presented in grey bardhis data shows the conjugation efficiency

between the different conjugational donoia C. difficilestrain 1801, 9301, 9501

and M120 utilizing the shuttle vector pMTL84151. After 72h, the CFU has been
determined, the transformation efficiency has been calculated and plotted on the

Graph. Experiments were performed in triplicate and theoebars represent the

standard deviationdepicted in Table 3® Ly | f A0NFAyasz [/ C!'Q:

conjugated with sExpress result in increased resistant colony growth on selective
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medium than strains conjugated with CA434. After 72h, M120 does not shgw
colony formation on BHIS supplemé&atl with Tm once CA434 was used as

conjugational donor.

3.2.5 Evaluation ofC. difficile RT 078 BM Systems hrough Genome

Sequencing

The determination of the entire nucleotide sequences and identification of
possible components of &1 systems of the ten RT 078 strains revealed a high
degree of similarity as well as some clear examples of diversity between strains

with regard to RM systemgqsee Fi@.4).
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